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form the basis for the initial identification of fire and flood zone
boundaries and barriers. Shortly thereafter, a plant visit of 2 to 3
days duration is made involving an integrated team of six to eight
specialists in the various external events and at least one r stoms
snalyst from the internal events FRA team.

The initial step in the external events analysis consists of a screening
analysis of essentially all external events to which the plant could
conceivably be exposed. Many hazards can be excluded from further
analysis by virtue of thelr inapplicability to the site in question,
Others can be excluded from consideration based on the fact that these
events are a subset of more general events already considered (and
excluded) in the plant design saiety analysis events as documented in the
plant FSAR, Finally, a number of the remaining events can usually be
excluded based on simple quartitative screening arguments (often based on
the frequency of the hazard i{tself) which demonstrate that the event in
question could contribute an increment to core damage frequency
substantially less than that already computed for the internal events
analysis for the plart., The use of these screening techniques reduces
the number of events which must be considered subsequently. In general,
both firs and selsmic events would always be considered for any plant.
Other events are included only if they cannot be screened from further
consideration,

The seismic assessment is the critical path item due to the time required
to assemble the structural drawings and models. To determine the
important buildings' responses te an earthquake, a best estimate
structural dynamie response calculation is made by coupling design beam-
element models with a reallstic model of the underlying soil column and
using a soil-structure interaction code. The result is statistical
distributions for floor slab accelevations, and estimates of variability
and correlations. Comjonent fragilities are obtained either from a
generic data base or derived on a plant-specific basis as determined on
the initial plant walkdown. A generalized probabilistic screening method
1s used to determine important cut sets while allowing for explicit
incorporation of correlation. The seismic hazard is obtained from the
results of two extensive selsmic hazard charvacterization studies, cne
gponsored by the NRC and the other by the Electric Power Research
Institute (EPRI). The hazard curve family, the selsmic responses and the
seismic fragilities are then combined and utilized with a Monte Carlo
analysis to obtain mean frequencies of the accident sequences and core
damage as well as uncertainties associated with these mean frequencies,

The fire and internal flooding analysis tasks proceed in a parallel
fashion, Fire initiator frequencies are obtained from a historical fire
occurrence data base developed at Sandla National Laboratories.
Partitioning of building fire frequencies down to sub-area frequencies is
based on cable loading, electrical cabinet distributions and transient
combustible estimates based on walkdown observations and a transient
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combustible data base developed at SNL. Component damage temperatures
(rather than auto-ignition temperatures) are based on SNL fire tests. A
compartment fire growth code is used to predict component temperatures in
fire areas where fire growth and equipment separation are {important
considerations. Critical area analyses using the SETS code provides
accldent sequence cut sets for quantification, ineluding barrier failure
and random fallures as appropriate. A fire detection/ suppression
histogram developed at SNL 1s used to incorporate fire fighting timing
into the analysis.

Similar approaches are used for {nternal and external floods, tornadoes,
winds, ete. A major economy {s achieved by analyzing fire and flood
events together and seismic, wind and tornado events together due ta the
commonality of the analysis processes, For example, it is a minor task
to extend the seismic fragility derivations to be applicable to wind
fragilities. Similar economies arise in the screening steps for fire and
flood.

Taken together, the methods presented {n this report present &
straightforward and often simplified approach to the analysis of external
events. The methods described enhance both the scrutability and
reproducibllity of each individual analysis. Further, the manner of
displaying the results lends itself to enabling the reader to reproduce
point estimate calculations and hence, understand both the input to the
analysis as well as important aspecte which lead to the final result.
Finally, since these techniques are based on the internal events system
analysis models, the results are consistent both in form and nomenclature
with the internal events analysis and hence, the accident scenarie
results can be compared with those from the internal events analysis in a
relatively simple fashion. Finaliy experience has shown that these
techniques can be applied at a considerable savings in time and cost over
similar analyses performed i{n the past,
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Table 1 1

List ef External Events

Major PRA Consjideration Minor PRA Consideration

Seismic Lightning
Fire Low Lake/River lLevel
Internal Flood Ice Cover

Avalanche

Forest Fire

Industrial Facility Accident
Landslide

Meteorite

Volcanic Activity

Hail

as ign
External flood
Transportation accidents
Pipe line accidents

Alrcralt Impact

Extreme Winds

Tornado
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2.0 PLANT VISITS AND EXTERNAL EVENT SCREENING ANALYSES

As described In Chapter 1, a significant amcunt of effort is saved by
performing a systematic and vigorous screening analysis for all external
events which could poteutially affect the plant. This screering is based
on data from the Final Safety Analysis Report and related documents,
historical data gathered for the site under consideration (alrcraft
fiight frequencies, flood occurrences, etc.) and on a detalled walk-down
of the plant and its surroundings. These aspects are described below,

2.1 The Plant Visits

In general, a minimum of four plant visits ave required. The initial
visit, Involving the full team of analysts, should take place as eariy as
possible, for it serves as the btusis for the initial plant information
request submittal and the initial hazard screening process. Prior to the
first plant visit, the external events team should be briefed by the
internal events systems analysts as to the general character of safety
systems, support systems, system cuccess criteria and critical
interdependencies identified to date. In addition, applicable FSAR
sections should be reviewed, and a basic set of plant general arrangement
drawings should be available to each team member.

Ideally, the team would consist of tluie following personnel:

Team Leader - PRA Project Manager
Selsmic Component Fragility Analyst
Seismic Structural Fragility Analyst
Fire PRA Analyst

Flood PRA Analyst

External Event Screening Analyst
Internal Events Systems Analyst

Experience has shown that fewer team m2mbers cannot effectively assimi-
late the information which must be obtained on the initial wvisit. 1In
addition, data questionnaires, standard data sheets and a [(lash cameras
(requiring advance plant notification) are essential. For example, a list
of seismic aspects which have often been found to be risk contributors in
past seismic PRAs i{s shown in Table 2.1. Examples of fire and flood data
recording sheets are given in Figure 2.1. Tape measures, flash- lights,
small rule (for scale in photographs) and a thin, flexible metal rule for
checking cabinet anchorage are all necessary and should be available.

The initial walkdown would visit all areas containing safety or essential
support equipment. (For these simplified analyses, an in-contaimment
walkdown is usually not possible,) In our experience, two full days are
adequate for this {nitial visit. At the completion of this Initial
visit, the following should have been obtained:

a. A list of components suspected of being vulnerable to selsmic
damage and requiring site-specific fragility analysis.

b, a list of potential secondary selsmic structural failures
(masonry walis, etc.) and components with the potential to be
damaged by these secondary fallures.

2=1



Table 2.1

Items to Examine During Plant Visit Based On
Common Vulnerabilities Found in Past Seismic PRAs

10.

Look for masony block walls near critical equipment, e.g., battery
room enclosures, in diesel generator rooms, near AFWS pumps, etc.

Exanine switchgear and motor control centers (especially 4160 V
emergency switchgear). Are anchorages to floor (welds or bolts)
adequate? Are adjacent cabinets tied together so they would not
"hammer" each other during an earthquake. 1s there sufficient slack
in cables exiting the cabinet?

Look for suspendes ceilings or hanging light fixtures in the control
room or other critical areas which might fall in an earthquake.

Examine pipe runs between buildings (especially between auxiliary
and reactor bufldings in PWRs). Estimate span length between
nearest anchors in each building. Could relative motion between
build ngs cause large strains in pipes?

Examine battery racks and batteries. Check for proper bolting to
floor and walls, adequacy of rack configuration and presence of
spacers between hatteries,

Examine important AOV’'s to see that sufficient slack exists in air
lines and that air tanks are properly bolted down. Could valves or
operators impact against adjacent pipes, walls, etc?

Examine important MOV's for support of motor operators, Are
electrical cables sufficiently slack? Could valves or operators
impact against adjacent pipes, walls, etc.

Examine cable trays. At penetrations through walls, could cables
shear if trays shift? Are floor su,ports adequate? Are hangers and
bolts or embedded anchors adequate?

Examine motcr-driven safety-related pumps. Are floor anchorages
adequate? Is there slack in feed lines and electrical cables. Are
ancillary lube oil pumps and oil tanks tied down?

Examine condensate storage tank(s) and refuelling water storage
tank. Are they adequately bolted to concrete pad. Avre other
(secondary) storage tanks (e.g., demineralized water tank, pre-
treated water tank, etc.) bolted down? Is outlet pipe from CST or
RWST anchored so relative motion of tank could cause large strain?
Could outlet pipes fall at the building penetration due to relative
motion?

2-2
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Figure 2.1.

Sample Fire/Flood Data Recording Sheets (2 of &)
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A copy of the civil/structural drawing index for the plant

(usually a 10 to 20 page list) from which needed drawings may be
fdentiried.

Sketches of typical anchorage details for important tanks, heat
exchanges, electrical cabinets, etc,

e. A visual evaluation of structural connectivity of floor slabs,
wall-to-celling connections, location of diaphragm cut-outs
etc., which define load carrying paths. (These are to be
compared with structural drawings later.)

f. For each room or compartment containing essential safety
equipment, an identification of fire sources (power cables,
pumps, solvents etc.), locations of fire barriers, fire/smoke
detectors, separation of cable trains etc. and a list of
equipment In the room.

g. For each room or compartment, an {dentification of flooding
sources (tanks, high or low pressure piping), floor drains,
sumps, flood walls, flood detectors etc.

h. A brief list of key plant personnel or wutility
engineering/licensing personnel to be contacted later if
specific questicns arise,

As soon as possible following the initial plant visit, a list of needed
drawings and documentation should be prepared and sent to the designated
NRC or plant centact. A list of the information typically required is
shown in Table 2.2. (Note that no emergency procedures guidelines,
technical specifications, maintenance procedures, or maintenance request
data are shown on this table, as this informaticn is used primarily by
the internal events analysts, and should already be available.)

At the end of the first month, a second visit by the external events
screening analyst is usually required. During this visit the analyst
resolves screening issues that have arisen during the preliminary
screening of all external event hazards. In addition, he gathers
further data required to aid in eliminating as many external events as
possible and also reviews the current configuration of the plant to
determine if any of the assumptions made in the FSAR have changed since
the plant began operation.

A visit to the plant by fire analysis personnel is later needed to allow
for cable path tracing or verification. This is usually not undertaken
until the preliminary fire screening analysis has been performed based on
a review of the plant fire protection Appendix R submittal.

Somelime around tte fifth month, a final plant visit is wmade, Durlng this
final visit, init.ial conclusions as to plant vulnerabilities

2-7
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Table 2.2

Data Required for External Svent Assessments

Systeis

FSAR and amendments

Fire Protection ApperdAix R Submittal

General arrangemen. Jdrawings

Licensee event reports

PRAs performed on plant or plant systems, including
random event fault trees

System descriptions (of type found in plant/operator
training manuals)

Equipment lists

Fire Brigade Procedures

Site Soll Conditions

Geologlc data on site

Soil configurations

Boring information

Ground water data

Static and dynamic soil properties
¢ Laboratory tests

¢ In-situ field test results

structures

Results of dynamic seismic analysia

Dynamic design models

Structural drawings

Slab and wall geometries & reinforcement schedules

Masonry wall specifications

Steel detailing drawings

Beam/column schedules

Containment wall geometry

Concrete cylinder test results

Re-bar test results

Fleld-erected tank (vendor) drawings civil drawings
showing foundation, ring girder and anchor bolt details

Equipment

Safety-Related Components List (Location and Qualification Basis)
Power and Control Cable Routing Diagrams

Ventllation Layout Drawings

Fire PFrotection System Component Descriptions
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open, To ensure reliabllity, two valves are located in p.: ilel so that
shouluy one fail to open, the second valve would provide the necessary
flow path,. Since valve failure due to rancom causes (corrosion,
electrical defect, etc.) is an unlikely event, the provision of two
valves provides a high degree of reliability. However, during an
earthquake both valves would be shakern simultaneously, and there is a
high likelihood that both valves would be damaged {f one {s damaged,
Hence, the planned-for redundancy would be compromised. This "common-
cause" fallure possibility represents a potentially significant risk te
nuclear power plants during an earthquake,

Under NRC sponsorship, a detailed seismic risk assessment methodology was
daveloped {n the Selsmic Safe¢e » Margins Research program (SSMRP) as
described in Reference 1. That program culminated In a detailed
evaluation of the selsmic risk at the Zion nuclear power station (Ref.
2). In this evaluation, the attempt was made to accurately compute the
responses of all walls and floor slabs in the Zion structures, all
moments in the important piping systems, accelerations of all important
valves, and the spectral accelerations at each safety system component
(pump, electrical bus, motor control center, etc.). Correlation between
the responses of all components was computed from the detailed dynamic
response calculations, All important safety and auxiliary systems
functions were analyzed, and fault trees were developed which traced
failure down to the individual component level., Event trees related the
system failures to accident sequences and radiocactive release modes.
Using these detailed models and calculations, it was possible to evaluate
the seismic CDF at Zion in a level of detail not previously available,
and determine quantitatively the CDF importance of the components,
initiating events, and accident sequences. The methods used for and the
results obtained from the SSMRP seismic assessment for the Zion plant
form the basis for many of the simplifications used ‘n the NUREG-1150
selsmic PRA procedures described in this report,

3.1 Querview of Seismic PRA Procedures

There are seven steps required for calculating the seismic risk of core
damage at a nuclear power plant:

a. Determine the local earthquake hazard (hazard curve and site
spectra or suite of time histories).

b. Identify accident scenarios for the plant which lead to
radioactive release (initiating events and event trees).

¢, Determine failure modes for the plant safety and support systems
(fault trees).

d. Determine fragilities (probabilistic failure criteria) for the
important structures and components,

e¢. Determine the responses (accelerations or forces) of all
structures and components (for each earthquake level).

3.2






o
‘ "
§ £ ' -
¢ - 4
. . :
3 ¢ ,
y el ol 13 - :
: ¢ & > $ L& - [
t . t
¢ t ; { ! : . |







|, |

0.2 04 08 0.8
Rock outcrop sccelerstion (g)

Figure 3.1. Example Seismic Hazard Curve
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exists, it is usually necessary to go through this process for each
individual plant site. However, for sites in the eastern and central
United States, there are existing data bases and selsmic hazard
characterization programs which can be utilized to obtain hazard curves
in a very time and resource efficlent manner.

Two recently-completed programs provide extensive data bases on
earthquake occurrences, magnitude distributions, and appropriate
attenuation laws from which hazard curves can be developed for any
location in the east or central United States, based on the procedures
described above. These two programs are the NRC-sponsored Eastern United
Stotes Selsmlec Mazard Characterization Program (Ref. 3) performed by
Lawrence Livermore National Laboratory (LLNL) and the corresponding
industry-sponsored EPRI Seismic Hazard Methodology Development Program
(Ref. 4). These two programs have developed hazard curves and site
spectra for every commercial reactor site in the central and eastern
United States. Further, using the data bases developed and the computer
programs utilized, 1t is possible to obtain s hazard curve for any other
peographical site in the central or eastern United States which has not
already been published. Thus, these two programs provide a convenient
and well-documented source from which hazard curves can be obtained,
Figure 3.3 shows the hazard curve family for the Surry site obtained from
the NRC-sponsoved Tastern Selsmic Hazard Characterization Study. Figure
3.4 shows the corresponding curves obtained from the EPRI study. On
these curves, the mean hazard as well as the 15th percentile, 50th
percentile, and the 85th percentile hazard curves are shown, Thus, the
uncertainty in the hazard contribution can be estimated from these four
curves. The mean hazard curve is particularly significant as it has been
demonstrated that the mean curve is the predominant factor in the
calculation of the mean core damage frequency.

The two sets of hazard curves shown {n Figures 3.3 and 3.4 are
significantly different, both in vegard to location of the mean hazard
curve as well as to the range of uncertainty about the median curve.
This is not too surprising inasmuch as the emphasis of the two programs
was somewhat different. The EPR1 Program focused on very detalled
geological studies of the sites ln question, and resulted in a somewhat
finer zonation of each site. However, only three attenuation (ground
motion) models were used. Further, while a number of teams of
selsmological and pgeological experts were assembled, each team was
proscribed to reach a consensus on the final hazard curve families
developed by that team

By contrast, in the LINL program considerable emphasis was placed on the
full range of attenuation models, and rather than a number of teams, a
total of eleven seismicity experts and 5 ground motion experts were
individually polled, and a set of 2750 hazard curves were developed for
each site by considering each expert's input equally likely. The curves
developed in this process encompass somewhat more uncertainty than those
produced by the EPRI process, and the increased uncertainty leads to
higher probabilities of nonexceedance for points on the LLNL mean hazard
curves than are obtained at corresponding peak ground accelerations on
the EPRI mean hazard curves,
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At this time, both sets of hazard curves are viewed by the USNRC as being
equally credible, As such, calculations of the seismic core damage and
plant damage state frequencies can be made for both sets of hazard curves
and the results viewed as a measure of methodological uncertainty in the
hazard curve developmental process.

As will be described later, it is recommended that the calculation of
building responses (floor slab spectral acceleration) be based on
structural dynamic response calsulations using time histories as input,
In order to develop this input, it 1is recommended that recorded
earthquake catalogs be examined and that a suite of time histories
(usually 5 to 10) be selected which are judged to be suitable for the
site in question. That is, these time histories should be recorded at
similar sites to that being considered. As a check on the appropriate-
ness of the suite of time histories selected, the spectra for each time
history should be pgenerated and then the suite of spectra combined to
generate a median spectra. This median spectra can then be compared with
published spectra for various specific site types (eg., rock sites, deep
soil sites, etc. ) as glven, for example, in References 10 and 11.

3.3 ldentify Accident Scenarios

In the avent of an earthquake or any other abnormal condition in a
nuclear power plant, the plant safety systems act to bring the plant to a
safe shutdown condition. 1In this step of the risk analysis process, the
possible paths that a nuclear plant would follow are identified, given
that an earthquake-related event has occurred which causes shutdown,
These paths involve an ini * “ing event and a success or failure
designation for systems affec. .- the course of events, and are referred
to as accident sequences.

3.3.1 Procedures for Initiati.g Events

The seismic analysis performed should be based on a subset of the
initiating events and accident sequences developed for the internal event
analyses of the plant. Typically, the minimum set of initiating events
which should be considered is:

Initlator ldentifiex
Vessel Rupture (ECCS Ineffective) RVR
Large LOCA ALOCA
Medium LOCA MLOCA
Swall LOCA SLOCA
Transient with PCS initially inoperative T,
Transient with PCS initially available T,
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In addition, there may be site-specific failure events (usually
structural failures) which also act as initiating events that must be
added to this list. For example, failure of a structure housing the
emergency switchgear rooms (which would thus cause LOSP) or failure of
the turbine building (which would cause loss of the PCS) would be treated
directly as initiating events.

It is recommended that the reacter vessel rupture (RVR) and large LOCA
(ALOCA) events be calculated based on the failure of the supports of the
reactor vessel and other major components in the loops of the primary
coolant system, that s, the steam generators, pressurizers and reactor
coolant pumps for PWRs and the recirculation pumps for BWRs  (Note that
direct fallure of the primary coolant system main piping due to the
earthquake ground motion has been shown to have negligible probability
and can be neglected). Specific values for support fragility can be
estimated from References 5 and 6. As an illustrative example, consider
the Surry 3-leop plant as shown in Figure 3.5. The definition of the RVR
event for this plant {s the simultaneous failuve of at least one steam
generator or reactor coolant pump in at least two of the loops.
Similarly, the definition of the large LOCA for Surry is a failure of at
least one steam generator or one reactor coolant pump in any one of the
three loops. Thus, the Boolean expressions which must be evaluated to
compute the prebabjlity of the RVR .nd the ALOCA initiating events are:

P(RVR) = P[SCI*8G2 or SG1I*SG3 or SG2#*SCG3 or
SG1*RCP2 or SGI*RCP3 or
SG2*RCP1 or SG2#RCP3 or
SGI*RCP1 or SCGI*RCP2 or

RCF1*RCP2 or RCP1*RCP3 or RCP2*RCP3)

P(ALOCA) = P[SG1 or SCG2 or SG3 or RCP1l or RCP2 or RCP3)

Similar expressions can, of course, be written for any number of loops
depending on the lavout of the plant. Since these failures are due to
the same floor response and the component fragilities are expected to be
highly correlated, is necessary to perform an evaluation of these failure
events explicitly including all correlation. 1In particular, is necessary
to include correlation between cutsets (combinations of component
failures) as well as correlation between the fajlure events in each cut
set, This can be accomplished by performing a Monte Carlo evaluation of
the Boolean equations for these events at several values of peak ground
acceleration (pga) to obtain the RVR and ALOCA event probabilities as a
function of pga. Interpolation can then be used to obtain the event
probabilities at other pga values as required.
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The medfum LOCA (MLOCA) and small LOCA (SLOCA) initiating events are
bused on fallure of the resc sr coclant pump seals and faillure of the
smaller reactor coolant leop pipes. Since calculation of piping motion
and stresses caused by an earthquake is very tedious, and since there are
many small pipes In the primary coolant system (vhose failure would lead
to elther a medium or small LOCA) which would have to be analyzed, it is
necessary to have some alternative approach to caleulating the MLOCA and
SLOCA initiating event probabilities in & simplified seismic PRA. To
this end, use wvas made of the extensive primary coolant system plping
response calculations performed in the SSMRP, Baged on the computed
piping moments for all plpes (and pipe combinations) leading to MLOCA
breuaks (3" < Plpe 1D < 6") and SLOCA breaks (1.5" < Pipe ID < 3") in the
SSMRP, statistical distributions were generated for these inltiating
events as shown in Flgure 3.6. These distributions can be used to
compute the medium and small LOCA initiating events due to pipe breaks in
a simplified seismic PRA without the need tor extencive (and expensive)
piping caleoulations. In using these as genc.'c estimates, one is meking
the assumptlen that there are .. mwany small pipes and combinations of
smaller pipes in the primary cocolant system at any given plant that ell
sizes and geometries are likely to be found at all plants, Given the
large number of such pipes in the SSMRP calculations, such an assumption
seems reasonable.

It {s recommended that the T, transient initiating event (wherein the
power conversion system is lost as a direct consequence of the
carthquake) be base” on the probablility of LOSP as determined by failure
of the ceramic inrfalators in the switchyard. This has been found to be
the dominant caus: of such transients In all seismic PRA's ic date (for
the vast majority of plants for which LOSP results in loss of the main
fecdwater system).

Finally, the T, initiating event probability is computed from the
condition that the swm of the initiating event probabilities consic red
must be unity. The hypothesis is that, given an earthquake of reasonable
size, at least one of the initiating events will occur. At the very
least, it is assumed that the operator will shut down the plant following
& significant earthquake for inspection purposes (as is currently
required in the United States for any earthquake over the operating basis
earthquake level). Hence the probability of the T, transient initiating
event is computed from:

n~l
P(ly Transient) = 10 . E P(1Ey)

vhere n is the rotal number of Initiating events being considered.

in computing the frequency of the initiating events, a hlevarchy between
them must be established. The order of this hierarchy ls defined such
that, (f one initiating event occurs, the occurrence of other initiating
events further down the hierarchy is of no significance in terms of the
plant's response. Thus, for example, if a large LOCA occurs, we are not
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concerned {f a small LOCA or a transient also occurs, as the plant’'s
response requirements will be dictated by the need to mitigate the large
LOCA. Figure 3.7 shows this hierarchy (for the minimun set of initiating
events discussed above) in event tree format, The most serious
initlating event s the RVR event, The probabllity of the ALDCA
initiating event 1s then computed as the probability of the anchorage
fallure ALDCA cvent times the complement of the RVR event, and similarly,
for the MLOCA, SLOCA and T, events. Specific Boolean equations for this
set of initiating events are also shown on this figure, Of course, when
other structural fallures are {dentified as initlaling events, they must
be added to the hlerarchy as appropriate. An example of this {s found in
the Peach Bottom NUREC-1150 selsmic PRA (Ref, 12).

loplicit in the defined hierarchy of a set of initiating events i{s the
cequirement that baslc events which define one initiating event in the
hierarchy cannot occur in the accident sequences corresponding to
initiating events lower in the hierarchy. For example, LOSP can occur as
a basic event in any of the LOCA sequerces In Figure 3.7, but cannot
oocur as & busic event in the T, accident sequence, This limitation is,
of course, directly Implied by the tree structure.

3.3.2 Selsmle Accldent Sequences (Event Trees)

In general, the event trees develuped for the internal event analyses
should be used, xo as to be able to compare the final core damage
frequencies due to seismie and random events on a common basis. Again,
there may be plobal fallure events (usually structural failures; which
dlrectly fall one or more safety systems which con be added directly to
the event tree structure.

3.3.2.1 [Feed and Bleed Considerations for PWRs

One important consideration which must be made for the selsmic analysis
of PWRs is the capability of performing feed and bleed cooling for
translents In which the auxiliary feedwater system is normally called
upon te provide heat removal. If the AFWS s not available, the operator
can often perform a heat removal operation called "feed and bleed" in
which either the safety injection pumps or the charging pumps are used
toinject cooling water directly into the primarv coolant system, The
resulting steam is then released through the pressurizer rellef valves.
1f the capability to perform feed end bleed is considered credible, then
a high degree of backup redundarcy for the auxiliary feedwater system is
provided.

The ablility te perform feed and bleed must be demonstrated on an
individual plant basis and, depending uporn the normal alignment of valves
prior to an earthquake, it Is possible that & certain amount of timely
operator recognition and intervention is required in order to perform
this feed and bleed operation. In addition, depending upon the flow rate
capabilities of the high pressure pumps and the possibility of two phase
flow through the pressurizer, it may be that feed and bleed may not be
possible.
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The event trees for a plant will be different, dopending on whether or
not feed and bleed is considored a viable option. From a risk viewpoint,
the capability to perform feed and bleed cooling greatly lessens the
importance of the auxiliary feedwater system, and thus can play a
significant role.

33.2.2 $ecal LOCAs For FPWRs

It 1s wusually found, in the case of PWRs, that seal LOCAs contribute
significantly to the overall risk Thus, in developing the accident
sequences, transfers from the transient event trees to the small LOCA
trees which correspond to the seal LOCA event should be identified and
preserved. Faflure events leadlng to the seal LOCA (usually loss of high
pressure injection and sometimes loss of the component cooling water
system) would be identified in the internal events analysis. Boolean
logie is used to combine the transient accident sequences leading to a
seal LOCA with the appropriate sequences on the SLOCA tree,

3.3.2.3 Stuck-Open Safety Rellef Valves For BWRs

One source of loss of coolant accidents (not related to pipe failures)
wvhich should be included in the analysis of BWRs is the situation where
one or more safecty rellef valves have randomly failed to reclose on
demand. Depending on the number of valves which fail to close, ¢ emall,
wedium, or large LOCA can result. The exact definition uf the resulting
LOCA size is determined in the internal events analysis. However, in
developing the event trees, transfers from the transient event trees to
the LOCA event treee should be identified and preserved so that such
sequences are not lest. (Of course, this same situation can also occur in
a PWR - usually leading to a small LOCA - but such PWR sequences are
usually probabilistically insignificant.)

3.3.2.4 Inclusion of System Successes

When developing the accident sequences from the event trees, it is
necessary to explicitly retain the system successos in the logical
expressions, This is essential since, as the ecarthquake peak ground
acceleration increases, the probability of system successes decreases
substantially. 1If these ace neglecied (as {s done In internal events
analyses) a substantial overestimate of the accident sequence frequencies
vesults., Note that an exa.t solution of the accident sequences with the
successes directly included is currently beyond the state of the art.
However, it is necessary to pumerically include the system success
probabilities in the final accident sequence quantification, since such
system success prolabilities are significantly less than unity for the
higher pga levels, and failure to do o would result in a significant
over-estimation of the accident sequence frequencies, In doing this, one
should manually examine the accident failure cut sets so as to assure
that no legical inconsistercies arise with the equations used to compute
the system success probabilities. This consideration applies both to
PWRs and BWRs.
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3.5 Selsmic Response of Structures and Components

To compute the failure probability of critical components and safety
systems, it 1s necessary to have a measure of both the maximua load or
acceleration that the component experiences during an earthquake, as well
as ¢ measure of the load or acceleration level at which It fails.
Uncertainties in physical and dynamic characteristics of the soil,
structures, and subsystems as well as innerent varlability in the free
field earthquake motion influence the response of safety systems to an
earthquake. All of these uncertainties give rise to uncertainties in
estimates of the response and onset of fallure of each bullding and
~amponent in the power plant. These uncertainties must be explicitly
recoy tzed and propagated (Mrough the calculational scheme.

In this section, the response caleulations used in past PRAs &«na the new
methods used for the NUREG-1150 selsmic FRAs are discussed. (Strength
end fallure caleulations are dlscu.sed in Section 3.6.)

3.5.1 Response Calevlation Methods Uced In Past PRAs

Determining estimates of the responses »f the walls and fleor slabs of
the bulldings, and responses of the subs)stems themselves, has proven to
be one of the more time-consuming and \fflelt-to-defend aspects of
seismic risk aspessments, Two approaches hive veen taken in past selsmic
PRAS .

(1) Numexical Computer Modeling

This was the approach taken in the very detalled SSMRP anaiysis of
Zion (Ref. 2). 1In this analysis the buildings, foundations, major
components, and piping systems were modeled by the finite element
method, Soil-structure interaction and structure response were
caleulated by the substructure approach. FPlping analysis was
performed by multisupport time history analysis. Responses at over
400 points in the bulldings and over 1000 points in the plping
systems were computed for each earthquake time history.

To incorporate variation in input parameters, multiple time history
dynamic response analyses of the entire power plant were made. 1In
each of these repeated calculations, the magnitudes of the input
parameters describing the phvsical and dynamic characteristics of
the structures and subsystems were varied in a random fashion, and
each calculation vas performed for a differvent earthquake defined by
a set of three acceleration time histories in the free-field (two
horizental and one vertical). Thirty calculations were made (at
each earthquake level) with the rvesult that 30 values of response
(le., zero period acceleration, spectral acceleration or moment)
were computed for each building wall, slah, pipe segment, valve and
component. From these 30 values, a statistical distribution of the
response of each wall, component, etc., was constructed,
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This analysis was the most detailed consideration of structural
response performed to date and the results have been utilized in
identifying generic varisbilities and correlation rules as
recommended in this report. However, this overall process is too
expensive and time-consuming to be used routinely in selsmic risk
analyses .

(11) Scaling of Design Calculations

This epproach - often called the Factor of Safety method - is the
approach typlcally taken (Ref. 14) in commercial PRA's when (a) the
structure and foundation are reasonably typical of current building
practices, (b) a reasonably adequate soil structure interaction was
performed, and (c¢) details of the design calculations are readily
avallable, Here, the design loads and accelerations computed at the
safe shutdown earthquake (SSE) level are scaled down (or up) to
reflect factors of conservatism (or lack thereof) in the method used
in the design process to compute the responses, Typically, these
factors are derived from structural design reports and component
stress reports, and reflect:

8, Model response to the specified s~ismic event
b. Combination of modes

¢. Combination of earthquake components

d. Soil structure interaction effects

¢. Design vs. best estimate damping levels.

In this approach, all structural responses are expressed in terms of
peak ground acceleration. Mence, it is difficult to explicitly
include correlation (other than zero or unity) in the seismic
fallures. 1In addition, this approach is heavily dependent on the
skill and experience of the analyst, and the basis for the results
are difficult to document.

As will be described below, a combination of these approaches - making
full use of insights and results having generic applicability - can be
used to previde a fully defendable and cost-effective means of
determining structural responses.

3.5.2 Procedures for Determining Responses

For the selsmic analyses, vealistic and best estimate values of floor
slab spectral accelerations must be generated for input to the equipment
fallure computations. We cannot, in general, use the existing design
floor spectra as they usually have a high degree of conservatism built
Into them (and the degree of conservatism varies widely plant-to-plant).
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In general, three aspects of seismic response must be determined for each
floor slab and component of interest:

a. Median acceleration
b. Variability in acceleration
¢. Correlation with other responses.

Procedures for developing each of these aspects are described below,

Median Accelerations

As a first step, it is necessary to obtain (from the FSAR and amendments)
the underlying soil properties and embedment depths. Secondly, it 1is
necessary to obtain the structural design reports which summarize the
structure’'s fixed-base natural frequencies and characterize the lateral
load resisting members. These structural reports should contain the
masses, stiffness description, (geometries, material properties,
reinforcing schedule, etc.,) and soil model used in the design structural
analyses. From these data, it is straightforward to construct relatively
simple lumped mass/beam element models of the critical structures using
standard civil engineering methods as described, for example, In
Reference 15. Typical models will contain less than 30 lumped masses,
yet such models have been found to adequately model the important global
dynamic response of such structuves (Ref. 1). Note that detailed finite
element models of the structures are not necessary for these
computations,

if the structures are founded on rock or very stiff soil (say having &
soll shear wave velocity greater than 180 feet per second) then & fixed-
base dynamic structural response analysi can be performed. Input time
histories are taken from existing recorded earthquake catalogues, and are
selected so as to be appropriate for the site location and local soil
conditions. Auy benchmarked dynamic structural analysis code can be used
for these analyses, and such analyses can usually be performed on a
personal computer.

To incorporate inherent uncertainties in the earthquake ground motions,
soil material properties and structure dynamic properties, a set of 10
(independent) time history response calculations should be made. The
randomness associated with the ground motion is included through the use

of multiple time histories. The randomness in soil and structure
properties is included by sampling the distributions for these
quantities, From Reference 2, these distributions, characterized by

their coefficients of variation (COV), can Le taken &s:
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independent), it {s necessary to consider correlation both in the
respenses and in the fragilities of each pair of components,  Again, the
correlations between the responses could be determined by extensive
multiple time history analyses as was done in the SSMKP. However, in
similar fashion as above, examination of a large nusber of pailrs of
responses calculated {n the SSMRP showed a distinct pattern to the values
of correlation that existed between the veriuous types of responses,
From these insights, a set of rules were formulated which predicted the
"exact" correlations with adequate accuracy.

Thus, the correlation between palrs of responses can be assigned
according to the rules on Table 3.1 and these rules depend only on the
nature and location of the responses being considered. These rules to be
used for all acceleration levels, and fer both BWR and PWR plant

configurations. (Correlations between pairs of fragilities are discussed
later) .

3.6 Frapllity Analysis

Component fallure is taken as either loss of pressure boundary integrity
or loss of operability, Failure (fragility) is charecterized by a
cumulative distribution funetion which describes the probability that
fatlure has occurred given a value of loading. lLoading may be described
by lecal spectral acceleration or moment, depending on the component and
fallure mode. The fragilities should be related to the appropriate local
response to permit an accurate assessment of the effects of common-cause
selsmic fallures in the evaluation of the aceldent sequences,

3.6.1 Procedures for Fragilitles

Developing fragilities is usually the eritical path item in a seismic
visk assessment. The work invelved can be substantlally reduced through:

a. Sereening of the accident sequences using conservative point
estimate values for the selsmic failure probabilities to

determine those accident sequences and components which
dominate the risk,

b.  Using generic sources of fragility data for most components
(not dominating the final risk value),

€. Developing site-specific fragilities anly for those component s
critical to the final result whieh do nmot fit in the generic
categories,

Taken together, these approuches provide significant reduction in the
amount of time and effort required to develop the necessary fragilities,
and yet provide an easily documenteble result.

Twe important sources of fragility data exist, The first is the generic
data base developed in the SSMRP, and the second is a compendium of site-
specific component fragility results assembled at Lawrence Livermore
National Laboratory. These are described helow,
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Table 3.1

Rules for Assigning Response Correlation gy

Compor:ents on the same floor slab, and sensitive to the game spectral
frequency range (L.e, ZPA, 5:10 hz, or 10-15 Hez) will be assignod
response correlation = 1.0,

Components on the same floor slab, sensitive to different ranges of
spectral acceleration will be assigned response correlation = 0.5,

Components on different floor slabs (but in the same building) and
sensitive to the game spectral frequency range (ZFA, 5:10 Hz or 10-15
Hz) will be assigned response correlation « 0.75,

Components on the ground surface (outside tanks, etc.) shall be
treated as {f they were on the grade floor of an adjacent building.

"Ganged" valve configurations (either parallel or serles) will have
response correlation = 1.0,

All other configurations will have response correlation equal to
zero,
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This data provides o weans of systematically Including relay chatter In a
selsmle PRA, {f desired, This is& accomplished by baving plant personnel
review all lwpoitant contrel clreuits in eritical safety systems s0 as to
identify types of relays in the cireults. For those circuits invelving
relays known to be susceptible to chatter, the potentlal for "locking"
behavior in the clrveuit glven that the relay(s) could chatter is
evaluated. 1f such locking behavier is ldentified in a clreuit involving |
a vulnerable relay, then the generie relay chatter fragility should be
applied to the system function contrelled by that clreult. (Or, more
likely, the utility may chose to replace the relay with one less
vulnerable to selemic effects.) For the remaining elreuits, the cireuit
breaker trip peneric fragility could be used to model electrical fallures
in the affected system function, This would be ccabined with the
applicable mechanical failure fragility for the components in the system.
In this way, relay chatter effects can be systematically included In a
solsmic PRA {f desired,

pipdng Eadlure Considerations

Because of the extent and complexity of the many piping systems in a
e lear power plant, consideration of piplng fallure presents special
proklems in a siwplificvd risk analysis. In general, piplng {s found to
have & high margin of safety {f only seismically-induced inertia loads
are consldered. High stresses tend to arise only where piping runs
through walle, or 1s attached to a large vessel resulting in large
relative displacements. However, In piping design, selsmic stresses are
usually held to & small percentage (say 15 percent) of the overall
allowable stress. MHence, our recommendation is not to perform any
dynamiec piping analysls and neglect piping fallures in general. This
recommendation 1s supperted by an extensive serles of tests jointly
gponsored by the NRC and the Electric Power Research Institute (Ref. 19)
| which showed that typical piping runs designed to nuclear power plant
standavds have margins of safety of 10:25 over the 8§§% desipgn level.

Of course, during a walk-through of the plant, personnel familiar with

piping design should examine critical pipes in the auxiliary feedwater,

| ECCS and the RHR systems to determine whether or not there are points '
where piping from one anchor point attaches to a large component or to an

ancher point on a different foundation for which one might antiecipate

large relative motions., 1f such locations are found, it is possible, in

an approximate sense, to analyze Chese piping sepgments for displacement

induced stresses and hence develop an appropriate piping fragility for

these locations without the need for a complete dynamic piping analysis.

|
l
i
|
|
|

One generic aspect of piping failure which should be considered is the
possibility of interbullding pipe fallure due to relative motion -
enhanced by soll failure or sofl liquification. This applies primarily
to PWR's because of their typicaliy tall containment building
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configurations and the fact that all safety and shutdown system piping
must run between the auxiliary bullding (or equivilent) and the
containment. 1f soil fallure occurs under the contalnment during rocking
motlons, large relative displacements between the two bulldings could
occur, with the resulting possibility of fallure of the interbullding
plping. Again, an analysis of the piping stresses for the piping running
between the bulldings can be performed using quasi-static methods after
the relative building motions have been determined.

3.7 Selsnic Risk Computatlions

Accldent sequence frequencies are used in determining the frequencies of
core damage and of radicactive release for a given release category.
Total core damage frequency is¢ defined as the sum of the frequencies of
all accident sequences leading to core damage. In the quantiflication
process, conditional accident sequence probabilities are determined at a
number of pga values, and then these are de-conditioned by integration
over the seismic hazard curve.

3.7.1 Quantitative Screening For Dominant Accident Sequences

Determination and quantification of the accident sequences is a multi-step
procedure involving several levels of screening. In the first step, the
SETS code (Ref. 20) is used to solve all the system fault trees using mean
peint estimate irput screening values for all the seismic fallure evente
(including the internal events point estimate failure values for all random
events), The same fault trees used by the Internal events analysis are
solved with additfons as noted in Section 3.4.2, The mean point estimate
seismic screening values are taken as some conservative estimate, usually
the component seismic fallure probabilities evaluated at three times the
SSE. (Since this step is usually performed early in the anaiysis - prior to
the completion of the fragility analysis - penerlc fragilities are used for
the majority of the components. However, for the critical bulldings and
those components fdentified during the initial plant walkddown as requiring
plant-specific fragility development, the failure probabilities are set to
unity.) These values are added to the random failure probabilities, and
the total is used in the numerical screening process.

A dual probabilistic culling criterion is used in the culllng process in
this first step. 1In this process, a cut set is not deleted unlese both its
numerical value as well as the minimum value of any component failure
probability in the cut set ls less than the prescribed cutoff crviterion.
This dual criterion is used in recognition of the fact that potentially
large correlations can exist between basic events in the same rul set due
to the pervasive nature of the seismic Input motion. The result of this
screening step is a set of Boolean equatlions describing the failure modes
of each of the safety and support systems.

In the second step, apain utilizing the SETS code, these system Boolean

equations are merged together to form the accident sequences as defined by
the internal events analysis event trees, At this stage, truncation is
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performed based both on the order of the ecut sets as well as the
probability of the cut sets. The result of this step is a set of Boolean
equations describing each accident sequence in terms of cut sets which now
contain all the {important seismic and random failure events.

Each accident sequence so derived consists of the union of groups of events
(successes or fallures of safety systems) which must occur simultaneously
for thr accident sequence to occur. The fallure of each safety system can
be represented in terms of minimal cut sets, which are proups of component
fallure which will cause the safety system to fail. These cut sets and the
accldent sequences are combined together so that every accident sequence
can be expressed in a Boolean expression of the form

ACC, = 1E; [CiC3Cy or CCy or ,.. or C,CC,]

in which 1€, is the initiating event and the C, are basic events (i.e.,
failure of individual components) ldentified on the system fault trees, 1f
at least one of the component failuve groups C,C.C; occurs, then the
accident seque ce oocurs,

3.7.2 Accident Sequence Quantification

The final step involves the actual quantification of the accident sequences
(welng best-estimate seismic fallure probabilities from the final fragility
evaluations) for each earthquake level being evaluated. The same accident
sequence expressions are utilized both to compute the mean point estimates
of the accident sequence frequencies and to perform the uncertainty
analysis caleulations, To facilitate computations as well as
documentation, a cross reference table should be set up which relates each
component to a component identification number, its random point estimate
failure rate and error factor, and to its associated selsmic fragility
category and seismic respense category. This cross reference table thus
provides all the information required to compute the probability of failure
of any basfc event (random or seisric or combined) at any peak ground
acceleration level,

Computation of each accldent sequence probability consists of determining
the probability of each cut set, and then combining them to get the
accident sequence probability. Finally, the accident sequence probability
is computed using the expression

P(ACC) = 1 - n (1 « P(ecutset §)]

This expression represents an upper limit to the accident sequence
probability (assuming nonnegative correlations), and has been found to be a
vlose approximation to the accident sequence probability (Ref. 1). This is
true since the exact correlation can be considered in evaluating each cut
set, while only the correlation between cut sets is neglected. Howsver,
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¢ is the standard normal cumulative distribution function and

(2)

where

M (pga) 1is the median of the component response
My 18 the median of the component fragility

Bery Pge ove the random logarithmlce standard deviations of the
response and fragility, respectively,

Note that the use of lognormal distributions is not essential to the
calzulational process, and, in fact, any arbitrarvy pair of distributions
could be used for the responses and fragilities provided they are
physically meaningful.

3.7.2.2 Calculation of Correlated Basic Event Probabilities

When the individual basic failure events in a cutset C,CC, are not
independent, correlation between the basic events must be explicitly
included. Correlation can be due both to correlation in the responses
(which arises due to the common ground shaking which i{s exciting the
plant) and may also be due to correlation in the fragility estimates of
the components. 1f the correlations between the responses and the
correlations between the fragilities are known for two correlated
components, then the correiation coefficient between the failure of these
tvo components can be computed (Ref. 2) from:

» Ar1Pr2 Pr1Pr) o
R e T el W 1 2 Jit, A “rire
V1 * PR * P {Pr1 * Pyl Pro ’rz

in which

p = correlation coefficient between the failures of components 1
and 2

Fpy Bra = standard deviation of the logarithms of the responses of
components 1 and 2

Byy By = standard deviations of the logarithms of the fragilities of
components 1 and 2

Prixz * correlation coefficient between responses of components 1 and 2
Prirz = correlation coefficient between the fragilities of components 1

and 2.
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Figuse 3.8 The Powers n;, n, and n, as & Function of the Correlation
Coefficient and the Single Component Failure Probability P,
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Thus, in performing the uncertainty analyses, full correlation between
random samples taken from each response category ard frow each fragility
catepgory is enforced. This is both theoretically correct and consistent
with the philosophy utilized in the internal event NUREG.1150 uncertainty
caleulations.

3.7.2.4 Mean Point Estimate Calculations

In addition to the full uncertainty analysis (whic) produces exact mean
values and exact percentiles of the distributions of the accident
sequences and total core damage frequency) a "nean point estimate" should
be computed, The mean point estimate is useful for illustrating various
intermediate results (conditional accident sequences frequencies,
initlating event frequencies, etc.) which explain the flow of the
caleulations, for demonstrating convergence of zhe numerical integration,
and for performing sensitivity studies In s cost effective manner.
Specifically, the mean point estimate is used to understand the
contributions of the various basic events to the total frequencies and to
understand the contributiens t¢ the total uncertainty bands.

The mean point estimate is computed by using the mean rvandom failure
frequencies, the mean seismic hazard curve, and the mean values for the
seismic fallure event frequencies In evaluating the accident sequences.
The mean selsmic fallure probabilities are computed using both random and
systematic uncertainties for the responses using:

In [M_(ppa)/™
Bl = 8] = -[; Z‘J

2 2
Jﬂ re ¢ ru ol fr M fu

vhere
¢ is the standard normal cumulative distribution function,

M,(pga) is the median of the component response,
M¢ Is the median of the component fragility,

Biey Byy are the random logavithmic standard deviations of the
response and fragllitv, vespectively, and

B, By, are the .ystematic lagarthwic <tandard deviations of the
response and fragility, respectively

L]
0.ly one evaluation of the accident sequences i{s required to compute the
mean point estimate. This mean point estimste will be seen to be nearly
equal to the exact mean values of the accident sequence and core damage
frequencies as ohtained from the uncertainty analysis. This is to be
expercted because mean values probabilistically add to vield the mean
value of each accident sequence (conditional en the hazard), and the only
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difference between the true mean and the mean point estimate has to do
with sampling error in the Monte Carlo uncertalr'y analysis. Experience
has shown, however, that the difference between tuese is small.

3.7.2.% Sensitivity Studies

In particular, the mean point estimate calculation is particularly useful
in performing sensitivity studies. As a minimum, a sensitivity study on
basic event importance to the overall mean core damage frequency and a
sensitivity study on the relative i{mportance of the hazard curve
uncertainty as compared to the response/fragility uncertainties should be
made .

The ® sic even* {mportance can be ascertained by evaluating the "risk
reduction potential® for each component. This is accomplished by setting
the fallure probability of each component (one at a time) to zero and
rvevaluating the mean (poi~t estimaie) core damage frequency. The
percentage reduction in core damage frejuency is thus a measure of its
importance and a direct i{udication of the decrease in risk which wonld
result {f the componert were strengthened so that it would never fail
a selsmic event, It is clearly a means of ranking ‘omponents as to the
cost-effectiveness of any retrofit to strengthen a cowmponent,

The uncertalnty {mportance study can be accomplished by setting the
modelling uncertainties for each of the hazard, response and fragilities
to zero (one at a time) and reevaluating the Monte Carlo uncertainty
analysis to determine changes in the distributions of the accident
sequence frequencies and the total core damage frequency. A convenient
measure often used as an indication of the degree of uncertainty in any
probability distribution is the Error Factor (EF) defined as the ratio
betueen the 35th percentile and the 30th percentile of the disiribution,
Changvs ir the compute! =rror factor as the hazard, response and
fragility uncertainties sre set to zero directly indicate their
importance to the »>verall uncertainty. Examples of both types of
cansitivity studies are included in the Surry and Peach Bottom NURECG-1150
selswic PRAs.

3.7.3 Presentation of Results

In order that the assumptions and Input be traceable and that the output
be relatively transparent, the following set of figures and tables should
be provided for each seismic analysis:

a, Figures showing the mean and median hazard curves at the site,
the upper and lower bounds assumed, and & figure showing the
site ground motion spectra,

b. Tabulatiua of mean and median annual probabilities of exceedance
o each discretization point of the hazard curve used in the

numerical integration of the accident sequences.

e¢. Listing of all earthquake time histories used in the analysis,
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d. Figure: showing the event trees as modified for the seismic
analyeis,

¢. Tableez listing the dominant cutsets for all important accident
sequences .

f. Table listing the basic events, their definition, random and
test/maintenance probabilities, and corresponding seismic
response and fragility categorles.

g. Table listirg response points, description of location and
elevation of each point, and the response pga multiple.

h. Table showing the mean initiating event probabilities at each
earthquake level.

L. Table listing the mean conditional accident sequence
frequencies/year for each earthquake level.

J. Table listing the total (unconditinonal) mean accident sequence
contributions for each interval on the hazard curve,

k. Table listing the mean, variance, 5, 15, 35, 50, 65, 85 a d 95
percentiles of the accident sequence and total core damage
frequency distributions.

This Jata will provide the necessary input to allow the reader to
reproduce any of the point estimate results,

3.8 Sunmary

The procedures described in this chapter describe a straightforward
approach to the evaluation of seismic CDF which is minimally dependent on
analyst judgement. The simplified building response calculation approach
provides detailed and accurate results at a level of effort significantly
less than that performed in the SSMRP and yet the results are totally
defendable. The approach using conservative component fallure
probabilities in the initial screening minimizes the effort required to
develop component fragilities. The use of a Monte Carlo analysis of the
accident sequences and total core damage frequency allows for rigorous
incorporation of arbitrary response functions and any degree of
correlation, Taken together, this approach represents a reasonable and
¢fficient, yet fully documentably and defendable, means of calculating
seismic core damage frequency.
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4.0 FIRE ASSESSMENT PROCEDURES

Based on plant operating experience over the last 20 years, it has been
observed that typicel nuclear power plants will have three to four
significant fires over their operating lifetime. Previous probabilistic
risk essessments (PRAs) have shown that fires are a significant
contributor to Lhe overall core damage frequency, contributing anywhere
from 7 percent to 50 percent of the total (considering contributions from
internal, seismic, flood, fire, and other events). Because of the
relatively high core damage contribution, fires need to be examined in
more detail.

An overview of the simplified fire PRA methodology is as follows:
A. Plant Visit

Based on the internal events and seismic analyses, the general locatisn
of cables and components of systems of interest is known. The initial
plent visit will provide the analyst with a means of seeing the pnysical
arrangements in each of these areas, The aualyst will have & fire zone
checklist which will aid in the screening analysis.

The second purpose of the initial plant visit is to confirm with plant
personnel that the documentation being used is in fact the best available
information and to get clarification about any questions that might have
arisen in a review of the documentation.

Also, a thorough review of fire-fighting prccedures will be conducted.
B. Screening

It is necessary to select important fire locations within the power plant
under investigation having the greatest potentlal for producing risk-
dominant accidenct sequences. The objectives of location gelection are
somewhat competing and should be balanced in a meaningful risk assessment
study. The flrst objective is to maximize the possibility that all
lmportant locations are analyzed, and this leads to the consideration of
a potentially large number of candidate locations. The second objective
is to minimize the effort spent in the quantification of event trees and
fault trees for fire locations that turn out to be unimportant. A proper
balance of these objectives is one that results in an ideal allocation of
resources and efficiency of assessment,

The screening analysis is comprised of:
1. Identification of relevant firve zones. Fire zones which have
either safety-related equipment or power and control cables for

that equipment will be fdentified as requiring further analysis.

2, Screen fire zones on probable fire-induced initlating events.
Determination of the fire frequency for all remaining plant
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locations and determination of the resulting fire-induced
initiating events and "off-normal™ plant status is then
accompl ished

3. Screen fire zones on both order and frequency of cut sets,

4. Each fire zone remaining is numerically evaluated and culled on
frequency.

C. Quantification

After the scree~ing analysis has eliminated all but the
probabilistically-sigr'ficant fire zones, quantification of dominant cut
sets will be completsd a: follows:

1. Determine temperature response in each fire zone

2, Compute component fire fragilities. The latest version of the
fire growth code COMPBRN with some modifications will be used to
calculate fire propagation and equipment damage. These fire
calculations are only performed for the fire areas that survive
the screening analysis.

3. Assess the probability of barvier failure for all remaining
combinations of fire zones. A barrier fallure analysis is
conducted isr those combinations of two adjacent fire zones
which, with or without additional random failures, remain after
the screening analysis.

4. FPerform a recovery analysis. In a similar fashion, as in the
internal event analysis, recovery of non-fire-related random
fallures will be addressed. Also, credit for either automatic ov
manual extinguishment of a fire before the COMPBRN predicted time
to damage will be given.

5. An uncertainty analysis is then performed to estimate error
bounds on tne computed fire-induced core damage frequencies. The
TEMAC code will be utilized i{n the uncertainty analysis.

4.1 ldentification of Relevant Fire Zoues

Determination of fire areas and the boundaries or barriers between
respective areas will be mude based on a review of the Appendix R
submittal, a comprehensive analysis of the plant layout drawings, and
supplemented with a plant walkdown to verify the selectlons made. Fire
area determinations will then be made along major plant functional area
boundaries (typically 3-hr rated fire barviers) based on the existing
divielons from the general arrangement drawings.
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The posterior density can, therefore, be expressed as:
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In this way plant-specific fire-initiating event frequencies and
distributions will be developed.

10,3 - " o "

One of the most eritical steps in a fire analysis is to determine on a
plant-specific basis which of & wide range of possible initiating events
has the potentlal to be induced as a result of a fire occurrence,

As in the NUREG-1150 internal events analysis, a comprehensive list of
initiators has been identified for further study. It is known from a
review of previous fire PRAs that only a limited set of initiating events
has the potential to he a significant contributor to fire-induced core
damage frequency. Typically, initiating events such as large or medium
LOCAs caused directly by the fire have not been analyzed because the
vulnerabilities of piping systems or tanks to fire events are considered
insignificant,

A comprehensive look at syscem drawings will be conducted to determine
the potential for large or small LOCAs caused by spurious valve
actuation. 1f no probabilistically significant mechanism can be found
during this review, then fire-induced spurious actuation will be removed
from further consideration. Even if spurious actuations would occur, it
is known from past fires (such as at Brown's Ferry) that within
approximately one-half hour spurious actuations terminate in open
circuits.

The same fault trees and event trees that are used in the internal events
analysis will be utilized in the fire analysis. Thus, the level of
analytical detail will be consistent with the level in the internal event
analysis,

4.4 Detailed Description of the Screening Analysis

A comprehensive screening analysis will be required to reduce the number
of potential fire-induced scenarios to only those which have the
potential to be probabilistically significant to core damage frequency.

The screening analysis is composed of the following four steps:
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cable trays of interest, For these cases, the wall is divided into
several sections to more realistically calculate the wall thermal
response. It is recommended that the wall area be divided into three
vertical sections with the section closest to the fire having the same
horizontal dimension as the fire diameter. The other two sections
equally divide the vemaining wall area. Without this division, COMPBRN
will predict a constant temperature along the entire wall surface in the
horizontal direction. The predicted temperature is thus overestimated
for all points except that with the closest distance to the fire. The
effect i1s& that re-radiation from the wall at a higher temperature
predicts damage in shorter time frames than a more realistic temperature
profile would.

4.6 Barrier Fallure Avalysis

In the unscreened cut sets where a potential for barrier failure has been
{dentified, barrier failure probability will be estimatea using burrier
fallure rates developed as described below.

Barriers are grouped into three types: (1) fire doors, security doors,
water-tight doors, and fire curtains, (2) fire dampers and ventilation
dampers; and (3) penetration seals and fire walls. The data base
contains 628 records from when construction began on any given plant to
the end of June 1985. The number of barriers of each type at a plant is
required to estimate the rate at which a specific component falls, The
number is not known precisely for eack plant, but a nominal figure that
has been estimated for each barrier type is given in Table 4.3.

The generic harrier failure rates are determined based on estimates of
barrier failure rates for each individual type of barrier, i.e., fire
damper, door, etc. For a given fire zone, the total barrier fallure rate
is determined as the union of the probabilities of the individual barrier
fallure rates. Thus, this is entir.lyv plant specific, as the number and
type of barriers in any given zone is plant specific,

The statistical uncertainty of each estimate, reflecting sampling
variation and plant-to-plant variation, is represented by 90 percent
confidence bounds. These estimates and confidence bounds are given in
Table 4.4 where units of both estimates and bounds are failures/year.

puring the confirmatory plant visit scenarios require barrier failure
will have those barriers inspected. 1f no plant-specific vulnerabilities
(i.e,, barriers missing or not intact in its normal configuration) are
noted as a result of this inspection, no modification of generic barrier
failure rates will be performed.

4.7 Recovery Analyslis

Por those remaining cut sets which survive the screening process and
where the COMPBRN code predicts fire damage will oceur, recovery of
random fallures and credit for extinguishment of the fire before the
COMPBRN predicted time to fire damage will be applied.
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which predict the time to failure for a given plece of equipment in a
given fire zone. The time to fallure is input into the nonsuppression
probability distributfon and the result is the probability that the fire
has not been extinguished prior to the time that the component will fail
due to the fire. This term {s in every fire cut set., Given the COMPBRN
results which typically predict fire damage in 2 to 15 minutes an
adequate bound on the uncertainty is assumed to be #15 minutes. This
uncertainty estimate was determined based on consultation with fire code
and testing experts.

Recovery of random failures (non-flve related) is treated in a similar
fashion as in the Internal events wnalysis (Ref. 10). All operator
recovery actions that are used in the internal events analysis will be
inspected for use where appropriate Ir the remaining cut sets. If a
sequence is long term (greater than 24 hrs), two recovery actions will be
allowed In short-term (less than 24 hrs) sequences only one recovery
action will be allowed. % particular recovery action will be chosen if
the possibility of multiple recovery actions Is present on a hierarchy
(based on thy highest likelihood of successful recovery) established by
the internal events analysts.

In the areas where fire-fighting activity takes place, no credit will be
given for local recovery actions until after the fire is extinguished.
In non-affected areas, local recovery is allowed for valve manipulation
or pump operation when damage to power cabling of an applicable component
has not occurred.

The recovery analysis will also give credit for automatic extinguishment
of a fire before damage occurs. As part of the plant walkdown, plant-
specific aspects such as (1) type of detection and actuation, (2)
detector spacing, (3) actuation delay times, (4) required fire locationm,
(5) predicted fire damage times, and (6) type of suppression will be
utilized to determine if generic system reliability data will be applied.

Failure rates (on demand) for the three types of fire systems (water
deluge, CO, and Halon) were developed based on a literature review (Refs,
11 through 14)., Table 4.5 lists the failure probabilities given a system
demant? for each of the three system types.

Based on this literature search bes: estimate values for system
reliability for water, Halon, and CO, were taken to be 9%6%, 94%, and 96%
respectively.

4.8 Uncertainty Avalysis

Distributions on fire frequency, fire suppression probability, fire code
calculations, random failure probability, barrier failure probability,
and operator recovery actions generate uncertainties on fire-induced core
damage frequencies.
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Table 4.5

Automatic Suppression System
Failure Rates (On Demand)

System Eailure Rate

L0490
L0381
0.006342

Water Deluge

oo

201
D59%
053634

Halon

OO0

1164
L0413
0.00212

C0,

o O

The uncertainty of these values is propagated through the accident
sequence models using two computer codes. A Latin Hypercube Sampling
(LHS) algorithm is used to generate the samples for all of the parameter
values (Ref. 15) while the Top Event Matrix Analysis Code (TEMAC) i{s used
to quantify the uncertainty of the accident sequence equation using the
parameter value samples generated by the LHS code (Ref. 16)

LHS is a constrained Monte Carle technique which forces all parts of the
distribution to be sampled. The LHS code is also flexible in that it can
sample a variety of random variable distributions. Furthermore,
parameter distributions for similar events can be correlated. For
example, if two similar components (e.g., MOV XX-FTO and MOV YY-FTO) are
modeled from the same probability distribution, then the sampling of
these two distributions is perfectly correlated, meaning the same value
is used for both events in a given sample member. For basic events which
are modeled with very similar but slightly different distributions (e.g..
MOV XX fails to remain closed for 100 hrs and MOV YY fails to remain
closed for 200 hrs), the LHS code permits an induced correlation between
the samples. However, LHS does not allow the correlation coefficient for
this case to be equal to 1.0, LHS does permit sampling with a
coefficient of 0.99 in these cases.

* Letter from SAIC Senior Staff Scientist Bill Parkinson to John
Lambright, Dated May 3, 1988,
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This methodology results in a similar level of detall to that of the
internal events and seismic studies. By use of the same fault trees and
event trees, these results can be compared directly to core damage
estimates from either internal events or seismi: ianitlators. This allows
any given nuclear power plant to have a consistent basis on which to make
any decisions as to the relative effect of any potential plant
modifications., Studies based on engineering judgment alone (without the
aid of a computer-based critical area analyses) have been shown to miss
many significant fire area contributors to fire-induced core damage
frequency. Fire threat analysis supports the NUREG-1150 document as part
of a comprehensive external events risk profile,
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Table A}

Auxiliary Building Fires (Continued)

Plant Date »f Flant Fire
Name Occurrence Status —Ixpe —— Remagks

Turtey Point 3 5/75 Fower Battery Transformer overheated igniting
Operation Charger insulation. Similar teo
(100%) previous event on 12/146/72.

Milistone 2 3/26/76 Hot Notor Fire resulted from arcing of
Shutdown Control s supply lead. Extinguished

Center by de-energlizing MCC.

Dresden 2 L/76 Celd Circulr ECCS Jockey Pump control feed

Shutdown Breaker breaker caught fire from a
burned-out contacter coll.

Fitzpatrick &/11 76 Power Clrcult Overload in HPCI valve
Operation Breaker circuit breaker. Extinguished
{(93%) by de-energizing breaker

Milistone 2 11/15/7% Hot Relay-- Relay fire in moter comtral
Shutdown NCC center.

Pilgrim 1 3/77 Hot Circuit “ircult breaker under-voltag-
Shutdown Breaker coll burnt due te high fluat-

ing charge on statior nattery.

Fitzpatrick G&j6/77 Power Circuit Coii falled by fire in HPCI
Operation Breaker test valwve breaker ard extin-
(88w} guished by de-energizing.

Sin ‘lar te 7/28/75 event .



Date of Plant
Occurrence Status . _Reaa

Breaker relay falled, burning

Refueling
open and starting phase

fhat age
it on

burner material above

fire

Fire detection Instrmentation

pane] fire due to reliay fallure

Feilure hroaker contact due to

inknown 4/13%
walntenance wrurred

improper

in motor rontrel]l cente

Robinzon Rattery Resics*ance ;}’._.Vi‘,‘! of
rornmect 1 on ‘;zn!.’or’. i

nf two cells of a batter

Unknown Power Rattery Defective terminal
Operat Terminal rions not secured
pei

. - £
Arkansas ! Cold P‘l!..f‘ | pump mot » on B
Nuc lear Shur down More for shutdown
] e nrrect ingt

One
or hearings re

F rarer

vyt i-w;-




Table A 1

Suxiliary Building Flres (Continued)

Tlant

Palisade=x

San Onofre 1

Hatch ?

Unknown BUR

Peach Bettom 1

Unknown PWR

Date of
QOccuryence

&ja/79

11727779

4/80

&/15/80

6/3/80

7/6/80

10/2/80

Plant

Operation
{100%)

Operstion
(1008}

Cola
Shurdown

Power
Operation

Power

Operation
(100%)

Power
Operation

Power

Operation

Fire
Ivpe

__Reparks

Rattery

Switchgear

Cabls

Rus

Tranzformer

Circuir
Breaker

Valve Motar

Battery burst due to intermal

explosion of hydrogen ignited
by a test lead being used to

measure voltage.

Rodents shorted two phases of a

480-V bus in the switchgesr room.

A loose commection resulted in
a wire of an RPS msotor
generator set breaker burning .

Fire Involving supply bus
occurred in switchgear room.

A filtering capacitor in a vital
bus transformer caught fire
damaging the transformer

Circuit breaker caught fire when
it failed to close properly
because contacts were out of
adiustment

Air sample inlet valve motor
issued smoke  Power was removed

from motor
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Table & 1

Auxiliary Failding Fires (Continued)

Plant

Trojan

Palisades

San Onofre 1

Iindian Point 2

Rorth Amnna 1

Hztch 1

Point Beach 1}

Date of
Occurrence

12/31/89

1/24/81

7/17/81

R/1G/81

it/i1/81

11/23/81

10/15/82

Plant

Operation
{100%)

Operat ion
(98s)

Coid
Shut down
Power

Operation
(100%)

Power
Operation

Cold
Shutdown

Operartion
(78%)

Fire
—LYpe

_Remarks

Clrcuit
Rreaker

Pump
Motor
Ga= Decav

Tank

Motor

Relay

Civreunit

Breaker stab misasligned csusing
ignition of plastic dust
collecter by arcing.

Component cooling water pump
motor caught fire due te
bearing failure from loss of
lubricating oil.

Explasion of K, in recombiner.

Short cirenit within ST pumsp
cavsed fire and an overload
trip of its supply breaker.

Main feedwater pump fire.

Insulation breakdown caused
fire in a reactor low-low RPS

relay.

Supply breaker for MG set
caught fire.






Chriit down

Power
Operat fon

{18 )

Transformer breaker tripped on
oavercurrent and wac re« lo<ced
ire ocenurveod immediatel

rtheresfter

Water entered a control
ventiiarion chiller cont
:~nr": Q}\.\yfir\l sotor sta

contacters

High resis~arnc» in the aain

discomnmect ing contscts of the

center phase of the breaker
caused an arc to propagate t

out side phases




Reactor Building Fires

Table A 2

Plant

__Name

Ouad Cities 1

Peach Bottom 1

Monticello

Dresden 3

Oconee 2

Brunswick 2

Date of
Occurrence

12/710/72

12/22/72

5/15/7&

11/15/76

1731775

4/146777

FPlant

Power
Operation

Power
Operation

Power
Operation

Hot
Shurdown

Power
Cperation

__Remarks

A small open flame was observed
within a PHR service -water prmp
hot ing. Fire was set by
welding sparks on oil-soaked

The motor on & residual heat
removal pump burst into flames
due to insufficient lubrication
to the lower bearing.

An off-gas ignition occurred
resuiting in the rupture of
both air ejector discharge line

An off-gas explosion occurred
when the 3% recombiner outlet

A small o0il fire occurred
underneath a reactor coolant

Fire
Iype
oil,
insulation
insuiation.
Hydrogen
rupture discs.
Hydrogen
valve was opened.
0il
pump motor stand.
Hvdrogen

A hydrogen flame was in the
off-gas system burning at the
flow orifice or in the jet air
ejector
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Table A 2

Reactor Ruilding Fires {(Continued)

Plant Date of

Nampe Occurrence
Brunswick 7 5715777
Unknown BWR 2710778
indian Point 2 /6779
Robinson 2 9/30/7%
San Oncfre 1 ?7/16/80
Nine Milie 4/22/80
Point 1

Plant

Power
Operation

Power
Operation

Power
Operation

Operation

Shut down

Power
Operation

Fire

Hydrogen

Electrical

eil,

Insulation

oil

0il,
insulation

0il

— Bemazks

Following an off{-gas over-
pressurization, a hydrogen five
was detected downstream of the
steam jet air ejecters.

Smoke was noticed coming from
a supply breaker.

A fire occurred in the reactor
coolant pump tube. Insulation
was saturated with oil and
fgrited.

Layging fice on cold leg
piping. Fire caused by
lubricating oll leak.

0il1 from leaking reacter
coolant pump oll filter came
in contact with the hot pump
casing and ignited.

Fire resulted from lube oil
that leaked from 3 m=in
turbine shaft-driven foed

water pump.



Table A 2

Reactor Building Fires (Conciuded)

[T=y

Plant Date of Plant Firve
— Name Occurrence _Status Iype __Remarks
Pilgrim 2726781 Power Insulation A fire was ignited by welded
Operation sparks falling on tesporary
foam rubber insulation.
Unknown PUR 1i/7/81 Power Electricsil Wiring harness was pinched off
Operation incide & cabinet and
electrically shorted out .
Unknown BWR 2/12/82 Cold oii Fipe vibrating leose leakesd
Shut down onte a hot turbine casing.
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Table A3

Control Room Fires

Plant
__Name

Unknown

Three Mile

Island 2

Hatch 1%

Hatch 1%

Date of
Occurrence

7/6/78

T/32/79

3/12/83

3/30/83

Plant

Operation

Cold
Shutdown

Operation
(9%w)

Operation
{34n)

*Counted as one event for guantification o

Fire
Iype

Remarks

Diode

Circuit

Roard

Relay

Relav

fire frequency.

Tener diode falled in an RPS
circuit.

Overheated resistor caused fire
in a radiation-monitoring
readout panel. Extinguished
immediately.

Low reactor water level RPS
relay burned causing a 1/2
scram (failed safe).

Ext ' nguished by operators.

Scram discharge volume high-
level RPS relay burned a 1/2
scram (failed causing safe).
Extinguished by eperators.
Same type of relay as in
previous event.
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Table A 4
=
Cak . Spreading Roowm Fire
Plant Date of Fire
Name Occurrence . —lype S i
Rrowns 3722775 Power Cable Spread from cable spreading
Ferrvy 1 and 2 Dperation Fire room to reactor bulilding Iin
{100%) ilnir 1 and affected Unit
5
'
- Peach Bottom 3 /18777 Powey Rela Fire in PCIS leogic and BRHR
"'v;,nv,:\VZf-r{ Fire valve relavy

75%
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Table A.S

Switchgear Room Fires

Plant

Unknown PWR

Unknown BWR

Yankee Rowe

Date of
Occurrence

/7779

4/15/80

7/6/80

8/2/84

Plant

Power
Operation

Power
Operation

Power
Operation

Power
Operation
{100%)

Five

480V Bus

Clrcuic
Breaker

Clircuit
Breaker

— Repatks

Fire irvoived 480-V bus; short
circuit caused by rodent
bridging two energized phases.

Fire involved supply bus in
switchgear roow.

Fire invoiving switchgear roos
breaker. Out of adjustment
contrel circult completed.

A fault occurred in the 480.-V
supply ACB to bus &-1; high
resistance in the main dis-
comnecting contacts —aused an
arc to propagate from the
center phase te the outside

phases
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Table A 7

Turbine Building Fires (Continued)

Plant Date of
Name Occurrence
Unknown PWR &/3/77

Saint Lucie 1 &/3;77
Oyster Creek 1 S/77
Peach Bottom 3 9/77
Unknown PWR 7/5/78
Cook 2 11/13/78
"rewns Ferry 1 1/21/80

Plant

Power
Operation

Power
Operation

Refueling

Operation

Power
Operation

Power
Operaticen

Power
Operation

Fire

__Remarks

Hydrogen

Hydrogen

Cable
Insulation

Relays

Auxiliary
Boiler

Hydrogen

Cable
Insuiation

Leaking hvdrogen at the
generator ‘gnited. Purged with

CO, by shift personnel.

Hydrogen leaked from turbine
and ignited. GCenerator inerted
with CO,.

Aluminue-to-copper bus terr inal
comnecters resulted in high
resistance and burned cable
insulation. !

Three relays in feedwater
pump relay cabinet fgnited.
Since flame retardant cabies
were used in cabinet, fire 4id

not propagate.

Class B fire including the
auxiliary boiler.

Hydrogen fire under gemerator.
Purged with CO,.

Fire in cahle tray beneath the
turbine building operating
floor
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Tabie A 7

Turbine Building Fires (Conclu. ¥)

Cook 7

Unknown BWR

Sequoyah 1

Unknown PWR

Rancho Seco

Indian Point 2

Arncld

Date of
Occurrence
12/15/80
7/24/81

1/12/82

2/6/82

3/19/84

i0/22/84

11/6/84

Plant

Operation

Fower
Operation

Cold
Shutdown

Power
Operation

Operation

Power
Operation

Power
Operation

___Femaghs

Fire in generator piiot
Condensate booster pump bBinding
overheated and caught fire.
Neutral ground transformer

explioded activating deluge

Hydrogen leaked from a bad seal
into the generator.

Hydrogen explosion occurred
following loss of H, side seal

Fire in insulation at the
governor end of the high-

Fire
Zype
Electrical
exciter.
Pump
Transformer
system.
Hydrogen
Hydrogen
oil pump.
Insulation
pressuare turbine.
Transformer

Transformer fire in yard
propagated to the turbine
building .
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Table A R

Ffesel GCenerator Room Flres { Conc 1 uded)

NDates of Plant
__Remarks

Occurrence Status
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