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Section 1

Iniroducﬁon and Results

The; Reactor Safety Study was sponsoref
by the U. S. Atomic’ .Energy Commission

to «estlmate the'publlc risks that_could
be involved- 1n .potential accidents in
commercial “nuclear power plants of the
type now in use. It was performed under
the' independent  direction of Professor
Norman C.
Institute of Technology.
to be est1mated,_rather,
because although there are about’; 50 such
plants now operating, there have:been no
nuclear accidents to date resultlng in
51gn1flcant releases-of -radiocactivity . in

U.S. commercial® nuclear power plants.
Many of the néthods used to ‘develop
these estimates are based on those that
were developed by .-the Department of

Defense and the National Aeronautics and
Space Admlnlstratlon in the 1last 10
years and are coming into 1ncrea51ng use
in recent years.

The objective-of -the-=study.was to . make:a
realistic estimate of these. risks and,
to provide perspective, to compare them
with ‘non=nuc¢léar-- risks ' to which ' our
society and-its. individuals are already
exposed This information® may be of
help in determlnlng the future reliance
by society on nuclear power as a source
of electricity.

The results from this study suggest that
the risks :to the public- from: potential
accidents :in. nuclear . power plants are
comparatively small, - This:is . based on
the following considerations:

a. The possible consequences of poten-
.« - tial reactor _accidents. are predicted
to be no larger,. and -in -many .cases
:-much;; smaller, . than -those .of .non-

o nuclear accidents. | The:consequences
-.are predicted  to. be .-smaller than
S people have been-led to -believe- by

. previous -studies which dellberately
.+~ maximized estimates of these conse-
quences. .-

”_.‘, Tl oy el et . L o

R T .
%The;work,:originally sponsored by . the
U/S. -Atomic Energy Commission,=was‘com-

-pleted - under . the: sponsorship "of . the

u.s. Nuclear Regulatory Commission,
which came into being -on January 19,
1975.

Rasmussen of the Massachusetts’
The risks had
than measured,

b. The likelihocod of reactor " accidents
is much smaller .. than that of many
‘non-nuclear acc1dents having .similar
" consequences. All non-nuclear acci~

dents. examined in this study, in-
cluding fires, explosions, toxic
" chemical releases, dam ~ failures,
airplane crashes, earthquakés, hur-

ricanes and tornadoes, are much more
likely . to occur and can have conse-
quences comparable to, or ' larger
than,;those of nuclear accidents.

Figures 1-1, 1-2, and 1-3 compare the
nuclear reactor accident risks predicted
for the 100 plants expected to be oper-
ating by about 1980 with risks from
other man-caused and natural events to
which society is generally already
exposed. The following information is
contained in the figures: :

a. Figures 1-1 and 1-2 show the likeli-
hood . and. number of fatalities from
both nuclear and a variety of non-
nuclear accidents. These figures
indicate that non-nuclear events are
about 10,000 times more likely to
produce large numbers of fatalities
than nuclear plants.

b. Figure 1-3 shows the likelihood and
dollar value of property damage as-
sociated with nuclear and non-nucle-
ar accidents. Nuclear plants are
about 1000 times 1less 1likely to
cause comparable large dollar value
accidents than other sources. Prop-

fatalities shown in Flgs. 1-1 and
1-2 for 'the 100 nuclear plants are
those that would be predlcted to occur
within a.short period of time after the
.potential reactorA acc1dent.¢ -This was
“done to prov1de a con51stent comparlson
to  the non-nuclear events which also
cause fatalities in 'the same -time
.frame... As in potential nuclear:acci-
dents, there also exist p0531b111t1es

lThe,.'

for “injuries and_ulonge: -term health

-effects :from . .non-nuclear .;acq1dents.
Data or  predictions of .this type are
not ‘available for -non-nuclear events
and so - comparisons cannot easily be
made.
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1. the cost of relocating people
away from contaminated areas,
2.  the decontamination of land to
avoid "overexp051ng people~:to
radloact1v1ty. ) B S
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the"ost of‘enSuring that people
are ' not ‘“exposed:'=-to potential
“gources -of fadiocactivity in food
-t -erand water supplles. <‘€>.5- &N
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In addltlon ‘to- the”overarl rlsk 1nforma—
tion-in’ Flgsﬂ 1-1- through SI-3, it

useful to” con51der»the ‘risk "to- 1nd1v1du—
als- of ‘being fatally ‘injured by various
types ‘of a001dents. ‘ The "Bulk of<the /in-
formation- éhown "in‘Table 1-1' is- ‘tdken
from- thé 1973 Statistical ‘Abstracts§of
the U.S. and applies to the year 1969,
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. 2 Apprommate uncertamnes for nuclear events are esumated to be
represented by factors of 1/4 and 4 6n consequence magmtudes
and by factors of.1/5°and 5-on probabilities.

the latest vyear . for which these data
were -tabulated when this study ' : was
performed:. " The . .predicted nuclear
accident risks are very.- smalXl ' compared
to other possible. icauses -of ' fatal
injuries.

. DS - EN

In addition to:fatalities -and:. property

damage, “a-number -of other‘Health.effects
could be caused by - nuclear ‘‘accidents.
These - ific¢ludé: 1njur1es ‘and ~“fong-term

health:effeéts “such-as ‘cancersy: genetic
effects, 'and thyroid gland illness.. The
early "illness expected inm potential : ac-
cidénts would beé' about’:10‘times as<large
as the fatalities shown in Figs> I=1 and
1-2; for comparison there are 8 million
injuries caused annually by other acci-
dents. The number of cases of genetic
effects and long-term cancer fatalities
is" predicted- :to beé!rsmaller .~than .the
normal incidence''ratevof-tlese diseases.
Even for a large.iaccidert, the:small -in-
creasesﬁin'these‘disea§es‘would be a@itf-
ficult to.detectifrom the ‘normal. 1nc1—
dence rate. ] LT




FIGURE 1-3 Frequency of Property Damage due to ’

Natural and Man-Caused Events

Notes: 1. Property damage due to auto accidents is not included because data
are not available for low probability events. Auto accidents cause
about $15 billion damage each year.

2. Approximate uncertainties for nuclear events are estimated to be
represented by factors of 1/5 and 2 on consequence magnitudes and
by factors of 1/5 and 5 on probabilities.

3. For natural and man caused occurrences the uncertainty in prob-
ability of largest recorded consequence magnitude is estimated to be
represented by factors of 1/20 and 5. Smaller magnitudes have less
uncertainty.
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TABLE 1-1 AVERAGE RISK OF FATALITY BY VARIOUS CAUSES

Property Damage {Dollars)

Accident Type

Motor Vehicle

Falls

Fires and Hot Substances
Drowning

Firearms

Air Travel

Falling Objects
Electrocution

Lightning

Tornadoes

Hurricanes

All Accidents

Nuclear Reactor Accidents
(100 plants)

Total Number

55,791
17,827
7,451
6,181
2,308
1,778
1,271
1,148
160

Individual Chance

per Year

el e N Sl T e e e e

[

in
in
in
in
in
in
in
in
in
in
in
in

in

4,000
10,000
25,000
30,000
100,000
100,000
160,000
160,000
2,000,000
2,500,000
2,500,000
1,600

5,000,000,000

Thyroid illnesses that might result from
a large accident are mainly the forma-
tion of nodules on the thyroid gland;
these can be treated by medical proce-
dures and rarely lead to sericus conse-
quences. For most accidents, the number
of nodules caused would be small com-
pared to their normal incidence rate.
The ' number that might be produced in
very unlikely accidents would be about
equal to their normal occurrence in the
exposed population. These would be

observed during a period of 10 to 40
years following the accident.

While

nuclear risks.

level

the study has presented the esti-
mated risks from nuclear power plant
accidents and compared them with other
risks that exist in our society, it has
made no judgment on the acceptability of

The judgment as to what

of risk 1is acceptable should be
made by a broader segment of society
than that involved in this study.
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"The studvaas done

- Staff: Director:who . had the

v

“Section 2

o o Questlons and Answers About the Study

This section of the summary presents
more information about the details of
the study-than was covered in: the intro--
duction. It is presented in question

'and answer format for ease of reference.

2. 1 WHO .DID .THIS: STUDY AND HOW MUCH
! EFFORT WAS INVOLVED’ :
pr1nc1pally at: the
AtomicCEnergy«Comm1551on headquarters’ by:
a‘group of scientists and engineers: who
had- the :skills needed to carry out. the.
study's tasks. { They came- from'.a variety:
of organizations, including the AEC, the
national laboratories, private laborato-
ries, and.universities, - About 10 people
were AEC employees. The Director of the:
study * was Professor:Norman C. Rasmussen.
of! the Department of Nuclear Engineering’
of .. the Massachusetts Institute of Tech-
nology;,- who served as an AEC .‘consultant
during ‘the course of -.the study. The.
- day-to-day
responsibility - for . the.  project ,.was.
Mr, Saul’ Levine of the AEC. : The study
was started ' in - the summer of 1972'.and
took: three years -to complete. A <total
of 60 people,. - various consultants, . 70
man=years. of ‘effort, and about four mil-
lion® dollars were involved- :
2.2 WHAT KIND OF . NUCLEAR POWER PLANTS
" 'ARE COVERED BY THE STUDY’ -
The study con51dered large power reac-
tors of the pressurized water and boil-
1ng water - ‘type belng used win “the U.SY
today. -* Réactors of the present genera—
tlon ‘are all- water cooled, and therefore
the" study - limited itself: to this!-type.
Al'though hlgh temperature gas cooled and
lquld fetal” fast breeder rdactor de-

51gns are now under development, reac~
tors‘ of -this - type ‘are not° expected to
have ‘any - 51gn1f1cant role in U 'S. " elec~
tric ’power production’ in.this decade~

thus “they were ‘ot con51dered“ ’

Nuclear power plants produce electr1c1ty
by the fissioning (or splitting) of
uranium-atoms. The nuclear reactor fuel.
in ‘which ' the: uranium atoms fission is inm
a large steel’vessel. Theireactor fuel
con51sts .of about 100 tons:! of uranium,
THe " ‘Uranium ' is insidé metal, rods ‘about
T/2- inch in diameter and about :+ 12 . feet
16ng; These rods are formed 1ntoafuel
bundles'oflabout 50-200 rods each. Each
fedctor contains' several. hundred bun-
dles. The vessel is filled with water,

which is needed both to cool the fuel
and to maintain  the fission chain
reaction. - :

The heat released ih the uranium by the

fission process heat$ the ‘water and
formsVsteam;‘the steam turns. - a turbine
to ‘- generate electricity.- Similarly,

coal and oil.plants generate. electr1c1ty
u51ng f0551l fuel to b01l water.

Today's nuclear power plants are ' very’
large. “A typical plant has an electri-
cal capacity of 1,000,000 kilowatts, or.
1,000 megawatts. This is enough elec-
tricity for a city of about five hundred
thousand people.
2 3 CAN A NUCLEAR POWER PLANT EXPLODE

LIKE AN ATOM BOMB? c

No. ° It is 1mp0551b1e for nuclear‘ power
plants’ to explode’ l}ke a nuclear weapon.
The ‘laws of -physics -do not’ permit this
because the fuel contains only a small
frdaction (3-5%) of" the special type of
uraniun- (called uranium-235) that must
be used in weapons.

2.4 HOW IS RISK DEFINED?

The idea of risk involves both the like-
lihood and  consequences of an event.
Thus, to estimate .the risk .-involved in
driving an automobile, one would need to
know. the likelihood of an accident in
which, . for -example, an individual could
be-1) injured or -2) killed. Thus there
are . ‘two different consequences, injury
or fatality, .each. with its own likeli-
hood. = For 'injury, ' an individual's
chance: per year "is .about one~in.130 and
for fatality,.:it is about .one in 4000.
This type of data concerns the risk -to
individuals and can affect attitudes and
habits that individuals- have ;. -toward
driving. - e e -

B . R 4. ': - M ‘- -
from an-overall -societal . view-
point, different. types of data are of
interest.. -Here, 1.5. mllllon '1nJur1es
per year and . 55,000 fatalltles per year
dueito ‘automobile.. acc1dents represent
the kind of- 1nformatlon -that mlght be of

However,

use in making declsrons on. nlghway and
automobile safety. _-- _ - .-
The same type of logic applies to reac-

the
general

From
the

viewpoint of a person
vicinity ~of a

tors.
living in




- were-

reactor, the likelihood of being killedy
in any one year in a reactor accident is’
one chance in 5 billion, and the likeli-
hood of being injured inv¥any:‘one year in.
a reactor accident 1is one chance in
75,000,000. .

RIETS EIL M £iF

Cob T and i
2 5 WHAT CAUSES THE: RISKS ASSOCIATED hal
WITH NUCLEAR POWER PLANT ACCIDENTS?+

The risks, from nuclear power plants:are;
due  to the radloact1v1¢y formed. ‘by- the‘
fission: processs: n:dn: normalﬁoperatlon~
nuclear.. power - plants .release,...minutey
amounts: of this: radloact1v1ty underhcon

trolled cond;tlons.‘l In _the'.gvent s of

highly unlikely accidents,, 1arger
amounts: of radioactivity. could; be .;res-
cause}lsignif;cant

leased: 2rand ,scould’

riskS.¢ s i N AT T
R S PR %.iz" BN e TR R
The ‘fragments ,pf the«uranlum atom that
remain after it f1551ons_;are_,rad;gacj
tive. These . radiocactive atoms -are
called; fissioniyproducts. : They ., disinte-:
grate further with: the: release of

nuclear radiations. Many of them decay
away.: quickly,. in.-a matter .of minutes or-
hours, to..non-radioactive. forms.u Others
decay . away more . slowly rand, require’
months,. an@ in .a few.cases, many ..years:
to. decay. :-The fission -products accumu-;
lating in the . fuel.. rodsw\rncludef both;
‘gases and SOlldS. Included are iodine,;
gases like krypton and xenon, and SOlldS
like cesium and strontium.
P B E
2.6 HOW CAN RADIOACTIVITY BE RELEASED’
- 4 v i
The"only way -that potentlally rlarge
dmounts of radiocactivity: could be ~re=
leased is®' by T melting ‘the: ‘fuel .in the
Feactor’ core. ‘The fuel that is -<removed
from - a>-reactor after use and stored at
the plant site also ' contains ~consider-
able -amounts ‘of “radioactivity.- However;
accidental rel€ases from 'such used. -fuel
‘found - to be ‘quite unlikely“and
small-* compared to’ potent1a1 releases of
radiocactivity - from the fuel 1n the reac—
tor core. 2l e
e L . R AP i o i.‘ R
The ‘Safety "design’ of‘reactors dncludes-a
series of systems to prevent the . over-
heating of fuel and to control potential
reléases of radloact1v1ty from+the fuel.
Thus, for-a potentlal accidental release
of radloact1v1ty ‘to-the ernvironment to
occur, -~there must beta* seriesfoffsequené
tial failureés:- thatvwould ‘Caiise “the. - fuel
to overheat and-reledse its radloact1v1—
tys There would alsé-have to! be . fail=-
ures in the systems designed  to. remove
and contaln the radloact1v1ty.
. 3 Irom
The study has exam1ned a’ very 1arge num-
ber of poténtial paths-by “which poten<

P

,tial radioactive releases might occur
"and has identified those that determine
the risks. This involved defining the

s ways,in. which., the: fuel in the core could

melt and the wadys in which systems to
control the release of radiocactivity
could fail.

< g, oL
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HOW/MIGHT A CORE MELT ACCIDENT

N OCCUR”: Loz o . et L
R I L ST N S S T D SO
It is 51gn;ficant that in some 200

reactor=yedrs of: commercialToperation of;
reactors of the type considered-.in+ the
report there have been no fuel melting
accidents.";

failure:® in, . the ;coolingr‘system orithe .
occurrence..iofr; a.-heat:;imbalance . that.
would- tallow-r the fuel to. heat up to its:*

melting p01nt,'about 5,000°F~ Jewia
S PRETS AU bl iedoel e

RS S . - s
To.: those unfamlllarmw1th the - character—~
istics:of. reactors, . it mlght .«seem - that.
all: :.that’ *iIs .. requlred s to- prevent fuel-
from overheating is”a .system'to promptly-
stop;” or shut down, the fission process.
at.the first 'sign-of-trouble. ., Altheugh,
reactorsi: have's such systems, they alone
are.not .€nough’ since .the;r radioactive;
decay 7 of wfissién fragments. in the fuel
continues. to generate: heat:-(called:-decay-
heat). "tthat: must.. be removed even -after
the fission ‘process stops.... Thus,r.redun-:
dant decay heat ‘removal: systems‘are .also-
provided reactors. In :- addition,:
emergency core ‘cooling - systems: - (ECCS)!
are provided to cope with a series of
poténtial but unlikely accidents;. caused
by ruptures ..ih, and" loss of coolant
from, the normal cooling system.

ML, et

The Reactor Safety Study has deflned two
broad . types of situations that .might,
tentially lead to a melting of . the reac
tor -.core: ,the loss of- coolant acc1den
(LOCA) and tran51ents.< In the ‘event . of

potentlal loss -of coolant, the normal
coollng water would be: lost from the
cooling,. systems' ‘and core meltlng would
be. prevented byjthe use. ‘of the. emergency
core cooling system (ECCS)., However,
melting could .occur. in a. loss of coolaﬁt
if the ECCS were to fall ‘to operate.‘

S )
Thevterm_?transientP refers .to ;- any .- one
of ~a number .of-:conditiens.which, could
occur.in-a -plant and would: requlre the
reactor,: to. be . - shut down, '—Follow1ng
shutdown, . the decay heat. removal -systems

would ‘operate: to.: keep.;the. :core;from
overheating. - Certain. failures-in either
the' shutdown.:-or:the,decay:heat remoyal

systems :ialso have-the potential to,cause
melting ofithe .core.. .- o L2 h

vg T
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To melt-the- fuel: requires :aw-

-



"REACTORS" TO COPBE WITH A CORE MELT
ACCIDENT? i

Nuclear
tems de51gned to prevent’ core meltlng.
Furthermore, there are‘lnherent“phy51ca1

""" that.
come 1nto play to remove and contaln the

rad10act1V1ty released ‘from  the molten
fuel should core meltlng ‘occur. Al-
though there are features prov1ded

"WHAT' FEATURES ARE PROVIDED. IN* - - -

power plants have numerous sys- °

keep the’ contalnment bulldlng from: belng

damaged for some tlme after the core
melts, the contalnment would ultlmately
fail,’ cau51ng a release of radloact1v1-

ty, .. :
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An essentlally leaktight containment
building .is .provided . to
initial dlsper51on of the alrborne

dloact1v1ty into. the env1ronment

though the contalnment would fail _
time:..if- the .core: were to. melt, untll“
that time, ,the radloact1v1ty
from . -the . fuel would be dep051ted by
naturalyprocesses .on the surfaces inside
the ,contalnment.-p In.-addltlon,
are prov1ded with systems to. contain and .
trap +the. rad10act1v1ty released within
the: contalnment bulldlng. These systems
include such’ thlngs as water sprays and
pools to wash radioactivity out of the
building atmosphere and filters to .trap::

Al-

—Slnce the. contalnment bulldlngs
are.;. made ; essentlallye-leaktlght”
radioactiv1ty .18 contained. .as; long as.
the -building remains 1ntact 4 Even... if
the -building were to. have . s1zable leaks,
large; .amounts;.of the . radloact1v1ty.would”
likely s be—«removed by. the. systems,pro—
videg:; for . ,that purpose -or .would , be .
dep051ted on;. 1nter10r surfaces of the
building by T _uralzprocesses.

o mman T T &
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Even though the containment bulldlng
would be expected to remain. intact:
some time - follow1ng a core Melt’; ‘éven--
tually the molten ‘ma’ss -would bé expected
to’geat its " ' way ““through
floor 1nto the ground below. Follow1ng
thlS,: much of the radloactrve mater1a1

would be trapped in the soi ““however, a’

released N

. prevent = the -
ra—“

*

plants‘

the .

for

thé Concrete

’
small ‘dmount ‘would escape to “the “surface”

* Klmost ‘all ‘of the non-
would bé trapped -

and be released
gaseouS' radiocactivity
in the soil.

SRR : Ty

to postulate core melt
accidents -in which. . the | containment
building would fall by overpressurlza—
t%on;vor by m1551les created by the

It 'is "possible

accident?
1y but’ could release-a larger amount':
alrborne radloact1v1ty and- -have "

serlous conséduences. Thé:
ofd ‘these less likely ‘accidents-have been
inclided in the study's results shown 1n
Figs. 1-1 through 1=3.: : S -

-of
mére

HOW MIGHT THE LOSS-OF-COOLANT ACCI-
DENT LEAD TO A CORE MELT?

¢

2.9

Loss of coolant accidents arelpostulated
to result from failures in the normal

reactor cooling,water system, and plants

arekdes1gned to’.cope with .such fallures.

- Such accidents are“less like--

/ consedquehces -

v

The . water in the- reactor coollng systems;

is at. a very hlgh pressure (between 50
to 100 ‘times the- pressure in.'a car tire)
and if"~ a rupture were to  occur .in the
plpes,‘ ‘pumps, . valves, or vessels that
contaln it, then a "blowout" would hap-
pen,. :In . this' ‘cadse.
would’ flash to steam and’ blow out of the
hole... This  &ould’” be serious since the
fuel could melt if addltlonal cooling
were“.not _supplled in a, rather short
time. ‘

RSN

The
of a LOCA would stop the chain reaction,
so that the amount of heat produced
would drop very. rapidly to a few percent
of . its operating level. . However, after
this sudden drop the amount of heat
beingf
slowly and would be - controlled by .the
décay - of the’'radiocactivity inithe fuel.
Although this.decreasé in
tioni is helpful;, it would .not’be enough
to prevent the fuel from melting unless
additional cooling were supplied. To
deal with this situation, reactors have
emergency core cooling systems (ECCS)
whose function is to provide cooling for

=heat ' genera=

.some . of the water’

loss of normal coollng in the eventA

» produced:would decrease much more:

just such;-events. - These_ systems have
pumps, plpes, valves, and water supplles'
which are capable of deallng with breaks
of wvarious sizes. They are also

designed to. be, redundant so .that 1f some
components fall to operate”'the core can
st111 be cooled -

‘AJ
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potentlal sequences Of- ev‘
LOCAS of varlous 51zes:*'In

s*follow1ng
almost all

of" the cases, the LOCA must be followed
by fallures in the emergency core cool-
ing 'system 1for the core to melt.‘ The_

prlnc1pal exceptlon to this s the - mas-
sive fallure of the large pressure ves-
sel that contains the core. However,




the accumulated experience with pressure,.
vessels indicates that -the .chance , of
such. a .failure 1is small.

“In fact the

study..found that the llkellhOOd of .pres- .,

sure- vessel failure. was 1SO small that it
did notg contrlbute to the ‘overall rlsk

from reactor acc1dents, R Lo

HOW MIGHT A REACTOR TRANSIENT LEAD
''TO A CORE MELT?

2.10

! }"'“. T . W T vyl L.

The teim' "reactor tran51ent“ refers “toa
number -
tor to be’ shut down. These range from
normal 'shutdown “for such thindgs as re-="
fueling "to such unplanned “but’”expected
events as 'loss of ‘power”to the plant
from . the utlllty transm1551on

The reactor is- de51gned “to copé w1th
unplanned tran51ents by 'automatlcally
shutting | down. Follow1ng shutdown,

cooling, systems would be - operated ‘to
remove the heat produced by the radioac-
tivity in' the fuel. Thetre ‘“‘are -several
different cooling systems capable of "re-
moving this heat, but if they all should
fail, the heat being produced would be
suff1c1ent to eventually boil away
the cooling’water’ and melt the core.

Eae

'of events that require 'the’reac=

llnes.=

all

[ I [

In addition to the above pathway-to core-

melt, it
core melt resulting from the failure
‘the reactor shutdown systems following: a
transient event. . In this case it would
be possible for the. amounts of heat
generated to- be such that the . available
cooling  systems
and core melt could result.

2,11, HOW LIKELY_IS A CORE MELT
ACCIDENT"

oo

The Reactor Safety Study carefully exam-
_ ined the various paths 1ead1ng to core
melt. Using methods developed in recent
years for estimating the - likelihood of
such accidents, a probability of occur-
rence was. determined for each core  melt.
accident vldentlfled These probablll—
ties were combined to. obtain  the . total
probablllty of meltlng the core.g The
value obtalned was about’ one in’ | 20, 000
per reactor per year. With 100 reactors
operatlng, as’ . is. ant1c1pated ‘for . the.
U.S. by, about’ 1980, this means- that the-
chance for one such acc1dent is'” one in
200 per ‘year. '

might not cope with it

is also possible. to postulate:
of-

‘within a, short “time

\

WHAT IS THE. NATURE OF THE. HEALTH

.XEFFECTS THAT A CORE MELT ACCIDENT e

MIGHT PRODUCE’ B - -
It is p0551b1e for a potentlal core melt
accident to release efiough rad10act1v1ty
so that . some’ fatalltles mlght ‘occur
(about one’ year)
after the acc1dent., Other people may be
exposed to . radlatlon levels which’ would "™
produce observable ~effects whlch would
require medlcal attention but from wh1ch
they, would recover. In addltlon,‘some
people may receive even Tower exposures,.
which would produce .no, notlceable ef-
fects: but. might increase the’ .1nc1dence'f
of certain diseases over a period of
many years, The observable effects
which occur shortly after the accident
are called early, or acute, effects.

. T
-

The delayed, ‘or latent,'effects of " rad1— 3
ation exposure’could cause’ somé 1ncrease
in the incidence” of diseases such’as '
cancer, - genetlc effects, - 'and’’ thyr01d
gland 1llnesses"in the ‘exposed popula- -
tion. ' In general these' effects- would
appear as an’ 1ncrease in these diseases
over a 10*to 50 year period followihg -
the  ‘exposure. ‘SuchH effects may be -dif--
f1cult ‘to notice because the increase: is
expected to " be’ small ‘dompared to the -
normal 1nc1dence rate of these dlseases.

23

The -study - has-‘estlmated ‘the increased
1nc1dence of ‘poténtially"’ ‘fatal ' cancers
ove¥ ‘the 50~years follow1ng an-‘accident.’
The number of latent .cancer fatalities
are predlcted to 'be’ relatively small .
compared to their normal ' :incidence.
Thyroid illness refers mainly to :small
lumps,; or nodules, on the -thyroid gland.".

The nodules are treated by‘medical pro-
cedures that sometimes.  involve’ simple’
surgery, and these are unlikely to lead

to serious consequences. Medication may

also be needed to supplement the gland
function.

o t
Radiation -is recognlzed as one of ‘the

factors, that can produce genetlc effects:

which. appear as defects in a subsequent
generatlon. From . the .total populatlon
exposure - caused . by ‘the acc1dent the

expected 1ncrease in genetlc effects 1n
subsequent generatlons can be estlmated
These. effects -are predicted to be small
compared to thelr normal 1nc1dence rate.

2,13 WHAT ARE THE MOST LIKELY CONSE-

QUENCES OE A CORE MELT ACCIDENT?
As stated the
melt aCC1dent
20,000 per reactor per year.

probablllty of a core"
is” on .the average one in-
The most

-

-



likely
are glven belOW.L:wz et

MOST LIKELY CONSEQUENCES OF A
CORE MELT ACCIDENT

consequences of such an accident

a2 )

Property Damage

<$1,000,000

Consequences
E Fatalities . -, - : <1
; Injuries. n;i 4_? o <1
; Latent Eatalitzes per year <1
; Thyroid Nodules per year <1
§_Genetic Defeotgtper'year <1
;

" {(a) This does not include damage that
might occur to the plant or costs. for
‘réplacing the 'power generation lost

iee-. by..such damage.

HOW DOES THE AVERAGE ANNUAL RISK
FROM NUCLEAR.ACCIDENTS COMPARE
'jTo OTHER'COMMON'RISKS? : ,

2.14

PR

Con51der1ng the 15. 'mllllon people who
live w1th1n 25 miles of current or plan-
ned-. .U, S reactor’ 51tes,‘ and, based on
current acc1dent rates in the q S., ‘the
‘annual ‘numbers - of fatalities and inju-
- ries expected from various sources are
shown in the table below.

N

. ANNUAL FATALITIES AND INJURIES'

vLIVING WITHIN 25 MILES OF U.S.

e m ey

STl : REACTOR SITES

; Acc1dent Type Fatalities . Pijuries
Au:comobne T 4,200 '~ ' 375,000

Pralls i 1,500 75,000
Fire S  seo 22,000

; Electrocution T ; 90 v N

{LiGhtning| - c D oe e e
Reactors ;(100: . = .. 2 - j:A;z.:ZO

plants),‘,,j, S e e e

‘2.15 WHAT 18 THE NUMBER OF - FATALTT}ES

“AND' INJURIES EXPECTED AS A RESULT
‘OF A’ CORE MELT ACCIDENT’

A core. melt acc1dent is’ 51m11ar to many
other types of major accidents such: as
fires, explosions, -dam failures, etc.,

.“EXPECTED AMONG THE 15 MILLION PEOPLE -

.
$

E LU

.factors:.

~ it is
_estimate of the consequences.

' The study calculated the health

-active

ctical

evacuations

_terestlngly,

in that a wide range of consequences is
possible depending. on the exact condi-
tions under which _.the' accident _occurs.
In the case of a core melt, the conse-
quences-would depend mainly on three
i the amount of radioactivity.
released; the way it is dispersed by- the
prevailing weather conditions, and the
number of people exposed to the radia--
tion. With these three factors. known,
possible to make a reasonable

effects
and the probability of occurrence for.
140,000 possible combinations of radio-
release magnitude, weather type,

and- populatlon exposed. The probablllty

.- of a given release was determined from a.
:careful

examination of the probablllty'
of various reactor system failures. The
probability of various weather. condi-
tions was obtained from weather data
collected at many reactor sites. The
probablllty of various numbers of people.
being exposed was obtained  from ‘U.S.
census data for current and planned U.S.
reactor sites. These thousands of com-
putatlons were carried out- w1th the aid
of a- 1arge dlgltal computer. -

These results showed that the probablll-
ty of "an acc1dent -resulting in..10 or
more . fatalltles is predlcted to.. be ‘about
1'in 3,000, 000 per plant per year. The
probablllty of 100 or more fatalities is
predicted to be about 1 in 10,000,000,
and for;1000:or. . more, 1 in‘100)000;000.
The lardest-value reported in the. study
was- 3300 fatalltles, with a probablllty
of about one in. a billion.

The above estimates are dérived from a
consequence model which includes statis-
calculations to describe evacua-
tions of “ipeoplei out of +the  "path of
airborne radioactivity. This evacuation
model was developed from-.data. describing
that: have K been : performed
during.noh—nuclear-eventsm;~

N P
. P

If a- group f, 100 51m11ar plants are
cons1dered then the chance of an ~acol—
dent. causing 10 or more fatalltles is' 1

in 30,000 per year. For ’acc1dents in-
volv1ng 1000 or more fatalltles “the
number 'is 1 in 1,000,000 per year. In-

value co1nc1des with
that’ &’ meteor; would
populatlon ,center and

[y

’ thls
the probability °
strlke a Uu.s.

cause’ 1000 fatalltles.

Tl

The table shown below can be used to
compare the 1likelihood of a nuclear
accident to non-nuclear accidents that
could cause the - same consequences,
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“’100 or “More
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Man-Chtised’ - -7 rj;::;’ﬁTz et ey
——— L PSR SN s LAY Lt "JJ
Alrplane Crash " J{",”;%l'ln 2- years 1 in 2000 ye&rg:/i=. s
Fire 'T%- o " AR LF 47 years . 1 in 200 years .
Explosion SRR ' *17ih"16" years - 1 in 120 years®: *..0°
Tox1c Gas l in lOO _years 1 in 1000 . years

SLrd Jotend L Bie ;oyanm o e Yoo i Aae dredsd
Natural" Saopnr Th I Y T S B e i . L .
TR DD ol Ltere L A el LU s Lt LI SE O Mtepnnfl Ly
Tornado*::“ ' i I 1n‘5Jyears ~ very small = )
Hurricane - 7 7% oo oo 5% years »1%in "259%years - Walvcbo
Earthquake e Pt ST “1r in 20!'years ae - 1 in{50 years
Meteorlte Impact Vii—ﬂi qn—lOO 000 years"”‘ v l in 1 000 000+ years

Reactors&‘:jtf“

Cavs

00 000 years x:‘

RS IES i Rt ‘“1”];-
SnE A

1 1n,l“000”000 years

fred TR

H" B
man caused As Twell. as
Many of these probabll—
are obtalned from historical
records, but others are so small that no
such ' “evenht has ever been observed ”In
the latter cases the probablllty has
been calculated u51ng technlques 51m11ar
to’ those” used for ‘the nuclear\plant o

oontaetan,

1nclude

R
These“
naturai events.

ities

oy U

. ;1 '!"‘ ; . R R f."‘ ey i"\ t
In'. regard: : to injuries;.fromipotential
nhclearlpower plant -accidénts; :the: . num=-
ber.of. injuries, that woulds; require:; mediz
cal attention shortly after an-. accident
is about 10 times larger than the number
of fatalities predlcted o e

- e L I B T LA,

2. 16 “WHAT: IS THE MAGNITUDE OF THE LATENT,
- OR LONG TERM, HEALTH EFFECTS’

As’ ~w1th the- short-term effects ‘the in=-
cidence “.of “latent-' cancers, treatable
latent thyroid- “illness, ‘' :and.rgenetic
effects would vary with the exact
accident. (condltlons. The table below
lllustrates the potentlal 51ze of such
events.;f The s first column shows*‘the
consequences that would be produced hy
melt acc1dents, the most llkely of

“wra

core ¢ ,
Which has one ‘chance ;in 720, 000 .per
reactor' per year of occurrlng.,h “The

second column shows the consequences for
an acc1dent that has a chance of 1, 1n}a
million Sf occurrlng. The thlrd ‘column
shows the normal incidence rate.

R Lo PR RN
.o \ ~ : ' ot o o

in . these ac01dents;”only the induction
of' thyroid-r nodules'.would be -observabiley

-10-

P I B ‘;’ o el o
and ‘this’ only *the: case of jarger,
less likely acc1dents. ' PheSe ¢ hodules
are ea51ly dlagnosed and treatable by
medlcal or‘ surgical procedures "' “The
1nc1dence of othet, effects would* be low

and should ot be dlscernlble in* v1ew ‘of
the hlgh"normal 1nc1dence of these two
dlseases i E

. o -
> i . P

2 ;-

o S O T At S R

3

INCIDENCE PER YEAR OF LATENT. HEALTH EFFECTS
FOLLOWING;A POTENTIAL REACTOR ACCIDENT

T

T A T ‘4r”‘.“ V ﬁqrmal(b)
Chance pex: . Incidence
e - . Reactor per—. ..... .| ... Rate
[T R Year L _in_
Health- |~ o e 'Exposed
Effect One i? One in Population
(per yeary] 20,000(a) | 1,000,000(a) | (percear)
Latent - N . L
Cancers -o<1 170 17,000
Thjroie "
Illness <1 1400 8000
- Lt e R R
Genetic
Effects <1 25 - 8000; -

(a)The rates due to reactor acc1dénts are-
temporary and would decrease with, ‘timg. -
...The._bulk_of the cancers and_thyroid . __. .
modules would occur over a few decades
*and: thewgenetic~effects would ;be sig- ;.
nlflcantly reduced in five. generatlonsfi
(b)ThlS is the. normal 1nc1dence ‘that would
be expected “for a" ‘population’cf )
10,000,000 people who might receive

P

¢

bfisome eXposure’ih ‘a veéry large-accidentu
»fF over:the:time period+that the potentialws’ ::. G

.mreactor accidentireffects might. occur. .




2.17: - WHAT TYPE. OF;PROPERTY DAMAGE. MIGHT
% - A CORE MELT ACCIDENT;PRODUCE’

. € v T - -2

A nuclear acc1dent would cause no phy51—
pal;damage o .property_ beyond the  .plant
.site, but.may contaminate it with radio-
activity. At high levels of contamina=-
tion, people would havé to be relocated
from their homes, until decontamlnatlon
procedures perm}tted thelr return. At
1évels lower than thls, but 1nvolv1ng “a
larger (area,:decontamlnatlon procedures

would also be requlred but people would

be able ‘to’ contlnue tp 11ve 1q the aréa.
The area requlrlng decontamlnatlon would

1nvolve a few hundred to a few thousand
square mlles., The pr1nc1pal concern in
this la{ger ,area .would: be to monltor
farm produce keep the afount " of
radloact1v1ty '1ngested through the food
chain small, Farms in, thlS 'area ‘would
have their produce monltored, ‘and any

produce above a safe level could not be
used.’ i (\ i R .

ENIOTs ETC I W o EMEUNECE A7

Lsit &t “otio .
The J.core. melt-acc1dent hav1ng av llkell-
‘hood ofrone in 20,000: per  plant per year
-wouldimost“Iikelyfresult‘in:IittlefOrino
contaminations "~ The rprobability.>of: an
accident.! that. requires relocation: .of:120
square +miles-*is= one? in. 100,000 - per
reactor! - perir yéar., " 'Eighty peri-cent. of
@ll core’meltaccidents would be expect-
‘edr:tor.be. less- M'séveresthan this. - The
largest accident-might= “require: reloca=
tion.. from: 290 : square .miles.? ..In.%an
accident.. such ras sthis, " agricultural
products;isparticularly milk, would:. have
to be monitored for a month or two._ over
an area about 50 times larger until the
iodine decaved away. After that, the
aréaf'requlrlng monltorlng would be very
much maller_

RE

‘WHAT WOULD BE THE ‘COST- OF "THE'*
‘CONSEQUENCES OF: A 'CORE MELT . Qﬁf

.'ACCIDENT7“ -

R ANASY; RIS N PRI
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the" Bst

As with the other consequencesy;
would depend upon the exact circum-
stances of the accident. The cost cal-

culated by the Reactor Safety Study
included the cost of moving and  housing
the people that were relocated, the cost
caused by denial of land wuse and the
cost associated with the denial of use
of reproducible assets such as dwellings
and factories, and costs associated with
the cleanup of contaminated property.

The ‘core melt accident having a likeli-
hood of one in 20,000 per reactor per
year would most likely cause property
damage of 1less than $1,000,000. The
chance of an accident causing
$150,000,000 damage would be about one
in 100,000 per reactor per year. The
probability would be about one in

-11-

‘damage. of

Atlmates

‘ac¢cident would ‘be'’ very costly,
Awould be

‘estimate the chahce of

.being

‘and

1,000,000 -per.plant per.year of causing
about . one. billion.. dollars.
.The ;. max1mum value would. be predicted to
‘be. about "14 billion - dollars, -with -

probability - of . about | oneq,,«in
1,000, 000 000: per plant per year.‘

Ehls —property damage rlsk from nuclear
accidents cany be.-compared.to other risgks
in several .ways. The 'largest man-caused
events: that have ,occurred “are.-fires. . In
-recent:.. years, there have been. an average

of three: fires with damage -in: excess of
10.. million - dollars every year. About
once.-every two years there ::is -~ a fire

: in the 50 to 100 million
dollar range. There have been four hur-
ricanes in . the _last 10, years. which
caused damage in the range ‘0f 0:5 tov_5
bllllOn dollars. ‘'Recent earthquake ‘es-
suggest ‘that a ’bhe billion
dollar earthquake can be expected in the
g. S 'about once every 50 years.

;’1f l‘f I A

of the
although a

with: ' :damage

costs
reactor
the costs
w1th1n the” range of other
serlous ac01dents experleﬁced by soc1ety
and the probablllty of such . nuclear
acc1dent is estlmated to be smaller than

A"comparlson

i precedlng
shows that,

'severe

"tHat of the othe¥ events.

WHAT WILL BE THE CHANCE OF, A
REACTOR MELTDOWN ‘IN THE YEAR
2000 IF WE HAVE‘lOOO REACTORS
*OPERATING'>

2,19

One * might be émpted to "take the per
plant probablllty of ‘a partlcular reac-
tor, acc1dent and multlply it by 1000 to
an accident , in
the year 2000. This is not a valid
calculatlon, however, because .it. assumes
that the reactorsvto ‘be bullt durlng the
next 25. years will be th€ same as those
built, today Experlence with
other_technologles, such as’; automoblles
“faircraft” £or “examplé’ generally
shows that, as more units are built and
more experience is gained, the overall
safety record improves in terms of fewer
accidents occurring per unit. There are
changes in plants now being constructed
+hat appear to be improved as compared
to the plants analyzed in the study.
2.20 HOW DO WE KNOW THAT THE STUDY HAS
INCLUDED ALL ACCIDENTS IN THE
ANALYSIS?

The study devoted a large amount of its
effort to ensuring that it covered those

potential accidents of importance to
determining the public risk. It relied
heavily on over 20 years of experience

that exists in the identification and




-analysis offpotentlal ‘reactor accidents.

It ‘also went con51derably .beyond earliér
analyses that - have : been ' performed. by
‘considering fa- large number ‘of potential
failures that: ‘had never before . been
analyzed. - For example, the failuré .of
reactor systems that can lead to core
mel€ - and * the™- failure of systems that
affect the consequences of< " core ~ melt
haveé been analyzed. "The -consequences of
‘the failure of the massive- steel reactor
vessel and of the containmerit were ‘con-
sidéred for the' first time. The likeli-
hood that i various external forces’ such
as earthquakes, floods, and -tornadoes
could rcause - accxdents’was also- analyzed

In dddition there |’ are further “factors
that glve ‘a 'high: degree of . confldence
that the’ 1mportant and 51gn1f1cant acci-
dents ‘affecting risk have beeny lncluded
These are:.’ 1) the 1dent1f1cat10n of all
significant sources of radicactivity "lo-
cated at nuclear power plants, 2) the
fact that a large release of radloactlv-
ity can occur only if the ,reactor “fuel
were to melt, and 3) knowledge of the
phy51cal phenomena which can cause fuel

to melt, ThlS type of approach led ‘to
the screening of thousands of_. potentlal

accident paths to 1dent1fy those that
would" essentlally determlne the publlc
risk.

While there is
all p0551ble
contribute " to

no .way of proving that
accident seguences which
publlc risk . have been
considered in the study, the systematic
approach used in identifying possible
accident’ sequences makes it unlikeély
that an acc1dent was ,overlooked which
‘would " Slgnlflcantly c¢hange the overall
risk. . )

2. 21 WHAT “TECHNIQUES WERE USED IN'

; PERFORMING THE STUDY’ )

Methodologles developed ‘over the past 10
years by ‘the Department of Defense and

-12-

'course

theé National' “Aerohautics and Space Ad-
ministration wére  used in the:'study. As
used in this study, these techniques,
‘calléd «.-event. ' treés: -and” fault -trees,
helped - 'to" défine % potential-: ‘accident
paths’ and thelr ‘likelihood of'-occur-
rence: "1”’ i : DA

i 5 : . R
ta e : : CT o

An- event” tree deflnes an 1n1t1al fallure
within the plant. hIt then examlnes the
of events whlch follow ‘as deter-

mlned by the operatlon or fallure of
varlous systems ‘that - are ’ prov1ded to
prevent the core’ from' meltlng and to

‘prevent the release of rad10act1v1ty ‘to

the env1ronment. Event ‘trees were ‘used
in ‘this* study to "define thousands of
potentlal accident paths which were * ex%
amlned to determlne their llkellhOOd of
occurrence and. the’ amount of radloactlv-
1ty that they mlght release.

>t

» v'n‘ l»"-u

Fault trees were.used to
likelihood of failure of the various
systems identified in the event tree
accident. paths: -~A* fault tree: starts
with :the .definition  of . an.-undesired
event,...such . as: the. failure of.a system
to operate;‘and then ' determines, ..using
engineering —and mathematical- logic, the
ways +in which: the: system.: can  fail.
Using data <covering 1) the failure of
components ' such as.. pumps, pipes and
valves,:  2):.. the -likelihood of operator
errors, and.3):the dikelihood of mainte-

Coer

determinej the

nance: errors, it is:possible to estimate

the. likelihood of system failure, even
where no. data: on total system failure
exist. e : .

]

The llkellhood and the size of radioac-
tive releases from' potentlal ,acc1dent
paths were used in combination with the
likelihood of various weather .conditions
and population dlstrlbutlons in the vi-
cinity of the reactor to calculate the
consequences of the various potential

accidents.
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Foreword

R T o - Sy I R Al T T
This-is- the'-final' report--of- the: "Reactor Safety Study "An

Assessment of* Acc1dent‘ Rlsks"ln iEY 17Commerc1al Nuclear 'Power
Plants;" ‘prepared undér the' direction &f" ‘Professor' ‘Norman C.

Rasmussen of' 'the’ "Massachusetts’ InstltuteJ of Technology. The-

work, originally’'sponsored‘by the U. S: Atomlc Energy ‘Commissiony
was completed under the sponsorshlp of the Ui S. Nuclear: Regulato—
ry Comm1551on whlch Eame into’ belng on January 19, 1975.

L) EIE T [ >

A draft report was® publlshed in August of 1974’and was" c1rculated‘

to'obtain-comments 'from a“ wide® varlety of people and organlza-
tions. Comments 'were regquested’ from other‘agencies -0f the' feder-

al government, environmental groups, groups critical. }of nuclear

power,” lawyérs "répresenting - énvironmental groups ‘and’ 1ndustry,
and industrial organizations representing reactor manufacturers,

architect engineéring  firms and électric’ utllltles. In addition

to this dlstrlbutlon, many ‘réquests’ for'the’ report were recelved
from* other individuals*and’ organlzatlons. A" total of about 90
letters of comment were received which were very, helpful in the
preparation ‘of “this ~final ' report.._ A new Appendlx XI has been
added to thé réport to indicate - the'* study s responses to the

comments received and the resulting changes made in the final
.- . B e e B : B [ P S S - -

report.

The  Reactor "Safety Study’was performed, as described in Chapter

1, by an ad hoc group of ,people initially assembled by the Atomic .

Energy ‘commission’ téd' do“an independént assessmeént of potentlal“

accident risks in U.S. commercial nuclear power plantsh When the

U.S. Nucléar  Regulatory, Comm1531on was created in’ January of 1975,

.

the work continued under its ausplces w1th renewed Xe= empha51s on

thé" independent’ hature ¢ £ the study group.

The study group’'wishes to thank all’ those who contrlbuted to the
support of the effort and the" technlcal‘work as well as those who
comménted on” thé’draft report  to hélp inprove the quallty ‘of the
flnal verszon. w b

- L ]
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G” ; of this early work..

el ST e Chapterl
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1 1 INTRODUCTION R
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RLthough ahuclear power
advantage's - over
. areas of environmental " effects  and. “in.
the: icost' of electricity, they have some
potential for ' accidents: with : larger
public consequerices than fossil-fueled
plants..~ While . the - safety 'of nuolear
plants has been much discussed in
nuclear circles _for more :‘than twenty
years, ‘.it’  has “only recently attracted
wider interest. Much confusion ‘exists
in this area principally because the
published results of eaxrly studles1 have:
been widely misunderstood and because no
recent assessment of reactor risks has
been made. The principal purpose of
this 'study is to assess..the risks:to the.

“ plants . have

public from potential .accidents*in nu-
clear power plants of the type being
built in the United States today.-- It is

intended that ‘' ‘the«present study will
produce a more realistic assessment of
these risks than has been provided in
eatlier work; it:may also help to dlspel
some of the ex1st1ng confusion.

It is important to Understand that the
earlier .studies .of nuclear. power plant.
accidents were performed with objectlves

other “than realistic risk assessment in
mind. The.. AEC's major early study,.
publlshed in 1957,, was performed by

Brookhaven Natlonal Laboratory (BNLY and
was entitled "Theoretlcal Pos51b111t1es
and Consequences of Major Acc1dents in’
Large., Nuclear Power . .Plants.
objectlve was. .to prov1de an estlmate of.
the; upper 11m1t to the consequences that;
mlght be. 1nvolved in. such acc1dents in
order to help: the . Congress ‘ensure-. that,
legislation belng cénsidered to prov1de
government 1ndemn1f1cat10n of the public
would- be- Aadequate. It is of interest’
that,‘at the. tlme of the BNL study, only

few very small m111tary power\plants
ex1sted and no commercial nuclear power
plants were in operation, although some
were: . being’ de51gned .dnd! constructed.
Furthermore, - :“techniques for- pred;ctlng
the likelihood of failure of ‘engineered

1

.WASH. 1250, Chapter 6 summarized _some

fossil - plants 'in most.

Its -

ObJectlves and Organlzatlon of the Reactor Safety Study

systems“ had not Been well aeveloped.

Clearly, even if the reliability
techniques needed. for risk assessment
had- been - available, -the engineering
information. needed. .to draw meaningful
conclusions -about the ' probability of
accidents in - future plants did not
exist, - :

For these .reasons,- ‘the 1957 effort
devoted little attention to. the .. proba-

bility of occurrence of accidents, 1In
the-past 10 years. the .development of
reliability techniques -has progressed
considerably. Further, as a result of
the. - increased:use of commercial nuclear
power plants in the last decade, a well-
developed . approach-to the safety design
of water-cooled reactors and specific
engineering designs needed to implement
a -gquantitative approach to risk
assessment now exists.

1.2 OBJECTIVES OF THE REACTOR 'SAFETY
" STUDY

At the
in the:
erable

start of the Reactor Safety Study
summer of 1972, there was' corsid~
uncertainty about the-applicabil-
ity of reliability techniques to quanti-
tative risk assessment -and -about the
ability of““thése technlques to achleve
credible estimates of the odcurrence of
events of low probability. Experience
had indicated that application of . these
techniques génerally led to estlmates of
failure of engineered systems that were
so small as to contradict common
experience: - Mﬁchj of the wuncertainty
that ¢ ekisted is - exhibited -in the
statement of objectlves’ ‘given ‘to  the
Reactor' Safety “Study™ by~ the Atomic
Energy Commission on-August’ 4 1972.

PPN

"The principal objective. of the studyais
to try to reach:-some meaningful - .conclu=
sions  about . the - .risks of -nuclear
accidents using current technology.-.- It
is recognized, however, that the present

state of. knowledge - probably. will not
permit_ a complete- analy51s -0f . low-
probablllty accidents in nuclear plants

with the precision that would be desira-
ble. Where this is the case, the study
will.consider the uncertainty in present
knowledge and the..consequent range -.in
the predictions, as well as delineating
outstanding problems. In this way, any




uncertainties in the results
study can be placed in perspective.
Thus, although the results of thls study

of nece551ty,w1ll Be 1mpre01se
aspects, the study nevertheless will
provide an important first step in the
development of quantltatlve rlsk analy-
srs methods.u ATEC T €

e i @.f - TR
As. xconfldence» withinf the- study group
grew.in"the ability to:achieve .'a :mean-
ingful,  -risk-.tassessmeht,: the.: Reactor
Safety. Study:added sthe vfollowing..more
specific objectivessunder .its orlglnah
broadly stated charter: LTl wE

e
3

. .L e

a. Perform a quantitative assessment of
.» the risk to.the.public: from:.:reactor
accidents: ~This.' -requires!analyses
directed:toward’determining both. the
probabilities fand .‘the consequences

- of -such acc1dents. (SRR §ohso i e

Cedp

"
f ; g . 5 pier ae
PRI i St 3, 08

Ha

'Performa,a :more’ reallstlc assessment
.:a5sopposed)to "the! conservatlvely-
".oriented" ~safety .approachi taken’ in
. previous studies:of this - -type: -and
the - litensing: process for*nuCIear
“power-plants. . R Soaen
the methodological
needed to; Rerformnwg
"“and galn an understand-

0 s R

Develop
_,proaches
assessments
ing of their limitations.

Identify . .areas ,in= which_ future
.safety research mlght be. frultfully

,dlrected. . - _jJL.‘} — vm%,_.

1

] “Provide an, 1ndependent check of the
..effectiveness .of thefreactor safety
practices. of. 1ndustry ~.the
,government T : PURTIE
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The study was organlzed to be« 1ndepen—
dent _,0f _ .the .., AEC!s operatlng ,and
regulatory , organlzatlons. Professor
Norman C. Rasmussen of MIT,:as Dlrector
of the Reactor- Safety Study,treported to
the Commission. while “funds and such
other assistance as were needed were
provided =by the’ AEC,»the study ‘6pératéd
under the !geneérdl- ‘chdrtei” prov1ded by
the - 'Comm1551on,- -but# received no othér
d1rect10n‘from ERPDLE f“‘-- ot DL OUE

4';; ') n p '.J' . ~“"’/,. \j
To- as51st Dr.‘Rasmussen in- the technical
management '-of the study, the “AEC

S A | 22 gLy

I I a

ThlS sanme- 1ndependence waslpreserved—by
the -~ U%S. Nuclear: RegulatoryLComm1351on
‘when~ Tit " assumed sponsorshlpM f

'study 'on January 19, "1975. Ly

of this::

TR

1n“some“

‘assigned Saul Levine

»and. seven.,full -time,
~AEC employees.

as Project Staff
addition, one part-time
partlclpants were
“One - part1c1pant was from
the operational side of the AEC to
assist 1in matters inveolving design and
the others, on loan from the AEC's
regulatory staff, were'technical:safety
specialists with detailed knowledge of
reactor plants. Additional participants
were. furnished +« by - contractors..
national » laboratories  tos:fulfill
specfalized technical;needs:: . of o
study.. ' r;Some:: ofr the organizations andy
thelr‘fleld of expertlse were: i
Eale: g falo TIPSV nI ;
a...; Boeing Company—Fault tree analy31san

Director. In

Gk hwmau ot o ey « £l
b.imAerojet Nuclear Compa;y—Data colleCw
hezn-tdon, -fault.- treeA and,. event  .tree:
o zanalysis. - s Tue REURREN

[ N o coL 1. :
A~tApp11cat10ns, o Inc;—Data

:Hf:' £ 3;:"..'.

;. Sciendge..

r.“analy31s, -quantification- of : “fault]
f,‘trees andevent. treesvr ni f. Faen et
FARUI B a i .J’.‘v..f““'-'l I J e
d.- Lawrence Llyermore-Laboratory—Faul
n'tree analy51s{ EV i
LAl [ s Jf, S Liada T S ’_4{.1 ”3
e.; Sandla' Laboratorles—Data analysrs,
" ;afault —-tree-:analysis: and: . consequence
=0 modellng- IR TR T e £
f «*Oak ; Rldge ~wNat10nal Laboratory--
Systems engineering analysis. " - .r.=
g%n*Teknekron-Technlcal edltlngﬁ _ ,
h' ‘Hanford Englneerlng Developmenf
s Laboratory Consequence modellng._f{é

The work by “the above organlzatlons‘ was’

performeq almost entlrely at AEC Head—_
quarters {under ’the dlrectlon of Dr.
Rasmussen'and Mr.'L vine. - ke

' u),‘ b "»ﬂ-f RS

contracted “to'

was

In“ addltlon, workr
o'ther organlzatlons not“located lat
Headquarters.' However, 1t Was dlrected
in _con51derable detall by the Reactor‘
Safety Study. Included %ere-* - ’

- . ey

PR 3

a. “BHttelle . Columbus " “Labo¥atorys’
e Radloact1V1ty release*and transport;,
. analy51s "of* molten ‘ fuel
1nteract10ns. -
RN P SRS , st n LR
R AU R L SRR N R
bry Battelle Pacific»yNorthwest;Laborax
tory-Radloact1v1ty e Yelease;; , - ands
-,‘transport.' cnSr T Boods Lo o
c. Oak Ridge National Laboratory—

Radiocactivity release and transport,
safety design rationale.

WL
Aerdjet ‘Nuclear Company-Rad10act1V1—
ty release and transport. - # Le o




Franklin  ‘Institute Research Labora-
tor1es—Des1gn adequacy. A

W+ Lo SRR

ét«

«~Un1ver51ty of Callfornla,' Los
Angeles- Other risks.
g. Lawrence Livermore . Laboratory-
,Meteorologlcal modellng. R
h. Brookhaven ) Natlonal Laboratory—
' Health effects.‘; ) S

Fie - RS
- Iin

i.- 'oak Rldge Assoc1ated Universities-
Health effects,- - °

Other" ‘contracts-involved small consult-
Ing efforts at-<-Massachusetts - -Inhstitute
of Technology and National Oceanic-and
Atmospheric Administration on plume rise
modeling, Stanford Research Institute on
probability:.. -~theory, and Institute: of
System Sc1ences on . fault tree analy51s.

In addition. to .rthose. . listed..above; a
group of consultants-provided: assistance
in’ the health effects area:. ; The consti-
tution.of ¥ this.v group: - -ig-described in
Appendlx VI. “¢iee s o ‘ Juu:

R4 Te,

1 4 ORGANIZATION OF THE REPORT

This report"is‘organized“asijlloWS;'

Chapter 1~ Introductlon.

bis—

Chapter 2-Ba51c‘Concepts of" RlSk
cusses  various concepts
~involved in. risk.: assessment,

-.covering- the -probabilities; and

- ~" s .conseguences ;- of - ,-.accidents,
sE o : societal and :individual risks,
: attitudes : toward: risk - and

-quantltatlveumeasures of. rlsk.

v

Chapter 3 The Nature of Nuclear Power
[ N ‘Plant : Acc1dents., n;dentifies
R wradloact1v1ty.1n4the;gprﬁ::and
elsewhere in the nuclear power
plant as a source of potential
risk and descrlbes ways in
LA ZE:‘whlch SEhis radloact1v1ty could
be.releassd. to.-become a poten-

tial rlsk to the publlc.

RS LA e O R cpmyt

- by
“Chapte

&L FLETeL

Lo
Fong e

‘Ri$k Asséssément ’ Methddology.
'Explalns the methods ~used in
. deflnlng acc1dent 'sequences
AR “f'and* " in determlnlng 2 ‘their

probabillty of'dcurrence and

the associated releases of
radioactivity. Describes de-
velopment, rand .evaluation. of
y eVent}.vtrees and accident
-*-§equerices, the' use .of fault
co - mpeen i, trees to.predict. probabilities
+Iyyas. . ~0fi. event . occurrence .and of
system .fallures, .and the de-

ofs g v

velopment - of a° model' to
calculate -"the consequences of
accidents.

Chapter 5-Reactor: Acéidént Risks. Pre-
sents the estimated guantita-

“tive : -tisks associated ‘with
reac¢tor. -atcidénts. The re-
sults”"t" of “thée major effort
involved:  in- : the study are
given in‘ this chapter.

Chapter®6-Comparison of Risks.  Presents
a compilation of non-nuclear
risks and a comparison with
the nuclear; -,. reactor ..risk
developed in this study. Non-

»e -, nuclear nrisks. ;include - .other

technological risks and ; those
due, to natural phenomena.

Chapter 7-Conclusions .and- :Recommenda-
tions: . -~Summarizes the: evalua-

tion of‘risks,’ remarks on ‘the
-.validityr and .limitations of
this study, discusses areas
where further investigation
would be appropriate, and
presents ... the prihcipal in-

sights gained in the study.

Addendum I-An:Overview: of-Event: Tree and
ST Faults.Tree ~Methodology. ' and

the Handling of Common Mode
Failures. Presents an aver-
view and discussion of the

impact.of the.event trees:and
fault trees, @and failure data
e in the definition.and.quanti-

f1cat10n of . accident, se-
quences. Theﬁhandling.of po-
tential

.common mode failures
is emphasized. :

1.5 TECHNICAL APPENDICES

B of g coeny otk iyt

'The Reactor Safety &tudy report has ten
appendices which document in considera-
ble.detail the. technical i:work:; done. in
:connection. with. the study.:. -.,This.amount
.0f detail. is.-presented: -for :two::.reasons.
The-first is .to document:;the work: done,
especially.because : many -areas : ofi: the
study;,: such as.event. trees; quantifica-
:tlonsof fault : trees,,*contrlbutlons, due
to [ commonT: mode ., -failures,. and the
consequence model, represent some
extension of the techniques associated
.with..reliability ,analy51s},;and 4cLisk
-asseéssment. “The second‘xls to prov1de
interestéd®’ readers ~with sufficient
detail .to enable them to make.,a critical
review of the study ,An, eleventh
.appendix documents the study's reaction




to the -.comments ~received:on the draft
report. .. The. appendices .involved are:
Ll

Appendix I-Accident Definition and Use
iof Event Trees.

R ]

This. - appendix contains .,a description
of event tree methodology.as used in
thé study and its role as:the princi-
pal,tool in deflnlng complex accident
sequences. It -also contalns a dis-
cussion of the potentlal accidents
explored in the study and presents
-the event trees, used. . See-Chapter 3.
S P - .

Appendlx II-Fault Trees.
Methodologles used “in " constructing
and - qguantitatively -assessing fault
trees :are ‘pPresenited: along with the
results of the quantification of the
fault.trees used in this study.-. .In-
-+ dividual reports: descrlblng the fault
. .tree evaluation:of.the plant systems
- . analyzed -are . also. presented. See
~Chapter: 4. : Lo :

Appendixiill;ﬁailure Data.
This appenaik contains a compendium
of data sources and data used in the

quantitative evaluation  of -+ fault
“trees - and event trees. See Chapter

Appehdix IV-Common Mode Failures.

The techniques used in the study to
analyze the possible contributions of
common mode failures to overall risk
assessment are summarlzed See Chap-
ter 4.

Appendix V-Quantitative Results of Acci-
dent Sequences.

The -probabilities of occurrence com-
bined with the radioactive " releases
for: the:accidents defined:'in Appendix
I are presented. Also "~ included .is
the ordering 'of accident sequences. to
f.”ldentlfy those sequences that are the
major contributors 'to the various
sizes .of releases.  See Chapter 5. -

Appendlx vVi-Calculations ‘of Reactor»Ac—
' c1dent Consequences. =

-

- The model"! used ‘for' predlctlng the
dispersion of radioactivity in - the
environment is presented, together

with the models for .predicting the
results of this dispersion ihiterms
of fatalities, injuries, long  term
health effects, and property damage.
See Chapter 5. L

-y ca
Appendix VII-Release of Radiocactivity in

Reactor Accidents.

The - factors -affecting the magnitude
of the release of radiocactivity from
fuel wunder-various.conditions deter-
mined by the accident sequences are
presented, as are the transport and
removal mechanisms that affect the

,-. releases of radloact1v1ty .from the
..facility.- See.Chapter 5. . :

+

Appendlx VIII- Phy51cal .Processes in Re-

-actor Meltdown Accidents.

The.various-éngineered safety feature
interactions-as defined. by.the acci-
dent sequences are.. described. _In-
icluded- are-predictions. of .core.  and
containment behavior, along .with
times of fuel melting, times and
modes of containment :failure, and the
interactions of molten fuel and clad-
ding with water and concrete. See
Chapters 3 and 4. :

Appendix IX-Safety Design Rationale for

Nuclear Power Plants.

- A discussion of ‘the ~safety design
- ratiionale  currently ‘used for pressur-
= 'ized  and boiling water reactors is
+'preserited.. ‘It includes a discussion

-of the barriers to: the .release of ra-

‘dioactivity and their design bases, a

discussion of potential accident ini-
tiators“in nuclear power plants, and
the features provided to mitigate the
effects of these adccident initiators.

Appendix X-Safety:Desién Adeguacy of Nu-

clear Power.Plants.

A study of the extent to which safety
design ;requirements in regard , to
seismic -—-and ' accident . env1ronments
have been fulfilled in  the actual
engineering de51gn’ of the plants.

See Chapter 5.

Appendix XI-Analysis- of Comments on the

Draft WASH-1400 Report.

This - ‘appendix contains a discussion
of the comments received a&s a result
of the draft report.:



l 6 REACTOR SAFETY STUDY FLOW CHART

LT s

Flgure l lis a srmpllfled flow chart of ’

the .worki - done - in the'. Reactor Safety
Study.l - The ‘first ‘step. in ‘theiwork- was
to- .define v "those failures -:in’ -nuclear
power plants that could lead --to - poten-
tial risks to the public. This involved
determining the:locations. and ;. sizes of
all’ sources of radloactlylty in "~ the
plant and then ..describing .the  various
comblnatlons . of equlpment .and human
fallures that could potentlally,mcause
the release of some\ portlon of thlS
rad10act1v1ty.,' The ..comblnatlons T of
fallures involved.  in the potentlal
release of. rad10act1v1ty are . called
accident . sequences and were pr1n01pally
determlned by event trees {Appendix. 1)
and by the .analyses . assocxated -with
molten core behav1or (Appendlx VIII)

Theﬁ'second step in thlS study was ‘the
estlmatlon of the probablllty of occurs
rence of the acc1dent sequences and the’
amounts . and types - of rad10act1v1ty
released by thesé Ssequences. Fault:
trees and failure data (Appendices II
and III), together with common mode
failure - investigations : (Appendix { IV).,"
are: > used :to- estimate -the';failure proba-
bilities.i~Analysis:of: experimental- data
and ~i.fuel conditions. ((Appendices VII and
VITI) .provided: estimated - releases. of
radicactivitys:  Appendix V- presents the
compilation-of -probabilities and: radio-
active. releases.for -accident sequences.

The next step involved the wuse of a
probablllstlc model to calculate the
dlsper51on of rad10act1v1ty in the ‘envi-
ronment. ”:Thls model “(Appendix VI) .also
includes the " factors " necessary s to
compute ' health effects and , property
ddmage. due. | to ‘the _dispersion  of
rad10act1v1ty._u ‘ ST '

The' = final step " covered TthE'?'overall
assessment of the nucleatr accident risks
(Chapter 5) and a comparison of these
with- non-nuclear risks - due tto natural
phénomend - other . technologles
(Chapter 6). W _th

' 1 7 FACTORS THAT CONTRIBUTED

SK?DHFTCA&WTLY’HN PFHRFT)RRJHVGrTTIE

STUDY

As lndlcated earller,—there was 1n1t1a1—
Iy:some doubt- that- a meaningful risk
asséssment c¢could be-. made;'however, as
the Work proceeded, confidence ‘grew in
the ablllty to make a meanlngful risk

[

§

tos

;Detalled flow charts are presented in

( ) Chapter 4. 3

assessment. The principal factors that
contributed- to thls change: are dlscussed
below::.. IR o

a. The study was started with the idea
. of -~ using.:..standard - fault tree
. . methodology:.—as- the principal tool
. -for . developing. both-. the * accident

" sequences, .- and - their probabilities.
It soon--became ::-apparent - that this
- .approach :was:- not .adequate.for the
.- entire task. While well ‘'suited to
predicting .. probabilities of failure
for engineered systems, .it .is ".not
well :,adapted . to . 'defining:accident
sequences that involve: ;- the complex
interrelationships among engineered
safety -systems . in nuclear = .power
plants:. . Thus, - in- .order . for: the
study to proceed, it .was necessary
to.- use : a- method that could fulfill
this:- heed. The use of event trees,
- discussed in detail in Appendix I
and :in: Addendum I to the Main Report
resolved thls problem.

b.. The questlon of the adequacy of data
pertinent .to.equipment:failures and

- human errors- also ' represented a

- potential stumbling block  for the
study. Many people. view the lack of
.precision: in failure. rate.data as
-one of the pitfalls of guantitative
reliability, analysis.. . They -also

‘¢ extend this view to risk - assessment
without - recognizing an important

" difference:.:between -the two. .. In
reliability analysis, one is gener-
ally interested in predicting a
particular level of reliability with.

a -, relatively .. high degree: . of
accuracy. .One is also interested in
identifying. .differences :in-.. the
wreliability of . alternate. designs.

- This: generally - requires . analyses
-that: have small errors. (for example,
less than a factor of ' three). In
,arisk _‘assessment One . can. -accept
-~whatever 1level,. of accuracy is
-~ obtainable.  from available data and
then. examine- the results. to see: if

: they.” are'. meaningful. -In fact, for
-small probabllltles such as._ - those
proyected ‘for nwuclear . accidents,
;_rather;large errors.-.(a factor of- 10
;+,.0or rmore) .can often- be tolerated
-rwithout - materially. ..reducing. : the
... usefulness or - valldlty +.0f . the
- result.. . Since risk-, assessment . can
tolerate large error bands in its
quantitative results, the dependence

of this study on precise values-of-
failure rate -data was greatly

~" wreduced. Also,- the: availability of
=! -many.sources ¢f..data ‘for:: the - types
of: componénts: used in:nuclear -plants
and the " confirmation . of some of
these data with available nuclear




A

.~ couldiz.be.properly identified.:
* ¥ approach ‘takeni'from-the beginning of

-~ component: data..did..much to -

-this * issue.:  :The.data:base and.its
use in the study are discussed 'in
Appendlx III

SvrF E R S A S
1. The most: uncertaln area*ln“the study
crelated.::to whether.potentlal.common
i+ mode: failuresi-or dependent-.failures,
L.: The

the study, was to ‘consider: the :depen-
dencies involved in .the-: assignment
of:i failure probabilities.7 > .However,
‘given '‘the :xnumber- -~ of: . potential
accident:: sequences = possible -.in a
-reactor’ andsithe number! of components
involved.:in" all. .- -of the systéems in
"these : sequences, = the - number. @ of
"interactions -‘that *might have %o be
.examined.for potential :common mode
. *failurés.nseems fatiinitial-.glance to
-be  zbeyondr - any ¢ realistically
obtainable capability. Noné&theless,
~1it7 +is * believed -that-:+the': work
performed in-.:this - study has;,~by a
combination of methods involving
.event:trees;: fault trees,*mathemati-

~cal ./ techniques ,and 'engineering
studies, >, r‘eliminated 7 ¢ the' i 'vast
‘majority.of potéential interactions

.. as“tnot significant-and has.examined

a

.. ted" -probabilities

. . LN RRTTaS

1

‘failures *
‘failures 'caused.by a:
‘failure,
‘condition.-

the remainder. in' "sufficient' detail
.to. define tommon: mode contributions
7. where s they: "yare important.=: A
*. - complete ‘discussion’ of"common:mode
failures is contained 'in Addendum I

to ..the Main Report and. in.-Appendix
EV; e T I R
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.7 A vreview lof prev1ously performed
estlmates of.the - likelihood of

*  failure . of - engineered systems

‘reveals that they generally predict-
that were ‘quite
“small compared to " real:i: experiénce.
If . techniques used :in- suchprevious
estimates had been followed in:-this
studyiFpredictions of the likelihood
of'"reactor accidents and  system
failures would have been' 'soismall as
to 'be’ equally “unbelievablé., -~ A
determlned,<flarge -‘scale effort: was
made‘in thi's study. to wé&hsure ‘that
“the techniques” used would produce
meanlngful estlmates. . 'To' accomplish
. this+ purpose,” the "significant
"~ dependencies between. - failures't were
'carefully con51dered by a ‘combina-
tlon of englneerlng and mathematlcal

S R T -:;wiu:f
- R ’
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In v a . simplified. way,." common . mode
can. be- thought: of as  multiple
. single:s-event. or
e.g.,-.the same" env1ronmental

Lo LR oo e )

‘resolve.

»» téchnigues.f'-"Some measure:'of “the
"success achieved by this effort, as
-indicated :in- Appendix II,..is ;that
- -westimated,,system failure-, probabili-
-.. . tiesrclosely matched experience-data:
+: in.;those cases where measured values
.,m~ex1sted., :

‘ it
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1 8 ]NSIGHTS GAlNED DUR]NG THE STUDY

Thé major Sffort fin reactorf ‘saflety
the' past few decades has been devoted‘to
the, ‘preventlon g of overheatlng and
meltlng of“the nuclear fuel in reactors.
This approach Was necessary Fbecause“ 1t
was_ recognlzed that an acc1dent “with
large publlc consequences could 'occur
only - as a result of meltlng “the “fuel “in
a rédctor:? core. ; However,A much”less
attentlon was(devoted to - analy51s of the
consequenceS' ‘ot coré meltingl The
prlnc1pal ,effort 1n this study, has been,
devoted fto .acc1dents' "in  which -
meltlng_ “could, " tially occur
the consequences of shch{?cc1deﬂts.rw
1n31ghts <ga1ned from thlS effort are as
follows.'

B APpe b
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a.l The.ﬁwork.‘ln thls*‘studyuhas .shown.
-/ithat meltlngs of i.the*:.reactor': core,
1. »idoes »not. ‘necéssarily resulit. in::an)
%o dccident vrhaving: - large: .:.public,
* o conseguences..:  ‘:Indeed, :in ‘the
~w. unlikely: eventr:ithat: a core; were; . to:
-~ iLmelt,.. there/ids . -a~ispectrum - of.
'=possibke acdidentS'that can :occur. . .

‘For the most llkely course of - events
follow1ng the meltlng of & Eore, the
‘number' of fatalltles expected -1s
much smaller than’ those that common-
_ly occur in a001dents such as’ flres,
exp1051ons and crashes of 'a commer-
cial jet airplane’ In addltlon, the'
likelihood of <core  melt = is
calculated to be much smaller than,
. any of the above.

analyses of the consequen-
w. ; cesy; of reactor. accidents  have
‘generally emphasized those ;.;that
could occur under conditions of poor
atmospheric’ * dispersion. ‘and’ fin
“-locations- 1nvolv1ng relatively i high
populatlon densities. 1In actuality,
there are wide varieties of * welather
‘conditions - and population densities

.\Previous

- where-reactors , are .-located. -..~-When
appropriate., frequencies, of-. occur-
rence are‘.'‘‘assigned. .-to. weather

conditions ,and populatlon densities,
these can cause potentlal accident
consequences to increase by.100..to
1000 times; however, the probability
of r..suchaccidents: could:decrease by
generally similar factors.s R F A
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1.9 LIMITATIONS IN THE STUDY

As indicated earlier,
only 1light water cooled nuclear power
plants of the type now coming into
operation. It is understood that future
studies by the AEC will cover risk
assessment of advanced reactors such as
high temperature gas cooled reactors and
liquid metal fast breeder reactors.

this study covers

Two plants were used as the basis for
the study, a PWR and a BWR.
chosen were the PWR Surry Power Station,
Unit 1, 788 Megawatts electrical
capacity, and - the BWR Peach Bottom
Atomic Power Station, Unit II, 1065
Megawatts . electrical capacity. The
basis
were the largest plants of each type
that were about to start operation. A
question which must be considered is the

appYicability"® of- the “results obtdined

for these plants to nuclear powem plants;-
Certalnly the differences in-
this:

generally._
design between” "vdrious plants make
an : appropriate question. It ‘is
study's =understanding --that
work will be done in the future to
determine the applicability of the study

the

results to water power reactors as a
class. However, the following factors
indicate. ,that _the study results, when

extrapolated to 100 '_nuclear power
as. has been done in this study,
rather than
Of the large

will tend to overestlmate,
underestlmate the risk.

commerc1al nuclear power plants current-

ly operatlng, the two plants covered 1in
the study represent the 24th and 34th to
come into operation.l Thelr
were started in 1966. "The
expected to commence operation had its

design started in 1971. In the years
between 1966 and 1971, significant
improvements were made in the AEC's
safety design requirements and their
implementation and 1in the applicable
codes and- standards used in the design

of nuclear power plants. It has already
been. observed in other technologies such
as automobiles and airplanes that safety

has generally improved with the passage
of time. .Much of this improvement 1is
lThese numbers exclude plants  with
capacities 1less than 400 megawatts
electrical,

2See Chapter 2 for data on the safety

record of airplanes and automobiles.

The plants,

for their selection was that they

additional

de51gns,.
100th ‘plant’

"mentionéd.
~.many
: “however; -

continued attention to improved
Because of the existing record
safety requirements in
nuclear power plants, it is not
unreasonable to assume that the safety
of nuclear power plants will continue to
improve. This assumed improvement
depends strongly on the continuing
existence of competent and well
supported regulatory and reactor safety
research programs and reasonably
conservative extrapolation of current
practice. If the safety of nuclear
power plants continues to improve with
time then it would not be appropriate to
extrapolate the results of this study
beyond 100 reactors and about 5 years
since the extrapolation would yield
unrealistically high values.

due to
safety.
of improved

The question of the effect of sabotage
on nuclear power plants should be
The study was"reéuésted””by
.to examine this, questlon,

~could - not,‘be completely

sources
it

«" covered. because no conv1nc1ng way. could

be found to estimate the probability
* acts=of 'sabotage direc¢ted at any target

of

However, the study believes that nuclear
power plants would be difficult to
sabotage in the sense of creating an
accident with large public consequences,
clearly continuing precautions; must be

taken to minimize this potential, Some
measures are already :provided and im-
provements are underway.,“k It is

understood that the NRC is contemplating
further improvements in the security of
nuclear power plants.

SREIG

1 10 FINAL REMARKS

This report provides considerable back-
ground for gaining an understanding of
the concepts involved in risk assessment
and of the elements involved in nuclear
power plant safety. The results of the
study of nuclear reactor accident risks
are presented and compared with risks
due ‘to natural' phenomena and other
technologies in our society in order to
provide perspective on low probability
risks. A large amount of  information
has been developed 1in conducting the
study and most of it 1is presented in
this report and its appendices., It is
expected that this information will be
of ‘use in making the controversy about
reactor safety more objective. Obvious-
ly, the question of the acceptability of
nuclear accident risks requires a much
broader social judgment that transcends
the scope of the Reactor Safety Study.
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Informatlon about risks to the public
‘health ‘ahd safety has" been collécted for.

many ‘years and prov1des a general indi- ..
ication of the risks. normally encountered -

‘in. our society. 'However, much less
1nformat10n is avallable on. low
probablllty risks with potentlally hlgh_

consequences ‘such as those' that, might.
;:arise from nucleadr power plant accidents
.or other sources. In the past, very
:little effort has been devoted to
‘estimating the probability of such risks
ias they affect our society. Further, in
‘most prior studies of potential large
nuclear reactor accidents, the analysis

‘of consequences has - been .done on- an >

basis. : . This type -.of

iupper ' - 1imit-
suitable. for :placing

tapproach is . not .
'such - risks . in:
respect .to. the  more . common
encountered by society. The*purpose of
this chapter is to define enough of- the
elements contributing to risk to make it
easier to understand the risk assess-
ments presented in later chapters.

2 1 MEASUREMENT OF RISK N
Ri'sk is Can commonly used word that can
convey -a varlety 0of meanings to differ-
ent rpeople. - A. dicdtionary definition:is
"the possibility of loss --or -injury - to
people and'*property".f'fln' this study
estimates ' are: made " of potential

" fatalities -ahd injuries to people: and of

property damage resulting® ‘from ®..both:
nuclear . - power plant and non-nuclear
accidents. FIE A

Particular emphasis will be placed on
the, risk to the health and safety of the
general publlc. !
To’ prov1de a ba51s for the quantltatlve
comparlson' of soc1eta1 risks from acci-
dents,. the follow1ng technlcal def1n1-
tlon of rlsk 1s used '

‘!,* A

consequence R
Rlsk {,unLt t?ﬂ? }

o ey ,/A N
IR T R R EL TEEVTE
= Fredquency { events \ 1
AP T “l unit time -
CELrT T au ;e} ‘
consequences} o

.. % Magnitude f{ event

s : - .+ ... Basic Concepts of Risk

sécietal risk of death from auto
““dents  can Pe

proper perspective with -
risks -

- Chapter 2

-

) i
BN PO

As a quantitative. example of the use of
such an equatlon, in 1971 about
15,000,000 "auto 'accidents occurred in
the u.s., and one in 300 accidents “re-
'sulted in " a ‘fatallty.)f Thus, the
acci-
approx1mately calculated‘

asi . » - - "
6 accidents 1 death

15 x 10 year 300 accidents

_ deaths

= 50,000 vear

Further, if ‘U s, soc1ety consists of

200,000, 000 ‘people, the average individ-
'ual.rlsk can be expressed as:

2.5 x 10-4 deaths
person-year

50,000 deaths/year _
200,000,000 persons

The final term eﬁpresses'the individual
risk as probability of death per person

per year. This : mode. 0of expression is
frequently used in “the’ , mathematical
analysis of risks. (For the benefit of

those readers who are not familiar with
such mathematical expressions of proba-
bility, a few words of explanation are
provided in the "Notes on Probability".)

vt

In the aforementloned example pertaining
to’ fatalltles in iauto ‘acc1dents, note
that 'the rlsk is- expressed both in terms
of-risk to- soc1ety ‘and risk to an indi-
vidual. . Addltlonal »rlsks ‘due’ to auto
acc1dents result from - - injuriés : and
property ‘damage. Tn the U. s. ‘about’ 30
times as’' many people' are- ~‘seriously
injured as are killed in auto accidents.
Thus, on the average one’ person is
injured in every. 10 acc1dents. This
yields, for soc1etal rlsk, ’

6 accidents _ 1 injury

15 x 10 year 10 accidents

=1, 500,000 injuries T

year

and, for individual risk,




NOTES: ON *PROBABILITY

In a one-winner lottery with: a 'million..iticket . holders, and assuming a random
selection of the winner, each ticket holder has the right to expect an equal chance
of winning, but he will also know that his chance is only one in a million. In the
mathematics of probability, this chance is expressed by the fraction: 1/1,000,000,
which can also be written as 1 x 107% or 0.000001.

Similariy, -an acc1dent fatallty rate counted at’ 25 persons per hundred thousand per'
yedr ~can. be expressed as'25/100 000 = 25 x 10 5_” 2 5 x 10‘4 or: 0, 00025 ¢ If 1t is

assumed that all persons 1n the populatlon have equal exposure to the rlsk of death

from the type of acc1dent under con51deratlon, then these numbers mean that the'
chance Sf, death per year is 25 per 100 000 persons, “2.5" chances *per ‘year per :
10,000 ] exposed persons, or ,0.25 chances per -1, 000 persons,'or 0.00025" per one .
person.1 “The "frictional nufibers obv1ously have ho phy51cal ‘meanlng (31nce‘,only ‘a?’
whole person dies), but they are useful ''in mathematlcal analyses of rlsk STl T A

Lty B O T P R R L G LR

,lIn using the word "chance" 'in this context, Adt must beérecognlzed that 1ts:prec1se,_
meaning 1s that 25,persons per 100,000 populatlon did- die’l from ~a givehikind .ofs
’acc1dent durlng ﬂyear $ timg, and we are now. perce1v1ng that- the: 1nd1v1dual'chance'
of déath wag "25 x)lO =5 g ‘00025 or about 1 in:4,000..: If .we . assume, . .or:have'!~reason =
to believe,” tHat thé rate will“‘continte unchanged-lnto the- future, thenj we:may also- .

assume, or believe, that individual chances will ‘remainj thé&- same.. T

§ o L = ! - N -

1,500,000 injuries/vear : Government, Ref. 2), for the purposes of

200+000, 000~< +PEersons. .- L T assessing various ‘risKs.i".Tablé *2<I

P o Ty e U e e . e displays some selected yearly accident

7 5 10 (,[inguries'>7 s L fatality -statistics . for- the U.S. The:

o person-year v data.-are presented in beth, societal form:

; 1 R (total snumbers  .of :fatalities),- and as-.

L »;':, 5 S ‘rates .(numbers of fatalities per 100,000

T . resident population). For most*types of;

The cost of 1njur1es and property damage accidents the rate does not. change..imuch.

duei to, _auto acc1dents can be, 81mllarly from ~year to year .:andi ,thus the data:

calculated. " In this’ case, ‘the” recdorded provide;reasonablymreallst;c,vbases'wﬁor;

statistic is the total dollar, value of estimating . rates for.several:years.-intos

1n3ur1es and property damage , due, to. auto the future. CEO o
acc1dents for each, year.; Thls value

represents thel soc1etal -rlsk and G- T e ; r?”gvf o “LE

$15:. 8- bllllon dollars’ for 1971.. " A r’ea,O
sonable measure of the average individ-
ual rlsk ,1s the, ..cost. per reglstered
drlver per year. For 1971 thlS can, be

Table 222 presents the acc1dent data for
1967 and 1968 in terms oOf" 1nd1v1dual’
rlsﬁ, i.e., the, probablllty of death per,
person per year.j In u51ng numbers such
as those dlsplayed in) Tapble 2 2?,all the
factors' associated wi hi”them, whether,
expressed oOr 1mp11ed,’must b& known “to

Uk avoid misinterpretation and misuse- of
Sl the data. For example“,,con51der the
fatalities from falls,;vas-wllsted ain
Table 2-2. A person locking at’the data
at the end of 1967 might have concluded

$15 8 leoggper yearA-'ﬁ

114 x 106 reglstered “drivers

$140 per driver per year.

Loel - e S0 g

ST g e o that his risk, as a member of the U.S.

- population, of sufferlng a. fatal-fall in
Historical data for - rlsks \commonly the  next year wa$ lone' chance in 10,000.
encountered by many, if not most, pecple Since the number 1 x 10-4 was derlved
in the U.S. are collected by many orga- from the number of fatalities counted
nizations (e.qg.., National Safety during 1967, u51ngL1tho predlct future
Council, Ref. . 1, - and - the " U.S.: risk 1nvolves the ‘réasonable” assumptlon

_‘l‘o...



that the rate will remain the same (in
this: case, Tit® did: remain- the same- 1n
1968)!!- “AnotHet’ assumption’ ihwvolved . i

that" all members of the:U:S. population
are equally exposed or susceptible’ to
the risk. This is rarely true in human
events. : b

(73%) fatal falls 1nvolved people of. age
65:-.and -over,. Thus, ,the,_rlsk', much
smailler. - for .persons

persons; 65..and .older,,
1. x 1074, for,

and ity is.:

P 1 IR S|

The examples presented 1nd1cate. that
there,are many, factors . hatud ontrlbute
to the quantlflcatlon and. evaluatlon of
rlsk.. The, e

vrlsks Gdue- to-automoblles 1nvolvemfata11—
ties, injuries, and property damage that
can

ble data.. The; effects ..are prlnClpally
short term ones (1 €.y qulckly measura-
ble). There are undoubtedly. . _other
contributors to risks from automobiles
that are not fully included in measured
data. These ‘would-.‘involve . long.term
effects such as 1life shortening and

decreased earning power due .to' injuries.
Both..the t:automobile . examples.; and .:the
data :in i:Tables' ' 2-1- thru 2<3:‘indicate.
that there .arevrisk :factors:of -interest
both!on :a. socdietal and individual ;basis.
In ‘addition, :Table 2-3. 'brings-- the

coricept that risk is not .always equally:

di'stributed -in- ‘the population.. Thus, the
measurement: -
many: facets; - these .will be discussed
more ..fully ~in later’ sections of this
chapter. v.."". ’ - ol

safre gl {1 [ :"V‘A.‘
2 2 ATTITUDES TOWARD RISK f g8 .-

Ao x“" T e M M4
An' apparent.consistency in publlc
tudes toward famlrlar"‘rlsks, ;such as
those listed in Table 2-2, has been
noted by Otway and Erdmann (Ref. 3).
Types of acc1dents with a‘:death .risk -in
the range<of 10-3 per personiper year to

------

Sl Y -

attiJ

the - general-public are: <-difficult -to
find.l :Evidently this ‘level of risk is
generally unacceptable, and. when .. it
gccurs, 7 1mmed1ate action  is.-taken to
reduce 1t O T A S R N R O
: e e F. \
[ T i
BN ot
Fe 2ol -y =
lY s W ot R
+Such hlgn rlsks are not uncommon in
hsone sports and some' industrial
cact1v1t1es, when' measured ‘for  the

:llmlted groups at risk (i. e., exposed

to ‘the hazards 1nvolved)

»4;-- ¥ . ‘,‘.» .
- . S o

A.breakdown-of the-1967rdata on: falls by,
age group . shows that almost 3 out of .4,

‘Pndq;wﬁﬁiﬁhﬁn for,
not,
either .group-as. .shown, in
Table 2= 3.J;g~~;<;-. jm".,‘.jfvl e

be quantlfled from, commonly availa-

and.evaluation of.risk have:

-11~-

At an accidental risk level of 10_4

deaths per person per :year, - people are
less inclined ":t0 -concerted action' but.
are.willing to spend money to ireduce .the
hazard. Money 1is spent for traffic
control, fire departments and fences
around ., dangerous.-areas. - Safety slogans

for acc1dents with. ;this risk level -show
an element of fear (e. g., "The life you
save may be your own" as applied to

automoblle dr1v1ng) LR S 21

NN

RN o

of acc1dental death” at a level of

RisKs
10-5 'per person’™ per - yéar -are -still
récognized’ 'in an-active sense. '~ Parents-

warn- their childrén about the hazards:of
drowning, firearms, ‘poisoning, etc.; "and
people accept a certain amount of incon-

vehience to aV01d risks at ‘thHis~level,’

Safety"slogans-«have a = precautionary

ring: "Never Swim alone"; "Keep out-of
L -

the reach of chlldren :

A001dents with-a- probablllty of death of

106 or less’ per ‘person’ per yéar- are
apparently not’-of great céncern to the
average person. “He is -awdre -0f them,

but feels~-they will ndébt Happen to him.
He may even feel ‘that suchtaccidents are
due partly ‘to !stupidity, ‘e.qg., "Everyone
knows you* shouldn t Stand under tree
during a- llghtnlng S 5tOFm, Phrases
associatéd with+ these hazards have an
element of ‘re51gnatlon- "An" act of
God."‘ : e '
[ ,' noo . .

The concept that -the degree ‘of public
acceptance of .a risk, is . 1likely .to be
influenced .by . the perceptlon of. the

assoc1ated beneflts is presented in Fig.
2-1. and. in Reference 4, It suggests a
relatlonshlp between the benefits of an
act1v1ty,, expressed in: arbltrary unltsl
and the acceptable risk expressed as
probability of death per year per ex-
posed :person, The. highest level of
acceptable rlsks has been taken as the
normal ;U.S. death rate- from. dlsease, the
lowest level for reference is takén as

the; risk of death. from... natural events
(lightning, - flood, earthquakes, 1nsect5
and” snake bltes,\etc )",,g I
TR Tt gL s te e ;
One of thé obv1ous shortcomlngs ‘of  theé

approach-in’ Flg. 2-1 ig'lthat 1t doés nhot-
dlfferentlate with respect to the'imagni=
tude' ©of , the’ consequences*of accidents.
This p01nt is 111ustrated by" con51der1ng’
two, acc1dents with 51gn1f1cantly dlffer-
ent frequenc1es and consequences. ‘The
flrst ‘occuts at a rate of‘once per: year

and results in one: death per ’acc1dent
The rlsk 1s S e e T AP

’ . R v:A irlﬁth“' J,;l‘ie
1waccident ‘death ' _ , death

year accident year
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second typelhas a frequency of only
10,000 . years but] ~results ' in..
fatalltles; per»event The risk

R

Thes .
once in:-
10,000
is

1 accident ® _ 10,000 deaths _
10,000 years = -*- accident
C. J . f . C

“year
Although each of the accidents indicated
above has the same average annual risk,
there is ‘a factor.of 10,000 in the
of the .accidents. Society . generally
views- the single large consequence event
less. favorably than the. total of ‘small
events having the same average risk.
leads
The term risk aversion.

. . i .
This attitude
"rlsk‘aver51on.

is used to-indicate, among other thlngs,_
average ,

that accidents having. the ; 'same
societal impact may be Viewed different~-
ly- depending. on- .the -sizes
individual events., .In general, 51ngle
large. acc1dents are. viewed. .less . toler=
antly than multlple smaller acc1dents,
even  though the ,average annual‘,conse—
quences_ ..0of. the, two areuequal In fact,
the publlc appears -to- accept more readl—
ly a much. greater. SOCletal 1mpact from.-
many small accidents than ity does

the more severe, less frequent occur—l
rences . that  have a smaller soc1etal
impact. One of the clear 1ndlcatlons of

this attitude is indicated by the public
(and  news  media) attitude toward
fatalities from automobile accidents

It appears ‘that the public's aversion-to
large consequence events may ‘be-largely:
due” to the view that,‘lf such events are~
at all possible; they areé likely, and-
thelr low probablllty 1s to be dlscount-
ed.

S

The analyses referenced above are inter-—

estlng because they represent -éarly
attempts to- quantlfy the- acceptablllty
of" the"rlsks associated with a given-
act1v1ty in+"relation to the bedefits-
gained from-thi's act1v1ty, however,- this:
field is 'still highlyiformative and much"
in need of development. These analyses
are, therefore,wof limited ;utility
this study. Exp11c1t technlques forf
assessing, the total cost of . various
rlsks.‘and the total beneﬁ;ts derlved
from the ,act1v1t1es :causing. them are
still, in the éarly., stages of development
even for measurable ;(falrly likely})
risks.. the area of, rlsks from. low,
probablllty events that have hot beeh

observed it is clearly not’ yet poss1ble
to perform a rigorous cost- -behefit as-
sessment. Decisions in the area of
risk, as. in many. other areas, .have
generally been made~ .on a qualitative
basis with™ less than complete cost-

L

’»death -

size |

t0 . the concept ‘of

of , .-the

. from

in-
contrast to ‘those-from'aircraft crashes. -

in.

-12-

b

benefit;.;analysese'available. .Whether

this approach can:--be- improvedqtupon. in-
the - near- future- is still an. open:
questlon.-ﬁﬂ.ﬁ R R ' e
Yoowa o L By RS
2.3 RISK DETERMlNATION v
This sectlon brlefly describes "methods'-

generally utilized for determining rlsks'
and provides-‘a ‘humber’ of comments-on the
1nterpretat;onrof ‘numerical risk’ values.:
The -discussion is ~divided " into . two
parts:*  high “'probability . (or ’likely)’
events and low' probabiility (or unlikely).
events. High probability events include
those Wthh have occurred frequently
enough ‘1n “the past’to pr0v1de ‘a-‘basis
for: establlshlng a realistic determlna—

‘tion of“the past risk experience; i.e.,
their frequency and ' consequence$ have,
in -effect, been measured" Low probabil-’
ity events’ ~generally have' not- been
observed -and there is "-little ‘or 'no
overall experlence on which 'to base - the
1ikelihddbd ~or - consequencés of' their-
occu}fenée. Tende e T T R
R N

2 3‘1 HIGH PROBABILITY EVENTS

The usual way of estlmatrng:_rlsks>\for

frequént: (high sprobability) revents: is.:to
use 'the .ddta from the historical - .record.
of: .these events covering . a . .suitably
large: segment of society. -.’As previously
indicatedy ~ there are . many --sources of:
applicable historical data and results
of | prior risk determinations. -Examples,
of the results of such 'studies for broad-

‘categories of accidents' are, given in
Tables .. 2-1 -and 2-2, Normally, .. -the:
available historical records . provide,

sufficient detail to permit such broad.
category risks 'to be separated:sinto more
distinct elements that may be of special
interest for a particular risk: study as
is indicated in Table 2-3.

The ‘information from.such risk studies
is then used.as-a.basis for . -estimating
the risk ekXpected in some future time
period. In projecting ‘the-future :risky,
consideration is “ 'given -to potential
future: influences in the :risk:-pattern as
well as the historical variation., ,It:is
well recognized that insurance companies
use this procedure to determine the
premium rate on policies they -under-
write. They, of course, recognize that
it is possible for the level of risk to
change. Thus, life insurancé ‘premiums
are often calculated assumlng a somewhat
hlgher fatallty rate ‘than is ant1c1pated
and if, the actual experlence durlngJ“

given year shows the fatal1ty rate to be
léssy the’ pollcy holder may recelve' a
rebate in the form of & dividend. == -



2.3.2" LOW: PROBABILITY EVENTS

. The»prev1ous sectlon descrlbes how esti-
mates of risk can be made “when-
appllcable racdcident experience
exists, :
to which society is
such a 1low frequency that they have
never been observed. : For.example, such
cases could include a large meteor
falling into a city. _The rrisks .associ-
ated with such low frequency events are
more -difficult to éstimate -and .express
in a meaningful way than.those - of more
frequent events.

data

exposed occur at

In some cases the
occurrences
the,total occurrence into a

probability of rare
can be obtained by dividing
series of

events, for whlch the individual probaj
bllltles of occurrence are known.... A
51mple example of this is the chance of

getting heads every time in fifty- random
flips . of. a fair coin.

one flip is 0. 5, the chance of gettlng
heads both times in two flips is (0.5)

=" 0425 and'in flfty fllps the chance is
(0. 5)50, which is about ‘cne chance in
1015, "~Thus, -although this
undoubtedly never been observed, - 4&n
estimate of ' its probability can be
aChieVed;"SimilarIy the chance of get-
ting ' four-of-a-kind in’ ' two successivé
hands in’'a 'five card stud poker game -can
be calculated. Analysis of poker hands
has shown that the probabllly of gettlng
four-of-a-kind once is about one in four
] thousand -‘Thus; ‘the chance of -getting
four .of- a—klnd in two successive -hands
ig about 10~ In these cases each- rare

occurrence was broken down ‘into more
likely events that were all the same;
but this type of analysis 1is also

applicable .when the group -of morelikely
events -~ is - of more than one type .and/or
frequency. The breaking up:* of - a . rare
event into a :series.; of more - likely
events is'a:basic principle. of.the évent
tree . -.and ~.fault - tree = techniques -(see
Chapter - 4).  utilized-:. for - determining
probabilities. of - ‘’accidents :in this
study. -+ :‘Application- of.. the‘ above
technique has involved the determination
of the failure probability of 'systems by
combining " :the. 'failure probabllltles of
thelr 1nd1v1dual parts and components.l‘
When anx unllkely event cannot be
described ‘as ‘a ‘sequence of.more- likely
events, it~ 'is 'sometimes ‘possible’.-:to
estimate’/its probability @ by' extrapola=<
tion. Suppose, for example, the highest
observed level of a river at some point
was 35 ‘feet above the normal level and
an estimate of the 1likelihood of the
river reaching the 40 foot 1level is
desired. The historical frequency of

directly

‘However, many -potential *risks-

"From experlence
we know the chance' of getting . heads  in

" event has’
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_factors .
-etc,) affecting the frequency
~-10,000

.average of
-however,

,0f reactor accidents.

- Since

floods: versus , their height "can be
plotted and extrapolated to predict the
frequency of:a flood height of 40 feet.
Extrapolation.:requires. that..the physical
factors affecting .a particular situation
remain constant. . Thus, while one may be
able. to easily estimate the likelihood
of a-flood level of 40 ft., given a
historical - level : of 35 ft., it may not
be valid. to extrapolate to the 50 foot
flood, or to the:-40 foot flood that
mlght occur 1,000 years in the future,
By u51ng the pr1n01ples prev1ously dls—
cussed. it is. possible to make reasonable
estimates of thée probabilities of very
unlikely . events.: Chapter 4 includes
detailed descriptions of how these basic
principles.have been applied in this
study of reactor accident risks relative
to other societal risks. In addition,
possible errors in these methods are
identified and estimates of their magni-
tude are provided.

In’ the . ana1y51s of --low probability
events it is rather common to speak of
the recurrence rate of an event, e.g.,
the- 10,000 . year . flood, or the 10,000
cyear. earthquake. This is another way of
describing -‘a .rare  flood or earthquake
that.has a probability of occurrence of
.107 4/year.~,JSuch estimates are usually
extrapolatlonsvof limited experience and
should not be interpreted too literally
to mean the worst, flood we expect in the
next. 10,000 vyears, -since this would
imply there would be no change in the
(climate, local topography,
over . the
year period.. Such changes can,
of course, occur in the long time peri-

.ods, involved. : Also, Jjust because an
cevent., is = determined to have  a
probability of -.occurring only once in

10,000 years, doesn't mean that it  will

- be;10,000.years before it occurs or that
-it will, occur. at .that

time. It means
event -would occur on the
~ once- every 10,000 years;
although . it is very unlikely,
it-could.-occur _in: this century.

that _ the

Similar misinterprétations-can easily be
made with respect :to : the .probabilities
For -example, - sup—
pose’ the. probability .of an raccident
1nv01v1ng melting of-. the nuclear core in
today's: reactors-. is ~'10-5/reactor-year,
'about*l,OOOfreactors are-.expected
to.be. in operation’ in- the:: year.:. 2000,
there may be a tendency to‘say the- prob-

ability of such an accident in the year
2000 will be (10-5)(103) = 10-2, The
error in this extrapolation is that it

assumes the failure rate will remain
constant at 10~3 for the next 25 years,
To illustrate how inaccurate such an




extrapolation: can':'be, “.-consider: . the
‘commercial aircraft ..industry s which is
similar at »'least in . -that - it 'r= has

developed with’ constant attention belng
'paid to safety.. - Figures:t.2=2 - and:. 2-3
-show fatalities versUs time per'hundred
million : passenger  miles.. .and fatal
accidents ..versus time:. per ‘woperation
(landing : or - takeoff),, . respectively.
‘These ' figures.. show':-that: there was
a - general “:improvement in the safety
level of commerical. air travel overirthe
time periods covered. Similar experi-
ence with motor . wehicle ..:operation .is
indicated in Fig. 2=4. These . exdmples,
and ©others,..reflect the ability ito take
;advantage of: increased:.: knowledge:- .in
.order 'to ‘improve safety.: From this .pre-
‘vious experience, it is not.unreasonable
to . ‘expect .
the nuclear reactor . industry -’ where
increasing attention 'is being devoted . to
safety both within theAEC. and  in -rthe
industry as a whole. .. .. .. ¢ »va (o

24 PBESENTATION OF RISK —ESTIM’A{I‘ES?

Gnen
. S R ) 5, . ¢
A'- common -problem--in coriipar ing - rlsks ‘in
the - diverse ' activities 'in “which - man
"engagés “is - that thefspecific: icénse-
‘quences of -various accidents Jr- :natural
evéents -are ‘usually difficult to‘&xpress
“in a common unit. ' The consequerdes will
usually ' include fatalities and injuries
to people as wéll &s damage to property.

“Somie risk studies. have attempted »to
~handlé this problem® by convertlng all
c¢onsequernices - into a- singleé unit. ! “For
“example, a practicé generdlly in. use‘for
‘expréssing occupatlonal fatalltleSxand
non-fatal injuries together is*7£ov use
"lost man-days: of ~work as a-unit.s In
this-@pproach a value of¢6,000- man<days

‘lS' usually
permanent ‘disabilities " (R&fi"*5)57.VIn
" some ‘studies - this” ‘approach 1s”extended
by~ expre551ng -fatalitied: and- 1n3ur1es to

This is.then

people in dollar- valuess:

added to-the dollar- valie of property
damageibin*‘order “to” ‘reflect thevtotal
societal-cost: in dollars.- “Whitle ' such

approaches are convenlent thedlfflculty
“with. their-. use: - ‘that .tthere -—is:.not
.general.uagreement ”on:vthe‘tvalue gof.a
human life: or the valuel tobe-associated
swith - .injuriesZ:that haveinot occurred..on
a largetiscale: ."Also, many:.peopde:iwould
likely iwview' the assignmentuof. dollar:. or
work lost values to.fatalities:.as being
_inconsistenturwithr theirs personal views
of thlS typedof loss. RIS SO

a similar--learning curve:.for-

assighed’ for” fatalltles and

-14-

In view of the: difficulties «dinvolved -in-
expressing the consequences of various
accidents; -in<: a..commen; unit,- this study:
has' selected- four. types of consequences;

for.- the determination:iand..comparison of
acc1dent consequences. These..are:.
. v - i .
. - ' 'x TR L [ .
a. Early fatalltles,. 3 3

b. MEarly,lllnesses,~ I ,;.? 5

e A

c.VJLate‘ health effects attrlbutable
. vthe accident,: o s z. vir
d. Property damage. o

L D T

With respect to the selectlon "of- these‘
types, it' is “noted that’ data on the
prev1ous“a001dent ‘#nd natural -event
experlence “in the'”U S. aré’ ‘frequéently-
available 'for types a, b, and d. .’ Fur-
ther, Ainformation on‘type c is sometlmes
avallable in selected studles. : AL

Tt

‘study the ma10r types of acc1—
dents, have been' 1dent1f1ed and thelr
probablllty of occurrence estlmated on
the basis. of event tree and fault tree
analyses of reactor operatlons. Each of
these accidents, has been analyzed to de—
termlne the range of conseqguences. asso-
01ated w1th it in terms of fatalities,,

In thls

1llness, long-term health effects, and
property damage, The results- of .these
studies provide the probablllty conse—

quence relatlonshlps which w1ll serve as

the, . basic 1nformatlon in expre351ng the
reactor. acc1dent rlsks presented in
Chapter 5.

Similldar ~determinations are -made for . low

probability high consequence non-nuclear.
accidents that could:-result. from: other
technological undertakings. Specifical-
ly; dam: failures,-aircraft crashes into
large -concé¢entrations of:people;rand.the
release: of ~large lamounts of chlorine,. (a
toxic .chemical), . havecbeen studled -and
ares compared with nuclear accidents..:
[ S R A T T S L SR R
R L B S AP BT R T
To provide-additional ‘perspective ‘on.ithe
signifiicance -of potential.reactor acci-
dents, the risks due to nuclear acci-
dents _are also-compared, -in, Chapter 6,
to - .the . - -more- cormmon , ; :societal .risks
resulting .. -from ::man's technologlcal
activities and from>natural events. ,
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TABLE 2-1 SOME U.S. ACCIDENT DEATH

\

STATISTICS (Ref. 6) - 1967-1970

. Number per 100,000 of
Accident AN Total Deaths. . . .. .. - . ~resident populatioh:

1967.. 1968 1969 1970 1967 1968 1969, 1970

Motor Vehicle 53,100 55,200 56,400 54,800 26.8 27.6 ‘27.9_"26L9l

Falls °~ 19,800° 19,900 % 19,000 * 17,500 10.0 ..10.0 9.4 8.6
Fires, burhs 7,700 © 7,500°°° 7,100 6,700 3.9 3.7 3.6 3.6
Drowning' ~ - '+ 6,800° .7,400.° -7,300. 7,300 3.4 - 3.7 3.6 ; 3.6
‘Firearms™ . 2,800 2,600 2,600 ' 2,300 1:4’ ‘1.3 1.3 1.1°
Poisoning - 2,400 - 2,400 2,500 < 3,000  1.21i, 1.2  1i2 -1.5
Cataclysm 155 129 NA © NA © 0.08" 0.06 'NA " NA"
Lightning 1104 - 162+ . NA NA.c 0:06..:.0.08 . NA. ., NA’

X ' : . i P TR T : PSRN NS SR SR ST s -
NA = not yet avai;ab;e“frpm ﬁhi§;source. . A O

e Tl e

&

TABLE 2-2 SOME U.S. ACCIDENT DEATH STATISTICS (Ref. 5) -

1967, 1968
Probability of Death
Accident Total Deaths per Person per Year
l 1967 1968 1967 1968

Motor Vehicle 53,100 55,200 2.7 x 10 2.8 x 1072
Falls 19,800 19,900 1.0 x 10°% 1.0 x 1074
Fires, burns 7,700 7,500 3.9 x 107> 3.8 x 107°
Drowning 6,800 7,400 3.4 x 10°° 3.7 x 10>
Firearms 2,800 2,600 1.4 x 10_5 1.3 x 10_5
Poisoning 2,400 2,400 1.2 x 107° 1.2 x 10°°
Cataclysm 155 129 8 x 107/ 6 x 107/
Lightning 110 162 6 x 1077 8 x 107/

TABLE 2-3 1967 FALLING DEATHS - BY AGE GROUP

Probability of Death

Deaths by Falling Number per 100,000 per Person per Year
1967 in Age Group (in age group)
19,800 total for all ages 10 1x 1074
14,454 at age 65 and over 75 7.5 x 10-4
5,346 at ages below 65 | 3 3 x 107°

-16-




Probability Of Death Per Person Per Year

10.2 Disease Mortahty Rate
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FIGURE 2-1 A Benefit+Risk Pattern
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FIGURE 2-2 Fatality Rates in Commercial
Air Travel [Data from Accident
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1950-1971.]}
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.:> " . Chapter 3 -

The Nature of Nuclear Power Plant Accidents

L . .
. e T Lra

31 INTRODUCTION., ' " -~ *°

Nuclear power plant.” accidents. . differ
‘from ®those in conventional power plants
because théy ' can potentially Trelease
significant amounts of-radioaCtivity to
‘the environment. ‘While - *very --large
“anmounts: of radloact1v1ty are generated

by the fidsion process ='in’ the: - uranium
‘dioxide ' fuel in' -a nuclear plant,fthe
bulk ‘of this radioactivity- (about’ 98%)

sremains -in:the . fuel- as -long as the. fuel

'.Th_é‘

is adequately . cooled.- . -For .. large
amounts of radioactivity to be released
from the- fuel, it -must K be severely
overheated and- essentially ‘melt. Based
.on this knowledge, the major types’ of
nuclear power plant accidents that have
the potential-to cause-large releases of
rad10act1v1ty to the environment have
for . some, time, . been ;' recognized.

Attempting to prevent such acc1dents .and
.to mitigate itheir potentlal .consequences
.have . been,. the, .primary. objectives . of
nuclear power plant safety des1gn. B

<

safety ‘design’ approach for nuclear
power plants has often been described -as
consisting of -three levels of safety
1nvolv1ng (1) the design for - safety” in
noéormal operatlon,— providing tolerances
for system malfunctlons, (2) the assump-
tion* that incdidents - ‘will ndnetheless
ocdcur - and ' the inclusion -of -“safety
‘systems in - the facility-!to minimize
damage -and’ protect ‘the public, and (3)
the ~-provisions o©f  additional -Safety
'syStems to protect the public’ “based -on
“the ‘analysis- ‘of very unllkely acc1dents.
‘The-safety de51gn approach has-also been
"déscribed as- 1nvolv1ng the -use’ "of physi-
‘cal - batrriers ‘(fuel, fuel ‘ ““cladding,
reactor- ‘coblant- - system, ‘contalnment
bulldlng)"'to” attempt ' 'to prévent- the
‘relelsevof radioactivity" £6 ‘thé énviron-
ment.? -'The ‘above  descriptions. are

L o - PR e

1Small amotnts of-'radicactivity; are" re-
leased.:from..the reactor «fuel-or are
‘created by.nettron- irradiation of.plant
.materials: “in -:normal operation.  These
ramounts are .small..'encugh . to: be:.: col-
lected and disposed of with negligible
risk as indicated in WASH-1250, Chapter
4. o T

-
of

2Appendix I, - section: 2 contains.
-discussion of: the 1nterre1at10nsh1p
the various: barriers.
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‘fuel in a shutdown reactor

.reactor.

valid, but both are general statements
covering the detailed concepts underly-
ing reactor safety:design. A-definition
of the locations and amounts of radioac-
tivity in --a nuclear power plant and an
examination of the  processes by which
significant amounts of this radiocactivi~-
ty can be‘released -from . the ~fuel and
transported to the environment outside
the containment building, provides a
somewhat more definitive view of the
various elements that enter into reactor
safety:approaches. .

All the places in which fuel is located
in a nuclear: power plant and the amount
of radioactivity in each location are
identifiable. . This is shown in section
3.2,. which 1nd1cates, that by far the
largest amount of rad10act1v1ty resides
in the - reactor core. A smaller, but
still,large amount of radidactivity 1is
located. in the spent fuel storage pool
at the .time refuellng of the reactor 1is
completed.l ' .In" both these locations,
the ,fuel 'is Sub]ected to heating due. to
absorptlon of energy. from the decay of
radioactive materials,. This continues
even arter " reactor shutdown has termi-
nated the fission process. . This decay
heat can be, the source of overheating in
or in fuel
that has been removed from the reactor.
Immedlately follow1ng the shutdown of a
that has operated about ‘'a’ month

‘or 1onger, the - decay heat’ amounts to
about. 7% of _the prior operating power
level. While the heat has ‘an initial

_for

the rate at whlch 1t is

rapld decrease, after reactor shutdown,
it ‘constitutes 'a substantial heat source
some .time, and continued coollng of
the fuel 1s requlred

OverheatthIOf fuel odcurs only 4if the
heat being generated in the fuel exceeds

belng removed.
Thls type of heat 1mbalance 1n ‘the fuel

H

-'-s RIS

lThere are two other places where small-

er amounts of ‘radioactivity. are lo-
cated; .the waste,gas ‘storage tank and
the 1liquid waste .storage tank. These

are .discussed. in section 5 of Appendix
I.




in the reactor core can occur only
the following ways:l

The
event will allow the fuel to
overheat (due to decay heat) unless
emergency cooling water is supplied
< *:. tot1the core: EIE S S .mf RN
: e ant e e :
-Overheatlng of fuel,can result- ~from
s.transient: .revents: thatrrcause -the
* reactor;power- to:increase beyond the
heat removal capacity of the. reactor
coolingsystem . or ; that :cause:.-the

+ heat-removal.capacity: of- the reactor
~ - -cooling system. t6; drop . below:. the

core- heat generatlon'rate.r,&w e

a.

e - L e

e = CO R LIl A
1ndent1f1es‘?a class of racci-
dents, called loss of coolantvac01dents
(Locas), in which a rupture in the
reactor coolant system (RCS), would lead
to a'loss of’ the* normal - coolant. - The
rupture _would allow the high' préssure,
- high- temperature ‘RCS watéer to-"flash to
steam’ and blow down’ into, the* contalnment
bulldlng. To:’ cope “with this ‘type of
potential- event, al set of systems called

Item a.

englneered safety features ~(ESFs) _are
prov1ded in-each plant. ’A humber of the
enginéered safety features,.as~ well ‘a's

physical:™; processes,:’act +t0. reduqe the
amount of rad10act1v1ty released “to the
,env1ronment should elther a LOCA or
tran31en€ event result in a 51gn1f1cant

release” of rad10act1v1ty from the reac-
_tor core.ﬂ For 1nstance,' “a contalnment
bulldlng ,1s prov1ded to’: contaln -the

rad10act1v1ty released frdm the fuel "and
delay and reduce the magnltude of
release to ‘the env1ronment. Some of the
'radloact1v1ty,' would “be depositéd on
surfaces ‘Within the contalnment bulldlng
or. would be; absorbed by water ‘'sprays,
water pools or fllters prov1ded ‘for ' this
“purpose." LOCAs “and ESFs are discussed
;brlefly in sectlon 3 '3 of” thls*chapter.

“Item”‘b.';ldentlfles a ‘¢lass of events
. called transients. A Huclear plant in-
cludes various electrical .safety cir-

cuits and a system for. rapld termlnatlon

of .the f1s510n process to attempt to_
protect agalnst damaglng 'transrents.
The ESFs, also serve td mltlgate conse—

guences should the transients reésul€’

lIt is possible that some interference
to water flow (commonly called flow
blockage) t0'~the core of-an” “Opekrating

‘reactor mlght -tause ‘some locallzed fuel
“melting. Such-évents would- n'ét : l¢ad -to

-significant’ release of'radloact1V1ty ‘to

" the “énvironment ‘as*indicated’in- sectlon
3 of Appendix I.

in.,,

N it &
P A L T ST ST P
occurrence™of i '10ss ‘of coolant:
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‘ “sients are discussed further in

~reacter building.

~3=7 shows the PWR:RCS'lnSlde a

.1

of the fuel. Tran-

section

severe overheating

3.4, of thlS chapter.(
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The spent fuel storage pool (SFSP) holds
fuel that has been removed from the
reactor and that is being stored until
its heat generation rate. decays to.a low
level at which time fuel is permltted ‘to
be rshipped. to. a, fuel reprocgssing. plant.
The decay,heat rate of ‘the. fuel, 1n’ the
-storage - pool . is much lower than ‘that' of
the fuel in an: operatlng reactor core.
At these xlow .heat rates, the fuel is
adequately cooled by the jpool; water, ‘and

significant; releasesn Qf rad10act1v1ty
can occur:only :.in .accidents. involwving
essentially complete: loss.of water .from

‘“the pool.r,These potential.;accidents are
;dlscussed 1n sectlon 3 5. f““* o s

freRli . I AU

‘For those—readers not famlllar w1th ‘the
phys1cal" features ~Vof’ ‘nuclear~~power
plants, it would be«useful to - refer ‘to
Appendlx IX." However, ‘a small amount of
descrlptlve materlal 1s presented below.
The dranium d10x1de fuel pellets ‘used- in
current reactors arewlllustrated in Figs
3=1y - £-During - norm& Treactor Operation
“the -bulk of -the.’” radloactivity"remains
trapped:+ in- the'' fuel” pellets sinde the
uranium dioxide, a ceramic of high
~-melting . point. . (v5,000°F)., .effectively
-xretains the bulk of the . radloact1v1ty.
A typlcal fuel rod is. shown in Fig. 3-2.

The . gas plenum at the top of the: fuel
.rod collects ‘the small amountﬁof gaseous
,radlgactlvlty ‘that normally leaks from
the. . .fuel pellets during operatlon.
«Flgures 3-3 and 3-4 show. the reactor
coolant systems (RCS) for a. typical PWR
and a typical BWR plant,» respectively.
Flgure 3-5 shows the BWR RCS :inside the
primary containment. The BWR prlmary
containment completely encloses .the .RCS
and is provided with.a,pressure suppres-
sion , pool to. prevent overpressurlzatlon
.0f -the .containment by;.the initial_ steam
‘release . to the containment in the event
of a LOCA,l Figure 3-6. shows-.the BWR
RCS .and prlmary contalnnent 1ocated 1n a
This bulldlng,; some-
times called a secondary containment, is
not really a containment, but- a-confine-
ment building that provides a path by

a
_‘4\\— B e
‘o

~which .radioactivity that leaks:from ~the
~primary containment is: discharged:to .the
senvironment ~through .»filters.; -~and

.18
.~ Figure
.contain-

-discharged. at .an elevated:level.
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Isolation - valwves.uzare.” provided -at
suitable: locations inithose.c RCS..pipes
which penetrate the-containment::




ment ¢ building. =
steam released .in 7 a~ ' PWR. LOCA .-is! not
needed’ torprevent:initial.overpressuri-

zation because of the 1large volume
within the containment. However, sys-—
tems "are provided ..to *iremove. .heat : and
reduce: : ‘the pressure “in-the containment

building. and to: retain-iradioactivity

" that . may:-be'-

Both' :PWR'fand BWR W containments ' are
designed - ~to s have - low .leakage.rates’in
order . 'to =inhibitz the .release . :0of
rad10act1v1ty to thenenv1ronment o
3 2 LOCATION AND MAGNITUDE OF
RADIOACTIVITY P
The fresh uranlum dlox1de pellets zthat

serve:s;as: the . fuel
reactorsareé.only .slightly::radioactive.
However, . during reactor . operation the
fis'sion ‘process. produces:.
of ! radieactivity  in .the .fuel.

ty is

ducts resultlng from ‘the ‘fiésion pro-

cess. Some of the neutrons produced by
the'-fission Process are ‘?absorbed,; to
vdarious' <-degreesi - by istructural and

.coolant 'materials and théreby denerate
radiocactivity.»» This Tadiocactivity - is
genérallyfreferred toras -induced
adt1v1ty.s The 1nduced rad10act1v1ty is

""" Gf+ the® total
radloact1v1ty that«could potentlally be
released from the :fedctor in*'the event

ofit::a. "severe acc1dent and is, ‘therefore,’
not :important. R
While essentlally all the. radloact1v1ty

in' the- plant is initially credted-in the
reactor core, transfer -of ¥ Spent-fuel
assemblies “‘from-: the ~‘core - results in
considerable radiodctiVity'beirig ilocated
in other parts of the plant. The
radloacthlty -inventory "

rtJamount compared €0 the: -reactor'- core,
is located in - the' spent fuel storage
pool (SFSP) which holds fuel that has
been «i«rémoved - ‘from 'the “fedctor and is
awaltlng shipmentto ‘an: off 'site " ifuel
reprocessing facility.,. Thé ‘average--num-
ber of fuel assemblies n ' ther SFSP
constitutes about half of a full reactor
core loadlngr Radioactive"

BY¥ies in :the plant may "also :be.:located
inzthe,spent fuel shipping. cask - which
holds: :up..~to . /about: 10 fuel -assemblies.

The refueling transfer from the.core to
the SFSP involves only a single fuel
assembly,.at a tlme.“ In;addition to the
above,” smaller sources of‘radloact1v1ty
are. normally present ‘at ‘the plant .in the
waste ‘gas  storage tanks (WGST) “ind the
liquid waste storadge tanks ~ (LWST).

These latter. sources result, for exam—
ple,<from leakage of a small ‘amdéunt of
radloact1v1ty from the fuel rods durlng

A'system to quench the

.released:.from the core..

-in the PWR:and BWR

Targe . amounts:
By :far;-
the largest fraction of “the..radicactivi-
assoc1ated with the flSSlon pro-

radio=

-second largest

fuel-‘assem—
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reactor operation, as well :as.: radioac-
tivity ~finducedr:.in - impurities . :in ¢ the
reactor cooling:water. ~ Typical” magni-

tudes .of the radioactive. inventories in
the " above noted . plant locatlons are:
shown'ln Table 3 1 L Sl
sd L) R Lt R
The 'values glven in " 'Table -3-1' - are
typicdl i‘for -4 1,000 megawatts electrlc
(MWe) plant’ operatlng at 3,200 megawatts
thermal ‘{MWE).+ »7In: *addltlon ‘to the
reactor power level, the ‘plant tadioac-
tive inventory depends sllghtly on the
length of power- operatlonchFor example,
~the ‘'reactor core thei total ‘amount-of
radloactivity produced is' directly re-
lated@ ‘to-the.product -of-'the ‘power: level
and time at power.’ However, ‘since --the
radiocactivity ‘decays: to other: isotopes;,
which'are non-radioactive or less radio-
active, an ‘equilibrium-amount of radio-
acti'vity :‘occurs ® when: the ‘radioactive
decdy rate -equals the production. rate.
For.-most of the:' radicdctivity,” egquili-
brium ' has occurred after several mdénths
of sustained -operation. The - reactor
core- radioactivity inventory shown' in
Table 3~1 idg: based- on*: 550 ' days :‘of
sustained -operation  and represents the
expected equilibrium raddoactivity in an
operating - reactor$2 ¢ .The inventory -of
radicactivity in the SFSP- is based on  -a
plant that has 'a:common’ SFSP seiving two
1,000 MWe reactors. The‘aveérage number
of ‘spent fuel-'assemblies stored in the
SFSP is based'on‘“assumed normal unload-
ing - and shipment-:schedules. The radio-
active inventory ‘in the shipping cask is
based on a full 1load of fuel in the
largest shipping ,cask, 6 currently  lds
censed, ., and:- the; shortest .decay period
(150 days) allowed for. fuel shipped in
the - container.., The refueling radioac-
tivity : represents. that amount -in-- a
single: fuel assembly at three days after
reactor shutdown This time is typical
of the'earliestqtime,after shutdown that
transfer of fuel, from the reactor core
to.the SFSP begins. - - ..
Tablé 3-1 clearly shows thdt the reactor
core contains by far the largest source
of radiocactivity in the plant. It also

- S [ Y

P B L SRS AR SR i
lThe:ratio between thé eletrical output
and the thermal (heat) input defines
“the" 'efficienéy"of a plantl Typlcal
eff1c1en01es of - current nuclear rpower
plantSI ‘are * about "31%..-~ The term
megawatt means one mllllon watts.

ZiET PRIV - el

2The
of the full three year cycle that

‘assemblies remain in the core. .

550 days represents about one-half
fuel




shows - there ~ is -a relatively . large
1nventory.of,radioactivityninu:the/ fuelr
in -the: SFSP and indicates :that.potential
accidents of interest..could result from
melting  of-fuel-initiated by ascomplete
loss of water from the pool..« While :the
spent fuel assemblies in a loaded
shipping . cask.constitute; -a significant
radioactive - inventory, . there is onlya.
small potential for. .releasing-.za - small
fraction of this, radioactivity .in an-inc
plant,acc1dent.1L The * radiocactivity ..in
shipping cask,>fuel has , decayed 1long

engough- so that»(alr coollng alone -is
suff1c1ent .to - preclude fuel .-melting.
Howevex,: . the ﬂuell -clad  temperatures

reached -may become -h-igh: enough to cause
claddlng_fallures -~and the release of the
small ;-amount :;.0f gaseous radicactivity
that -collects in-the fuel ..rod -.gap~ and
plenum. - The.postulated acc¢ident related
to refueling transfer-is the .inadvertent
lifting .of, .a -~fuel assembly -completely
out of.:the .water—filled refueling: -canal

or SFSP.2, Convective  -air.- cooling,.and.
heat.. radiation .rare - .also radequate to
prevent’ fuel melting in this. case,  but

cladding. failures and a.relatively small
release. of radioactivity: (from the .; fuel
rod . gap -and plenum) could ‘result. The
rad10act1v1ty in~the waste s:gas: rstorage.
tanks- «{WGST)." and liquid waste -storage
tanks, (LWST) .are: very small compared -to,
the .other -sources.. - Accidents-postulated
for release of radicactivityifrom - these
tanks include . tank :ruptures as well.as

malfunctions that:could involve .release
of the contents of rthe. tank ‘
Although accidents’ that 1nvolve release

of-: radicdactivity from the shipping cask
fuel, the refueling+  process, the WGST
and - the 'LWST - would be troublesome,
particularly to in-plant personnel, none

of these could result 'in ‘public conse-
quences nearly ‘ds-‘serious ‘ as: acc1dents
involving’ meltlng of the fuel in the
reactor core - or’ in the = SFSP. Thus,
although the study - treats accidents
involving all the radioactive sources
listed . in. Table  3-1 (see Appendix I),
e fy T .
1

See section 5 of Appendix I for a .more
complete discussion of potentlal shlp—
ping cask accidents. Tt L

2Many wplants are de51gned in- such.a
manner that it is. phy51cally 1mp0551ble
to completelva1thdraw a fuel assembly
from the water using the normal refuel-

ing equipment. Although the study
conservatively '"assumed that a fuel
"assembly could be- w1thdrawn 1t made

little dlfference to the overall ‘risk
assessment. ‘ ‘ e

~24~

the ensuing-discussion: in . this chapter.
is- directed ' at-potential -accidents in-
voLV1ng fuel in- the;reactor .core and the
SFSP.- R i S ;

Sl KA - - o A .
A dlscu551on.of the potentlal accidents:
covered in _the .study.:'is provided in
section.:3 of Appendix I and-in Addéendum,
I. to this report.. -The discussion:notes
the factors . that were considered: ‘in.
attempting. to - .ensure: that: the: »study
considered all accidents:of -significance
to the. determination: of public.risk.
The identification of all significant
sources offradiocactivity, the facti that
a gross release of radipactivity .can
occur only if fuel melts, knowledge of
the .factors ;that affect ‘heat balances:in
the fuel, - and the fact that mechanisms
that could.lead to heat imbalances  have
been .. scrutinized :for many <vyears,:'all
provide a high degree of confidence that
those .accidents - of151gn1f1cance'to rlsk
have been~1dent1f1ed.,'n', o v

3. 3 LOSS OF COOLANT ACC]DENTS

A LOCA would result whenever the reactor
coolant system (RCS) experiences a.break
or. opening  laxge enough so that the
oolant ~1nventory in the system could
not-be maintained- by the normally opera-
tlng_w ‘makeup -system. . Nuclear plants
include many-engineered safety features
(ESFs)- that are provided -to mitigate, the
consequences of-such .an event. A .. brief
description of the LOCA sequence, -assum—
ing that all ESFs operate as- designed,:
is as follows:

ey s Lot

1.

v ! L cer o,
A break in the RCS would -ogccur..-and
the high pressure, high temperature
RCS water, would be. rapidly dis-
charged into the contalnment.p e

.. The emergency, core coollng system
_{ECCS) would operate to. keep--the
. core adequately cool. 5u.;‘ ) r

. Any rad10act1v1ty released from the
“:: core would be -largely. retained -

the low - leakage containment

building.. TR N : P
- Natural - deposition processes .and
radioactivity removal systems would
: remove the bulk of +the wreleased
- 'radioactivity from the containment
atmosphere. T i c

 Heat removal systems ‘would redude
 “the 'containment ptessure, ' thereby
- reducing, leakage of rad1oact1v1ty to

ot the env1ronment. '

If the ESFs were to operate -as de31gned,

the reactor core would be adequately

cooled and only 'small’ consequences would



result.: However, the -rpotential’' . conse-

quences “could -be much larger ‘' if ESF
failures were to result :in . overheating
o.f. -the reactor core. " The public impact
would depend on a large number . -of
factors which are discussed in detail in

-Appendices I, V and VI.-and -Chapter .5..
Some of the more.significant .factors are

discussed in this chapter.:. =

. . ' A s A
3';"3_;1' LOCA INITIATING EVENTS ' 1L f

There are a number of ways"”; whlch a
LOCA may be 1n1t1ated The most
commonly con51dered 1n1t1at1ng ' event
would bé a°  break ‘in. ‘the RCS piping.
Plplng breaks that could cause a LOCA
range‘ in size from about the equlvalent
of'a 1/2 inch dlameter hole up to "the
>complete severance, of " one of the main
coolant “loop™ plpes (about 3‘ feet ”in
dlameter) 1 Lo LT

Vo e it e

The consequences of failure.of .pressure.
vessels ‘(such as the reactor’'wessel: and
steam generators) have not normally~been
considered in therAEC's ..safety " reviews
since ::~thé ; highT-quality. requirements
applied-in design, -fabrication, and op-
eration of . these: vessels have,.in .the
past, been considered adequate to -make
the ‘-likelihood .of . failure of. these
vessels negligibly small., However, this
study has considered:both the likelihood
and consequences of -.such. -failures. in
order to ascertain-:the extent: to. which
they can potentially affect the "overall
risk from nuclear power.plant accidents.
The effects‘of ‘steam, generator fallures
and. many. types ‘of reactor vessel
fallures as 1n1t1at1ng events- -can_ be
adequately controlled by ex1st1ng ECCs.
systems. However,_large dlsruptlve re-
actor, vessel failures could prevent ade-
duate. cooling of the. core,wand . can
potentlally - _cause . fallure :"of ‘the
contalnment bu1ld1ng.:L itaasi s .

"Jex ST ?,“ S
The = spec1f1c LOCA 1ﬁ1t1at1ng events
analyzed 1n thlS study are- RO 2"

. b DR

a. Large “pipe” breaks:*(G"' td approx1—

mately 3 feet equivalent-diameter)-

PR

lThe maximum pipe diameter varies some-=
~what ‘from.plant to !plant. .i"The..large
pipe break is normally‘iconsidered-to-be
double-ended. This means that coolant
-from. the RCS, is expelled.through both
ends of - the .severed pipe, or: the
,equivalent = of two pipes that are about
three feet in diameter..

b. Small to- intermediate. pipe-breaks
(2" to 6" equivalent diameters).

c. Small pipe breaks (1/2" to 2"
" equivalent diameter). '

d. Large ‘“disruptive reactor vessel
-ruptures. ’

e. 'Gross steam:generator-ruptures.
£, ‘Ruptures»between systems that 1nter—
e face with the RCS. ,

3.3.2 EFFECTS OF ENGINEERED SAFETY
: FEATURES

The:basic purpose of the ESFs,.is, the
same for both PWR and BWR plants.. How- .
ever,. the. nature and functlons of . ESFs

differ. somewhat: between PWRs and BWRs

because of the differences:in the. plant
de51gns.,h A number . of - the ESFs are
included in a group. termed the emergency
core coollng system (ECCS) whose func-
tion, is to. prov1de adequate coollng of
the reactor core in the event of a LOCA.

Other ESFs provide rapid reactor shut-
down and reduce.the containment radioac-
t1v1ty and pressure levels that result

from’ escape-of.the reactor coolant  from
the, RCS ?:mhe following; functlonal
descrlptlons apply to current designs of
BWR - and PWR plants. More . detailed
descriptions, of the ESFs are, provided in

Appendlces I, II and IX.

ST

The ESF functions aré illustrated in
Fig. 3-8. The primary functions they
perform are as: follows: . .

a.  Reactor trip (RT)-to stop the fis-
sion process and  terminate core
power generatlon.

b:  Emergency: core coollng (ECC) to cool
' the corey-thereby keeping the- re-
lease of‘rad10act1v1ty from the' fuel
1nto the contalnment at-low. evels.
- LE S
ci“'Post~ acc1dent rad10act1v1ty removal
(PARR)-to remove - radioactivity re-
leased from the ‘core”to the contain-
ment atmosphere.

d. Post accident heat removal (PAHR)-to
;remove-decay»heat'ffrom_ within . the

.containment, thereby = preventlng
overpressurlzatlon of , the scontain-—

ment.r.

'3_.

Contalnment 1ntegr1ty v(CI) -to pre-
vent. radioactivity within. the con-
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“tainment:] from:~being.disperseéed into.J
the environmental s, = o s

The course of events- ..following: ;a -~ LOCA

initiating event is strongly influenced

by<the .degree of successful.operation ofi.
the wvarious ESFs. The ways - .in which

failures of the above functions influ-

ence thevoutcome:of-LEOCAs. .arerdiscussed:
briefly below. Section 2 of Appendix I

discusses these .invdetail:. ~Reactor-trip:
(RT) is accomplished: by rapid iinsertion

of the reactor control rods. The action

is initiated automatically by electrical

signals:szgeneratedvifiiany. of~a. numbet,of.
key operating variables reachessa-preset

level. The way in which failure of the

RT function affects a Loca 1s

compllcated by al number of factors:® Byt

exafiple; -in¥ the*PWR -failure” of the “RT ™
function™ ih* large T LOCAT ofs-no”
immediate 51gn1flcance since- the reactorﬁ
1s~rap1d1y~shut down by the” loss'of core'
modérator~and ECC watér- ‘contains- boron)
to prevent return“to power. However,«as

discusseéq- fin “Appéndix . I, sectlon T2

there - are—Jc1rcumstbnces 1n Wthh RTH 1s
requlred. ] =T SRR AR K
Emergency “core- coollng (ECC) 1nvolves a
nuinber * oflsystemsfthat dellver a’ supply
of - emergency coolant-‘to the‘~reactor
core. “Both PWR - and BWR plants 1nclude
hlgh pressure systems prlmarlly for

coping’ wrth small LoCAs>and low pressure

systeéms’ prlmarllva for ' lardge LOCAs.“
Together, these syStems can ful’fill” the
ECC requirement over a wide range of

small to large pipe breaks. oL
i s AP T TR K FEE
Post accident radidactivity - removal“
(PARR) is accomplished differently in
the PWR than in the BWR. In the PWR,
this -function-is :performed, K -by systems,.
that- spray. water; ,into.the-containment”
atmosphere. The water. ._spray, ,_whlch
includes a chemical additive for enhanc-

ing-iodine removal,; washes radloact1v1ty

out. of ..the: contalnment atmosphere.‘ In
the _BWR, -this- function. 1s performed by
the- ~vapor . suppre351on pool in. the . con-

tainment and a filtering system associ-
ated~ with-::the reactor ‘building. . ;The,
vapor suppre551on,poolpremoves (some of
the'  -radiocactivity . released’ from s the

ch e N Rt . [ S

11¢. shoald- be' fotéd  here: thati::the
handllngﬁ iof post-LOCA hydrogenvgenera—
tion; "a”funttion’ currently»requlreda in
the AEC licensing process, is.omitted
from the above list inasmuch as it has
no 51gn1f1cant impact on the overall
risk 'assessment performed in ““this®
study.-- See"séction 27 0f’ Appendlx I.
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core. n The filtering .system removes
radicactivity . that: leaks .::from' the
containirent. into . the: reactor . building
before it .. is :iFPeleased -at an-elevated
leve1.1~4ﬂb* R . S ".f”

. Eop eyt T T r'
PoSt acc1dent..heat removal d(PAHRL:Ls

performed by systems that transfer: heat
from heated water: within ithe containment:
to cold water outside the containment.
The containment water that flows through
the primary side “of fhe " heat exchanger
1s taken from .the reactor,. bulldlng .sump

g thec PWR and~ r the . pressure
suppre551on poo} 1n ‘the 3WR ThlS 1s a
parclcu}arly 1mportant,,vunctlon,l 81nce1
fallure uperform 1thlS function can
lead to, ssire  failure ' of . 'the
contalnment and related fallure of. ECC‘
systems. Contalnment 1ntegr1ty (CI)

prov1ded by the contalnment features
that Seérve to~ isolate ‘the contalnment
atmosphere from the outside environment.

Ituis-evidentyrfrom thei-precedings dis=
cussions, sthat ;a-large ‘releaserof.radio=
activity from the: reactor:core-intox.the
containment +iwould ' ‘require. violation<of
theizbarriers to.itherrelease of.i- radioac-
tivity.provided«by:the.fuel pellets; .the
fuel cladding, land: the- reactor coolant
system..” :*Iny cuk¥rent .large .. power
reactors, thevamount:of #decay- heat in
the'? core.+is large. eriough.rso that:it
could/ if ‘not removed, melt.all:of these
barriers.. :and--also. melt: . through- the
bottom:zof -the- contalnment Loy T
R .

o £

.v-v‘",‘w: ’..,!

In early power reactors “the - power level
was about ‘one ¢ tenth that “of” today s
1arge ‘reactors. It was ’thought that
core meltlng’ln those Tow® ‘power reactors
would mot” lead;to “melt- through ‘of thé
contalnment. Further,~'51nce the- decay
heat was- "low enough- to' be " “readily

-transferred through the steel‘contaln—

mént walls €6 the out51de*atmosphere, it
could not overpressurize. -'and fail- the
containment. Thus, if a ILOCA were to
occur,. andjgeven; if. - the . core were:to
melt, thé low. leakagescontalnments that
were prov1ded would have pexrmitted the
release, of *only. .a -«small amount: of
radiocactivitye2 - i o . T vt

However, as reactors grew larger, sever-

al new considerations became apparent.
l:.,»:-,, wvoow oty L ISR L LY oo
~See Appendlx VIII: for,a dlscu551on: of

e
cte b

containment:melt-through. :
: Rt A L
2Other ‘meéchanisms ‘that ‘had” the potent1a1
-to fail contdinmént ‘wefe ndét explicitly
considered: -’ These w111 be dlscussed
later in this sections =& * ° i
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Ther:decay v heat levels were now.so high,
that the heat.could  not be

through:the containment walls.
in:..the: event: ofy accidents;
shielding. was :

~tFurther,
;concrete:
.redquired.around: the out--

side: of the containment .to preventover-:

exposure ‘of-.persons in -the ‘vicinity of:¢
the plant. Finally;:.it . 'became .
that a molten core could melt through
the thick-concrete.containment base, into
the _ground...Thus,: new sets.of requirer
ments camerinto. belng.‘g L e 5,..,4

Emergency aqcore

oollng,gsystems were

needed_to _prevent  core meltlng thlch

could, 1in. turn,. cause-: .fallure of all-
barriers.;to the releaseﬂqfp‘rad;oagt;v1—»
ty. rc:Systems were needed. to.transfer,the-
core ;decay. heat from-the. containment , to

the -soutside:: environment _in. oxder, -to

prevent the:heat- from- producing.internal.,
pressures high  enough: to .rupture the
containment. . Finally, systems_;.were.
needed - to.remove .radioactivity.from, the.
containment-_atmosphere .. in_ order. e to-
reduce the  ;amount that-could, leak- from

the"containment into the- env1ronment

R .-\-4. . "“? T,
Thev-major goal behlnd these changes was
torattempt to. provide:; ESFs designed. so:
that,; :the:z:failure ofi;any:single-barrier
would noet-be likely-rto cause the-failure:

oft any . of~ :the other ‘barrlers. For
example, if the RCS .were to rupture, ECC
systems:::were rlnstalled to prevent the‘

fuel- from melting - and - thereby~,prptect>
the. integrity of ‘the Conta;nment. Other
features:were addedi to aid. thig positive-
objectlve. For..- example, addltlonal
piping restraints and protectlve shields
were required to lessen the likelihood
of ESF damage that"- could? result “from-
pipe. whlp following a large break in_the
RC . Knowledge that! "large_’ natural
forces such as. earthquakes and tornadoes
could cause multlple fallures led .to
de51gn requlrements that ‘attempted to”
re uce the llkellhOOd of dependent fall-
ures' from 'such causes.f‘ Appendlx Ix’
prOV1des more detalled descrlptlons of”
the | above and ‘many more’ of" the, safety
features 1n current nuclear plants.”

“n of ESFs

Ther Aet’ - result of the addlt
reduce

1nrcurrent large reactors was to

the  1likelihood of" acc1dentsrthat could
have 8, gnlflcant publlc '1mpact. N How—'
ever, in’ maklng a systematlc éxamination

of the effects of failures of various
significant combinations of ESFs, .it was.
apparent that there are important inter-
relationships ;between . the;-failure of
various; ESFs_ and either, the-need;for,. or
the. ability. 'of, i;other ESFs:to perform
their:.functions. .. For 1nstance, 4 if

the event of. a LOCA, all ESFs cperate: as
designed.and the .contalnment were: - to
close (i.e.;, -.1solate: and become,essen-

dissipated:

-Yikely -
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tially leak tight), the consequences - to.
the: public would, in general, be .quite
small because very:little: radicactivity,
would besreleased from the core, and much
of- that:-would,be -removed by .:containment.

systems provided for..that purpose. , How-
ever, if electric power -were- to fail,
the: likelihood .of _reactor..itrip and

containment isolation would be.enhanced,

_ but . .the: ECC, - PARR . and .PAHR functlons
could :not :be performed. Thus, the .core
would  melt, . removal of - rad;oactrvity
from the .. containment atmosphere, K would

occur only by natural deposition pro- .
cesses, and the containment could fail
due _to overpressure. e grfvj
R S S

Prlor studles have 1nd1cated that a core
meltdown in a large reactor would llkely'
lead to fallure of . the:. ‘contalnment_
(Ref 1, 2).— .Thus, . a commonly - ~held
opinion.regarding core-melting 1is., that.
such ,anA event would result in.a very
serious . acc1dent with. large'. publlc,
consequences. ’ Thls is. eV1dently one of -
the ,reasons.-that, major. .safety efforts_
have, been devoted to the prevention of
core meltdown ‘and.’ llttle,‘attentlon has
been, dlrected toward the examlnatlon of .
the potentlal relatlonshlps between core
melting:and containment integrity.. . This .
study. has analyzed such relationships
and- has,found that the containment -fail-.
ure ‘modes, :their timing, and,the -poten- -
tial radioactive release depend strongly -
on.-the .operability of the various; ESFs. -
The follow1ng paragraphs 1nd1cate some
general observations. based.on .the, con-
tainment. fallure 1nvestlgat10ns conduct—,
ed in, thlS study - e oy

I JEEN Lol

o e .

3.3.3 MOLTEN FUEL INTERACTIONS

Detalled di:cu551ons of contalnment ‘ihr
tegrlty, .asyxit, is affected by the phy51—1
cal processes resultlng -from varlous ESE
fallures,iTand core- .melting are prov1ded
in. Appendlces I. and,,VIII.:~ Because .of.
the dlfflcultles 1nvolv d . ; 1n maklng
precise predlctlons of the phy51cal APTO=
cesses- ;that accompany core meltlng in a
LOCA, the,K study has not 1nvest1gated thed

potentlal consequences of.. part1al melt—}

ing.of reactor, cores.a-However

been conservatlvely ‘assumed, .

condltlons,zare .such -. that. some‘ core}

meltlng would,,result,-then essentlallyﬁ
.complete core. melt ng . would It

then . follows thatf the coreJcouldbmelt.
through the, bottom of the reactor: vessel.

and through the ;thlck 1ower concrete
structure of the ~containment. =~ Melt-~
through of the containment would be

predicted to occur about one-half to_one
day after the accident, thus providing
considerable. time for radioactive decay,’
washout, plateout, etc., to reduce the
radicactivity in the contalnment atmqs-




phere.’ Furthermore, ‘most” of. the..gaseous.
and partlculate radioactivity that mlght
be released would be dischdrged. 1nto ‘the.:
ground which acts’ as an
ter, ”thus
radioactivity Treleased to.'the
ground environment. Acc1dents4 that
would féllow “this -path- re
characterized by: relatlvely low releases
and consequences. In-plants -
relatively large volume containmentsr
the melt- through path described. above*
would -
of the acc1dent.

As noted above,
would be characterized by low atmospher-
ic releases and-consequences. Follow1ng
this melt-through, theré would be” the’
possibility™ of ground water contamina-

tloh.through a long- “term process of
leaching' of -radioactivity  "from~ the*
solidifying masg of fuel, soil, etc. An~

estimate of:the natlre and timing of:the
leaching processes- and ' the=~
contamination ' levels-: 'that could result-
at a point of humancusage are - pfesented
in Appendix ™ VI% /The - leachlng and
contamination processes would ‘occur over”
an extended” period-of time (several to
many years, depending- 6n the: particular™
radioactive species) and the potential
contamination levels should not be’sub-
stantially larger:
missibl€é - concentrations (MPC): {Refi 3).
The concentrations could potentlally be
controllable ‘to even ‘lower levels.'
Accordingly, ‘the potential -for ground
water contamination therefore -has- been
assessed to have a small coritribution’to -
the overall rlsk

Containments may also fall by overpres-
sure resultlng from various noncondensi-
ble gases released within the contain--
ment as' a result of core melting.
gases’ would arise from’ ‘number of
sdurces. At high temperatures the zir-=
caloy ‘cladding- of the :fuel and the
molten- iron from support ’structures
would " react -‘actively 'with water- ‘to
generate - large ' volumes of hydrogen.
Also, ' in - penetrating the bottom of the-
containment, the molten core decomposes*
the concrete, thus- generatlnf 1arge
quantltles ‘of’ carbon -didxide. For -
small” contalnments, “the .pressure due to’
the comblnatlon of these'two -gases would
répresent -the ‘most likely path to con:

tainment ‘failure. - Even though such’
failures would most likely occur 1n the
lrhis is’ true’ :only for"concrete which’

contains limestone. It 'is not appllca-
ble to basaltic concrete.

efficient . fil- .
significantly - reduc1ng the
" above=, -

' thus '

“that. "have -
represent the most llkely course*

the~melt—through pathﬁ

‘pOtentiadl”’

‘than the maxifium: per-.

* These™
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. t:ran ] 1en‘t

above ground .portion -of -the containment;..
thi's -.would take severadl hours.from the:
time of, core melt. Thus, there would be-
considerable .time available for reducing

the amountiof radicactivity released due:

is not
would

to - decay;-. plateout, . etc.: It
expected that :large. contalnments,‘
be falled by thlS means.

At two key stages .in* the course- - of a
potential core- ‘meltdown there would be:
conditions which would have the :poten-
tial to result in a steam explosion that
could rupturé the reactor vessel -and/ox”
the <containment.! ~These”conditions may:
occur -when molten fuel would fall from
the core région into’water at the:-bottom
of the ‘reactor-vessel or when .- -it-. would

melt - through '~ the bottom of the reactor~

vessel and fdall into water in the-bottom
of 'the containment. It is predicted
(see Appendlx VIII) that if such "an.
explosion  “were to‘occur in the reactor
vessel, it may'be ‘energetic’ enough. -
change = the course- of the accident.

reactors enclosed in
volume containments, it is’ considered:
improbable that a steam explosion out-
side the "reactor ~vessel would rupture
the containment. If- a ‘steam explosion
were to occur within the reactor vessel,

it "is -considered ‘possible that both.
large and small - containments could be-
pénetrated by a large missile. “Such
occurrences might release -substantial
amounts ofiradioactivity to the :environ-
ments + However, these modes of contain-
ment- failure are predicted to have low.
probabilities of occurrence. . .

For

3.4 REACTOR TRANSIENTS

In general, the term reactor transient
applies to any significant deviation
from . the normal operating value of any
of the key reactor operating parameters.

Morei'sﬁécifically, transient events can
be assumed to “include all those
situations’  ‘(except. for LOCA, which is

treated separately) which could lead to
fuel "heat. imbalances.,. ,When viewed in
this way, transients cover the reactor
in. .its shutdown condition as well as in
its various operatlng condltlons.A The
shutdown condition  is 1mportant in the
con51derat10n of transients bécause many.
‘conditions result in shutdown
The - term steam explosion- refers . to a
phenomenon 1n which’ the fuel would have
to be in flnely ‘divided form and
intimately mlxed with water so +that its
thermal energy‘could be efficiently- and:
rapidly deposited: in the water ithus-
creating a- large amount of steam. - .

1

‘relatively <large .

-

-



of the reactor and decay  heat removal
systems - are needed to prevent fuel heat

imbalances due’ to core decay heat.

Transients may occur as a consequence of

an_operator error or the malfuhction ~or’

failure of  equipment. Many transients
are handled by the reactor control
system, which would return the reactor
to 1its normal operating condition.
Others would be beyond the capability of
the reactor control system and require

reactor shutdown by the reactor protec-
tion system (RPS) in order to avoid
damage to-the reactor fuel.

In safety analyses, the principal areas

of interest are ’‘increases

coreé power (heat generation),’
in coolant flow (heat removal)-
reactor coolant system (RCS) pressure
increases. Any
tially result .from a malfunction or
failure, and they represent a potential
for damage to the reactor core and/or
the pressure boundary of the RCS. 1In
this study the analysis of reactor
transients has been directed at identi-
fying those malfunctions or failures
that can cause core melting or rupture
of the RCS pressure boundary. Regard-
less of the way in which transients
might cause core melting, the conse-
guences are essentially the same; that
is, the molten core would be inside an
intact containment and would follow the
same course of events as a molten core
that might result from a LOCA. This
fact greatly simplified the determina-
tion of the transient contribution to
the risk since it permitted the
elimination of many transients from the
risk determination solely on the basis
of their relatively 1low probabilities
compared to those of other transients.

decreases

In this
is assessed to fall into either

study each potential transient
one of

two general categories, the anticipated
(likely) transients and the -unantici-
pated (unlikely) transients. The large

majority of potential transients are
those that have become commonly known as
anticipated transients. There are cur-

rently about 10 such occurrences per
year at each nuclear power plant,
including a few planned shutdowns. Some

of the individual types of events, such
as loss of offsite power, that contri-
bute to this total number are relatively
less 1likely to occur. All other tran-

sients are considered to fall into the
unanticipated transient category. As
shown in section 4.3, Appendix I, the
relatively 1low probability (unantici-

pated) transients can be eliminated from
the risk determination since their

in reactor -

and’

of these could poten-_ -
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is
more

potential contribution to the risk
small compared- to- that of the

likely ‘(anticipated) transients that
produce--‘the ' same consequence. Similar
considerations of the relative probabil-
ities® 'permit elimination of most of the
anticipated ' transients from the risk
determination. The transiénts that were
found to be important to the risk as-

sessment are identified in section 4.3,
Appendix V. These are the anticipated
(likely) transients that involve the

loss of offsite power and loss of plant
heat removal systems.

3.5 “ACCIDENTS INVOLVING THE SPENT
. FUEL STORAGE POOL

. In section 3;2;§Heifspéht_ fuel storage
'pool

‘i's identified as having a
radioactivity inventory,
amount to the reactor core.
the decay heat levels in
freshly unloaded fuel assemblies that
may be stored in the pool may be
sufficiently high to cause fuel melting
if the water is completely drained from
the SFSP. Because the maximum amount of
fuel stored in° the pool immediately
after refueling is smaller than that in
the core and because it has had time (72
hours minimum) for radiocactive decay, it

(SFSP)
significant
second in
Further,

is a less intense heat source than a
reactor core (about one-sixth) and
therefore melt-through of the bottom
structure of the pool would occur at a
much lower rate and, in fact, may 'not
occur at all. On the average, fuel in
the pool will have undergone about 125

days of decay, and it is questionable
that such fuel would melt. However, to
assure that the risk would not be
underestimated, it has been assumed that
even this fuel would melt.

Although the pool is not within a con-
tainment building, filters in the SFSP
building ventilation system and natural
deposition of radiocactivity within-' the
building both aid in reducing the amount

of radiocactivity that might be released
to the environment in the event of a
spent. fuel accident.

The analyses of accidents that could

potentially lead to loss of fuel cooling
in the SFSP are discussed in section 5§
of Appendix I. The most probable ways
in which such accidents could occur have

been determined to be the loss of the
pool cooling system or the perforation
of the bottom of the pool. The latter

could occur, for example, by dropping a
shipping cask in the pocl or on the top




edge of:the pool,- . Both ;this. typejepiu permit the Jlowering.of ., the .pool .water.

accident and- the doss oficooling capar level ko contlnue uncorrected for, about
bility, are.of low likelihoeed.; .The.lossy two weeks — the . approx1mate . }tlme
of, coollng capablllty,; Whlch has been, required to “boil off the SFSP water if
determlned to be somewhat -more, probable,\ Coollng capablllty 1s lost. Chapter .5
requlres that a number of, audlble alarms. will’ show . that, the size _Of ,such
be. 1noperat1ve or 1gnored and that,‘the potentlal acc1dents are smaller than

v1sual observatlon bed

those that could 1nvolve the core..i

1. Ergen, W. K., et al., "Emergency Core Coollng, Report of- Adv1sory Task™ Force““on
Emergency-Core- €ooling, " 1967, USAEC.

AT Lol ORI ST
2. Morrison, D.'L.; et -aliy "An' 'Evaluation of thenAppllcablllty of Ex1st1ng Data toiu
., the Analytical Description ; of a Nuclear—Reactor: A001dent Core: Meltdown Evalua-
o tlon " Battelle Columbus Labs‘,’BMI 1910, July 1971

et
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TABLE 3-1 TYPICAL RADIOACTIVITY INVENTORY FOR A- 1000 MWe NUCLEAR POWER REACTOR

. Total Invéntory (Curies)

‘Fraction of Core Inventory

Locatioﬁiﬁ;?S f;ngéli Gap . . :Total " ‘Fuel Gap Total
core () ! “x 107 1.4 x'10%°. 8.1 x 10°° 9.8 x 1071 1.8 x 1072
Spent Fuel ¢ -0 (.. s , T
Storage Pool. e T . : - ‘ P : BT T _
(Man)?b) ; 1.3 x 10°. 1.3 x 10° 1.6 x lOv{ 1.6 x 19;5;5«1;6 107t
Spent Fuel i o SR oo
Storage Pool - L ) é" S ~,ﬂ;4 _7
(avg.)y (e oo 306 x 10 % 10 4.5 % 10 ‘10 4.5 x 10
Shipping Cask‘®% . 212 x 107 x 107 2.7 x 107 x 107° 2.7 x 1073
Refueling(®)’ 2 x 107 2.7 % 1072 2.7 x 1073
Waste Gas . AT , T i} . “,4_ S 5
Storage Tank.’ .. .. =7 oo lipegi s il 0,903 %0100 P O S 1.2 10
Liquid Waste ' 1 -8
Storage Tank LT - 9.5 x 10 - - 1.2 10

. Aot T oD T nT e T . L B R AR
B N S Y N e

(a) Core inventory based on activity 1/2 hour after shutdown.
(b) Inventory of 2/3 core loading; 1/3 core with three day decay and 1/3 core with

150 day decay. . :
(c) Inventory of 1/2 core loading; 1/6 core with 150 day decay and 1/3 core with

60 day decay. -
(d) Inventory based on 7 PWR or 17 BWR fuel assemblies with 150 day decay.
(e) Inventory for one fuel assembly with three day decay.
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FIGURE 3-1

i

Uranidm Dioxide'Peliets Used for Commercial
Water Cooléed Nuclear Power Plants '
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Typical Fuel Data

Overall length, in.

QOutside diam., in.

‘Metal wall thickness, in.
Pellet diam.,.in.

Pellet length, in.

Pellet stack height, in.
Plenum length, in."

Fuel rods in fuel assembly
Fuel rod pitch, in.

Fuel assemblies in core

FIGURE 3-2 Cutaway of Fuel Rod Used for Commercial
Water Cooled Nuclear Power Plants

PWR

149.7
0.422
0.0243
0.366
0.600
144
4.3
204
0.563
193

BWR

" 164
0.563
0.037
0.477
0.5
144

16

49 ---
0.73
764

-33-

End
Cap

Plenum

Hold Down

Spring

Uranium

Dioxide
Fuel

- Pellet

Gas

Gap

Zircaloy
Cladding




¢
- . A FRS =Y B 1
-4 .
- o IEYEN g
FaRE W
P PRTIEIEEN o + e - -
fer e _.-—Steam Outlet {to furbing) ' PR U
Y B Lt . .
p S S
HR D !““},". VO RO T e :‘,5'.-‘ R

Steam.*Outlet 7 &0

Steam Generator:, R
S (to tlugbine)

FRPE R e

N .
f’-.v,\ ' 14"_" .

M

Feedwater Inlet ™’ .
(from condenser)~’ s
[ Nt

-
N G R E

K Feedwater inlet
B{from condenser)

Main Coolant Pump

Pressurizer

(el S

Reactor
Vessel

;'F;lGURE 33 Schematic of Reactor Coolant System for PWR

¢

1 [
. i
.

-34 -



JET PUMPS

RECIRCULATION -~
INLET o

RECIRCULATION
OUTLET

L RECIRCULATION’
. PUMP :

T3, euEn
A L K I

2 SUGTION VALVE

BYPASS VALVE
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=35~




§
v A/Rooc'or Vesse

Dry WeH

Pressu e Supp uuiop Pool

FIGURE 35 Schematlc of Reactor Coolant System for BWR - Inside of the
Prlmary Contalnment

~36-



FIGURIF; 36
Enclosed
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‘Chapter 4

4.1 INTRODUCTION

This study has divided the work into .a

number' -of tasks whose results were
combined to produce the overall 'risk
assessment., The detailed technical work
of each task is reported in the appen-
dices of +this report. This chapter

describes the methods used in each . task-

results of each were
the final 7result.

and - the  "way the
combined to produce
This discussion is brief; however
Addendum I to this report provides a
detailed overview of the entlre method-
ology used.

risk determination was divided into
441

The
the three major tasks shown in Flg.

Task I 1ncludes the identification of :
potential accidents and the gquantifica~'
tion of both the probability and magni-
tude of- the associated = radioactive
releases to the environment. The major
part “of the work of the- -study was

devoted to this task. The organization

of the work and the methodology used are

discussed in sectlon 4.2,

Task II uses the radioactive source term
defined in Task I and calculates how the
radioactivity is’- distributed ‘in ~“‘the
environment and what effects it has on
public health and property.  The method-

ology used is described in section 4.3. ~

Task III combines the ‘consequences
culated in Task 1II, weighted by their
_respective probabilities to produce the
overall risk from potential :nuclear
accidents. To give some perspective to
these results, they .are' compared ‘to a
variety of non-nuclear risks. The: task
is described in section’4.4; .o

4.2 QUANTIFICATION OF RADIOACTIVE
' RELEASES

The objectlve of thlS ‘task ‘is‘ to” gener-.
of the- form shown in

ate *a histogram,-
Fig. 4=2, which shows . the probability
and magnltude of the various: accidental
radioactive releases. . The lSOtOplC com-
p051t10n,1" elevation "of -the release

- <y
= T . Z - ¢

lTaske

calculating releases and consequences
as -indicated in Appendix VI.

cal--

I and II consider 54'isotopee‘ih ‘

" single

- shown in Fig.
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point above ground level and the timing
and energy content associated with the
release must also be determined to per-
mit the calculation of consequences due
to the releases. I

This histogram could be determined for a
type of accident (such as a loss

By combining many
obtain a composite
important contribu-
tors. Since the histogram could be
different for the various isotopes
released, a full characterization of all
accidents could involve a large number
of such  histograms. A significant
effort was devoted to combining all
isotopes and accidents into a single
histogram for each reactor. This work
is described in Appendix V.

of coolant accident).
accidents . one can
histogram for all

To generate a composite histogram of the
type shown in Fig. 4-2, the methodology
employed must in principle be able '"to
identify the accidents that can produce
significant releases and determine their
probability. To do this for all acci-
dents in a system as complicated as a
nuclear power plant is a formidable task
because of the very 1large number of
accidents that c¢an be imagined. The
problem becomes more manageable, how-
ever, when it is realized that, of-this
large number of potential events, ‘many’
have trivial releases, many are illogi--
cal - (i.e., violate ' known physical
conditions) and others have very small
probabilities compared to accidents
which result in ‘essentially the same
release magnitude.  To ensure that
unnecessary analyses are not pursued,
the methods used must provide a way for
logically eliminating acdcidents that do
not significantly contribute to the
radioactive source term. -

The characterlzatlon of the. radioactive
releases 'was : divided into-the subtasks
-4-3, which also'r indicates".
the report appendix applicable to each
subtask. »The logic for-r selecting  the
initiating events . is - discussed in
Chapter 3. A logic' diagram -called an
event tree was developed. for-those -ini--
tiating events that involved complex
interactions.1 The event tree defined

lEvent. trees' willibe deeoribed further
herein. They are also -described in
considerable detail in Appendix I.




the possible sequences of events subse-
guent to the initiating event and re-

sulted in the definition of a number: ,of
possible accident sequences, many of
which produce core melt. These . sys-

tematically defined core melt sequences
provided a~ basis for -analyzing !’

melt and for determining tHe containment

failure modes ‘and the timing of'variou@
other events (Appendix VIII). " THis :
information allowed completlon of the
definition of accident - sequences. ‘These

the -
physical processes occurring during::core -

completed sequence definitions‘then per— ::

mitted, ‘on thé basis of  experimental
data,
activity that would be released from the
fuel (Appendix VII). These releases,
thé containment failure modes; ' and - the
timing ‘of variou$ events provided ‘input -
to a* computer code called CORRAL " which
calculates the amounts of the various
types of radloact1v1ty released to “the

env1ronment (Appendlces V and VII) e

LD RS

To obtain the probability _of “a
release, it was necessa;y‘to;determine
the probabilities of various accident.

estimates of the amount of -radioe- -

ngén*

-

e

sequences identified in the, event trees. .

These :probabilities were generally
tained through the . use
analysis : (discussed . herein

Appendix  II). Fault tree

and

ob- .

of fault tree

An.
analysis

produces a, logic diagram to whlch fail-. |

ure  rates,
and other values
combined . to

probabilities..:
assigned to system
assumed that the equipment was

can be. assigned,
derive
Since the failure .

properly.

appropriate time,-intervals, - ;
.and
system. failure

.rate ;..
components usually -

designed and qualified for those aspects. .

of nuclear service that
check was
components,
verify that
adequately met.

are .

systems, and structures

1 This effort was called

the. design, adequacy task and is de~
scribed -in Appendix X.

A key step in the debelopment,of system
failure probabilities 1s gaining an

understanding of any dependencies:

unique,:--a,
made on a selected number.of .

v

to
such.requirements -had been ...

be-

tween failures. . -Such dependencies,
known as:common mode . failures, are known -
to exist 1in’ .and ; between:. the systems

modeled in the-fault trees .and the event: -

trees. .
in identifying~-such dependencies
accounting for-their effects.

1Componer)t failure rates were also modi-
fied- when -.the  -C
accident environménts; " which’

is~
scribed in Appendix III.

Considerable effort was expended -
and -

“componénts experienced -
‘de~
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.simply as, implied by the

It should be recognized that the steps
indicated in Fig. 4-3 do not flow as
sketch. For
example, "it was often not obvious which
accident sequences were important and
which made only neglibible contrlbutlons
to risk. Thus, many seéquencés..
analyzed under a set of pessimistic,
simplifying -assumptions.  Those
showed - up-

were . then

tailed,

.reanalyzed using more.

realistic. methods.

.sequences that
to .

accident
contributors .-

determine the
were. ‘the dominant --
probability of :occurrence
consequences, * '

P

The - event tree
described below are used to
tionships between component and system
failure probabilities as well:as,
actions between. various systems.
implementation of these methods

requires
plant construction. Thus, for that part
of the analysis. requiring this detailed
1nformatlon, the . study has used, as
indicated in Chapter ‘I, a particular PWR

The
often

and a.particular BWR as typical of each
of these classes of plants.
4, 2 1 DEFINITION OF ACCIDENT
SEQUENCES - EVENT TREES
A majoi element,in thel characterisaticn,u

of -the
with potential nuclear power plant acci-
dents is the identification
accident sequences that can
influence the public's risk from such
accidents. - The  study employed event
tree - methodology as the principal means
for. identification - of the
accident sequences..

An event tree 1is .a logic
identifying the . various
comes of a given-event which is.
the initiating event. The number of
p0551ble final outcomes depends upon the
various options ' that are.
following the initiating event.
technique has been used w1dely

possible out-

This
in

business where the initiating event is.a --
;and the-
-subsequent.

particular. business ° decision-
various outcomes depend. upon

decisions.- :.In business applications: the
trees are: known as-decision trees (Ref.
1).
ty studies the initiating event is
erally a system failure and the subse-
qguent events are, for the most - part,
determined by system characteristics and

gen-

engineering data. “In‘"this study the <
trees.. ‘are .called' event -trees, and a -
particular sequenceffrom the .initiating

were:

radioactive releases associated.

me thod 'for,

o that s
as - significant contributors. .,
wde=. |
A number of..

such iterations were often necessary: . to

the -
of ~various-.

and fault tree metﬁcés '_
show rela- ;.

inter-., .

knowledge-about the details of .

cof the -
potentially.

significant

called ..

applicable: .

In- the appllcatlon to- reactor safe—ul



event to a': final outcome is- termed an -
ac01dent sequence." :

~th1s ‘study the appllcatlon of évent
trees was'limited ‘to thé analysis’ of
potential acc¢idents’'involving the reac-
tor core: For this purpose it was found-
converiient to: separate thé event trees”
into'two types of trees.® The first 'was
used - to - determine " how potential acci-
dents were affected by failures in major
systems,  'particularly ' the engineered
safety.systems. They cover-the signifi--
cant -LOCA and transient initiating
events.f - o o7
These trées Weére supplemented with a
second. type - of tree, the
event tree,Ato provide combined accident -
sequences from the initiating
re'lease of, *radloact1v1ty from' the con-
tainment.,” 'This procedure is described’
briefly below and in greater detail in-
Appendix I and Addendum I to this
report. It produced -a list of system—-
atically defined sequences 1leading to
the:-release” of
environmeént. - The list of ‘these accident -
sequences’ :is found in Appendix V.‘ The -
starting point for the development of an
event tree '  is the event (failure):that
initiates a- potential.’' accident situa-
tions
either a reactor coolant system: rupture ’
that results: in- a LOCA or any of a
number of reactor transients. - The. ini-
tiating'- events of particular sighifi-
cance' have been discussed-briefly 'in the

Chapter '3 sections ‘' treating LOCAs.”and
reactor transients.. - Appendix’Il provides
more - detailed. ~information  Ton’ the

selection of initiating events for. the.

development of the system event  trees
and on the development of event trees
for use in® the study. e . ’
The application of . event.trees'in deter-
mining ~system  operability feffects  on
potential -accident " seguences iis »illu-:
strated'* by - the' following:

a large’pipe break ‘in the primary system
of a reactor.. . The first step in devel—
oping ‘“this:fevent' tree is-to determine
which. systems might .affect .-the subse-
quent course.of events. ‘In ‘this example -
these ‘are station -electric : power;, the
emerdency .- core- = cooling /tsystem,. the
radiocactivity removal system,. ‘and - the
containment “system. : Through aknowledge.

of these systems it is.possible to order.
them ...in the-time sequence :in which ‘they -

influence the. course -of events. : They "
are ordered ' im this way .across: the-.top
of Figqg.
which the upper branch represents
success and the lower branch represents
failure of the system to fulfill.its

containment-’

event to -

radioactivity! ‘to “the"’

The initiating event is basically

4 simplified -
example. in’which 'the:initiating event is- .-

4-4 which shows event - trees ' in..
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function.’ ‘the - absence of other
constraints there -are- 2({n=1) accident
sequences, where n is the hnumber of

headings: (functions,'systems; etc.) in-
cluded on the tree:i: Howéver; there - are
known  relatidnships -(constraints) be-

tweén system functions.’
station electric power fails none of the
otheér.systems can operate because
depend: upon power: Ih addition to such
functional relations- there may also be
hardware common to more- than one system.
Once  these functional-- and- hardware
relationships ~are incorporated, many of
the chains shown in 'the upper tree of
Fig. ‘4-4 can be eliminated beécCause they
represent 1llog1ca1 sequences. Such
sequences are eliminated in ‘the lower
tree “shown in Fig. 4-4. Note that
elimination of  the “choices follow1ng
fallure of electrlc power reduces the
number of sequences by" about half.

The probability of failure of each sys-
tem 1is--indicated by the P values noted
in Fig.-4-4. The probability of success
is (1-P) since it.-is
system operates successfully if it does
not - not. fail. "If the 'events (failures,
successes) are independent then  the
probability of occurrence of a given
sequence’ is the product of the probabil-
ities of the individual events in that
sequence, as 1indicated 'in Fig. 4-4.
Since ‘the failure probabilities are
almost always 0.1 or'less it 1is common
practice to .approximate ~(1-P) =1, as
shown in Fig., 4~4,. The probability of
occurrence of ‘each ' system failure 'is
shown to be different in each .accident
sequence 1in :which it appears.. - This is
done to accountifor.the differences in
system -failure probabilities that may
occur: due to:the differing dependencies
in each acc1dent sequence.

It should be noted that as 1nd1cated by
Fig. 4-4, the study' developed event
trees in whlch each -branch- p01nt pro-
vides only: two options,:system? success
or-system failure.
given - to: the.
success may occur ‘within ‘<am:-
sequence. .
conservatively assumed to - lead™ only to
total core melt .or .  no core melt, but
never to partiali core- ‘melt. This “has
been - done .because uncertainties in 'the
calculational- methods “‘preclude predic=
tions ‘of the -'detailed conditions that
lead to a partials:core melt. Similarly,

because - of -the difficulty in calculat-
ing, * with . reasonable:certainty, i the
effects of: partial system:failure; the

study has treated‘all such  gquestionable
cases of system operability as complete
system failures. Since most applicable

‘For example, if -

they

assumed that a-

‘-No.consideration  is :
+fact ‘that partial system:' -
accident: -
Thus, an -accident 'sequefice -is-




systems involve .considerable redundancy, .
the basic procedure involved, determina- |

tion of the
equipment that must -be -operable. -

fraction of. the redundant
to

assure . successful function of a partics-
The probability of- failure. .
is the probabilitythat.-
the system is in a condition -with . less:
equipment. .
treat-.

ular system.
of the system

than- -this.. fraction - of the
operating. .- This success/failure
ment can . significantly . affect . the
overall. risk assessment.
accident sequences
contributors. to  risk,
fraction
found to have-ran insignificant effect on
the risk, the fact that. their analysis
was. done. conservatively has a negligible
effect on  the -magnitude :of the.total
estimated. risk.- Those, accident
quences, that were.
importantly to the risk’ werée '
- to further analysis in an attempt to
remove any unwarranted conservatisms.

..Since

If the event tree has been. constructed :

with detailed information, ‘the series of
events . in each accident sequencewould
be well enough defined -so that it is
possible. to calculate the consequences
for that particular series 0of events.
For example, the bottom sequence in.Fig.

4-4, -where no core cooling would . be
available, can be shown to result in .
melting of the core-and the fraction. of .-
core radioactivity that would be
released can be calculated. Since, as

pointed out 1in Chapter 3, the molten
core would violate the containment,
accident ;could produce a release of
radioactivity outside of. the contain-
ment. The mode of containment failure
would affect the overall probability. of
the sequences as well as the magnitude
of the release. The event tree there-
fore provides a  definition
possible accident sequences from which
the radicactive releases to the environ-
ment can -be calculated and, 1if the
failure probabilities .are known, the
probability of each release can also be
calculated. Again, it should be noted
that this example is - greatly simplified
for illustrative -purposes; the actual
event trees for this and other cases are
discussed in great detail in Appendix I.

In;sﬁmmary, the event treéS‘,wereV the :

principal vehicles, supplemented by ad-
ditional analyses, utilized for. achiev-
ing, . a systematic determination.of the
radiocactive release magnitudes - 'and

probabilities . associated with potentialai
They.
first were utilized to identify the many -

nuclear power - plant: ,accidents.

possible significant accident sequences.
Then, ' :through an iterative process in-
volving successive improvements in

only through.
.which are important.
a- -Jlarge

of the,sequences -analyzed were;.

se-
found to contribute.
subjected,

of. theA:

-the'

the 4
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definition of failure probabilities, the
incorporation of system interactions .and
the resolution of physical process
descriptions, they provided for . the
identification of those accident se-
guences  that are important to. - the
achievement of a realistic risk assess-
ment. . These selected accident sequences
served as the basis for determining the
magnitude. of ,applicable radioactive
releases (section 4.2.3).-. They also.
served as the vehicle for combining . the
initiating . event . probabilities, system
failure probabilities, and containment
failure probabilities into the composite
probabilities applicable to the radioac-
tive releases. With respect to system
failure probabilities, the event trees
were the.principal means of identifying
the various system failure definitions
needed in:.the fault trees that were used
for determining system failure probabil-
ities. - .

4.2.2 . PROBABILITY OF RELEASES

As- noted previously, there were a large
number: of;iterations in:various parts of
the risk . assessment cycle described in
this chapter.: These iterations were
necessary. in 'order to determine the
dominant accident sequences for wuse in
the final'overall risk assessment. The
methods described below were utilized in
this iterative process and aided in the
selectionof the dominant accident se~
quences., However, . such iterations. and
other exploratory analyses are neglected
in thé following -discussion, which is:.
gernerally concerned with the determina-

tion of -the radicactive release proba-
bilities for . the final overall risk
assessment. -

The final risk assessment is based on a
number of different release categories.
Fach of these release categories 1is
associated with a specific type - - and
magnitude of release (see section  4.2.3
and Appendix V).. The final risk assess-
ment requires the probability applicable
to each of these release categories.. In
general a " specific release category
applies to many accident sequences but,
because of the wide range in probability
of occurrence of these sequences,-it is .
found that only a few sequences deter-
mine: the probability of occurrence of a

particular category. Thus, ‘the . deter-
mination - of the - release probability
associated with ..each release category.

required the determination and summation
of. the probability of occurrence of each
of .. the dominant accident sequences in .
the category. . : ‘

The 'pfbbability of . occurrence of an
accident sequence . is composed of the.



initiating event probability, the fail-
ure probabilities of systems included in
the . sequence,  and the
failure probability. The
for LOCA initiating events such as pipe
breaks, vessel ruptures, transients,
etc.; were determined
appropriate failure rates from available
failure rate data. The large majority

of the system failure probabilities .were:

determined with -the aid. of the fault
tree technique. - This -technique, dis-
cussed in the next section, is suited
for ' analysis- of failures of complex
systems., To

systems
event tree
special
purpose . of

accident sequences, many
determining, significant
common mode  failures. ‘These analyses
are discussed in section  4.2.2.3.:
applicable containment failure modes are

largely determined by the accident

seqguences and the various. physical :
processes that can result from the.
accident - sequences. The basis for the

likelihood of containment failure modes
was determined by - fault trees and by
the analysis performed in Appendix VIIT,
which analyzed the applicable physical
processes. - -

i

4.2.2.1 Fault Trees.

4.2.1 the event
system ' failures

As noted 1in section
trees define " certain

whose probabilities are needed to‘deter-.:
In this study the fault

‘mine: the risk..
tree method has been used to estimate
the majority of these failure probabidi-
ties.. The methdd uses a logic that

event trees. Given a particular:-fail-'.
ure, the . fault: tree method-is used to
identify the various combinations . and

sequences of .other failures that lead to
the given.- failure. The technique - is
particularly suited to the analysis-of
the failure of complex systems; The
effective utilization of this logic re-
quires thatithe analyst have-a. thorough
understanding of " the system components
and. their functions. This section gives

a general. .discussion of the -fault tree.

method. . A more.detailed .discussion is
provided in - Appendix II and Addendum I
to this report.

The -fault tree method is illustrated in
Fig. 4-5 which shows the first few steps
of a. fault tree - concerning. loss
electric power to all engineered
features (ESFs). - In - this

known that the electric power

to ESFs

containment"
probabilities’

- .by  deriving

account for probable de~ .
pendencies in failures-of components and:
involved in the-:fault trees.and

analyses were performed for: the

The: -

is -
essentially the reverse of that used in-

of-.
safety-
case it is:
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both alternating current
(AC) power and direct current {DC)
power., The AC provides the energy
needed but the DC is required by the
control . systems which turn on the AC.
Thus, failure of each of these systems
appears in the first level and they are-
coupled to the top event by an OR gate.
This symbol signifies that either one
failure or the other (or both) can cause
the top event and: that the probability
of the top event is, to a close approxi-
mation, the sum of the probabilities of
the two events in the first 1level.
Thus, i1if Pac = 0.001 and Ppc = 0.001,
then Pgp.=:0.002., The EP failure proba-
bility .can be computed in this way if
there are sufficient failure data to
determine Pac and Ppc directly. How-
ever, _in general, such failures have not
occurred. often: enough to provide mean-
ingful statistical data and therefore,
the analysis .must proceed to lower
failure levels. The next level is
developed only for loss of AC power. In
this case it is known that either off-
site power (the electrical grid) or
onsite power (the station diesel genera-
tors) can supply the needed energy.
Failures of these systems are therefore
coupled by an AND gate, indicating that
both would have to fail in oxrder to
produce the failure above.

would require

method 1is used to
develop the trees until they have
identified failures for which statisti-
cal data exist to .determine their proba-
bility. In developing the tree, consid-
eration 1is given to intrinsic component
failures, human factors and test and
maintenance. Detailed discussions of
this point are provided in Appendices I1
and III. The probabilities of the
failures are then - assigned to the
appropriate -.elements of the tree and the
probability of the top event 1is calcu-
lated. For complex trees, such as those
involved in this study, the aid of a
computer. program. is. utilized for com-
puting the: top event :probability. In
general the individual probabilities are
obtained from “a . limited .amount. -  of
experience . :data - so . they have an
appreciable -uncertainty associated . with
them. A-computer code.used in the .study
propagated these uncertainties using a
standard statistical procedure and
determined an uncertainty for the system
failure probability.

The above basic

Fault trees weyei'developed ’for_~élmost
all the major—individual systems repre-

sented in the: event  trees. .. These
systems 1include the -.various ESFs and
some of the normally operating plant
systems. In some cases several differ-

ent versions of a given system fault




tree: were ' required, depending upon the

accident conditions  -prevailing.-at:® the’

time the -system failure.is postulated.

For example,.the probability of <failure:
of 'the. ECCS 'may be different depending

upon whether the containment spray. - sys-—
tem operates:or fails. Such differences
have: been’accounted for in the-study. -

There  are a number of limitatiéns in-
applying fault trees to:a. risk: assess-.

ment of  nuclear power plant accidents.
The most important drawback is- ‘probably
that. detailed fault trees. for complex

systems are very time consuming to:
develop. Furthermore, there are-differ—
ent ways -in which. ‘the 1logic can ’‘be

developed. Thius two different analysts

are likely to produce " different.“trees. -
Although. both

for the’. same "'system.
trees may- -be.logically correct. and Tpro-
duce. the same system failure probabili-
ty, the fact that they appear' to be
considerably different can be mislead-
ing. o o o

As with event' trees, serious errxors can
be made if it is -
failures are -independent.

amount of.the-effort in this study ‘has
been expended  on the search for common
mode failures. The fault trees and

have been extremely useful
those common mode
.contribute to the

event trees
in helping define
failures. that can
overall risk.

As with event trees, there is.no way of-

proving ' that. a complex fault tree
includes all -the significant paths to
failure. Generally, at some point 'in

the analysis, the analyst must-truncate
his fault tree by. assuming
events are not significant. Thus,

accuracy of the tree depends appreciably

upon the skill and -experience of the
analyst. Any modeling, of. course, ~de-
pends upon ' the skill of the-analyst,

however it. is particularly important for
fault trees where few explicit.rules - and
guidelines exist.
on the logical- adequacy and completeness
of a fault tree is obtained when it

quantified and subjected to sensitivity
studies.: In 'general .- all ‘the v.trees"
constructed in this study were ‘found to

go into more detail than was.needed:
4,2.2:2 Failure Rate-Data.

The study utilized failure rate data in
two - principal ways. ~-They* were used

directly to -establish the ‘probabilities:
for which-

of major evénts (failures)
fault trees were not constructed: -Such
uses’ - included thé determinations of the
probabilitiesof initiating:events
as pipe breaks and ' reactor - vessel

assumed -+that - all:
A substantial .

certain-
the -

"Howeveér, a good check"

is.

such. .
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ruptures. However,.. the majority of
failure .'data -was.” utilized as. input to:
thé:fault trees.so that - the- probabili-
ties ‘O0fr.the .system . failures could be-
determined.. *This ‘failure-data
estimates” of
errors, - and- »testing and

maintenance
contributions. T .

¥ L . - B B

The accuracy.of-the fault treesmethod is~-

highest wheén: component failure rates-are
based'on data.obtained from failures in
systems- identical  to :the one" under
analysis. In the case of
experiencetof a
years is mnot —sufficient by (itself .to:
provide “statistically meaningful proba-
bilities -for most of the required-
component + failure rates. -It.has there-
fore beén:'.necessary to -also 'use
from', a. ‘much broader:base of industrial
experience." o ' : - :
In .-this' study- extensive searches have
been made for sources of failure ‘rate-
data. These are.discussed.in detail:in.
Appendix IIT. Each source -has‘’ been-
investigated . to. detérmine its. appro-
priateness.for application® "to ' nuclear-
plants. _The conditions’ .of service of"
most of the components in  reactors are
similar to conditions in many .other
applications, such as those in fossil-
fueled plants and chemical processing
plants. The compilations of such
industrial experience are the basic
source of most of the failure rate
used in the study.

Certain components of nuclear systems

may - be subjected to. rather unique. envi-

ronments, ' particularly during: serious
accidents. Foremost among these envi-.
ronmental factors are radiation and high
temperature steam, In  the process of
determining .applicable failure rates,
the - study employed specialists ' in
component reliability to " assess
effect of .such conditions on system
components: Based on.their assessments,
component  failure rates. and. their
uncertainties were

The design specifications~of'thechbﬁpoé
nents

dat a

.reactors - the
few hundred reactor- -

I .

“data -

the. -

increased  for the.-
extréme environments.,. . : . i

of the ESFs require that they be

qualified to operate under a variety of -

conditions..
that = certain
-meet " these

accident

possible

fail to
conditions. To
such design errors may be, this study
carefully reviewed. the components! in a-
selected "number of -“important safety
systems” to determine how well the design
specifications had, in fact, been satis-
fied. "A detailed report of this effort-
is” .provided: "in Appendix X.

- It is, .of course, /
components.>may .:
special design. :
ascertain “how . likely :

Based onv

-

included
component failures, human.-

-



theseﬂ'assessments, component failure-
rates-“were ’ modlfled to account: for the
deflClences found*'

L ! :
A r.common . ‘Criticism of the fault ‘tree
method is.that the system failure proba-
bilities':-are : not meaningful:because of
uncertainties in the knowledge of-appli-
cable . failure :rates. -.In general, the
failure. rates used in “'this study ‘have
uncertainties of
(+3 or +10).
uncertalnty ‘is
Based on these
Carlo technique

In a few cases the

a-factor:of 1000 (+30):

uncertainties, "a Monte
(see. Appendix 1I) was’

used to calculate the uncertainty of the .

overall system failure probability.’ - The:
study has used a log-normal distribution
for.-all the

component’ failure. rates.. The log-normal:

distributions were combined in a statis<:-

tical manner to account for the error
contributions from . different corponent-
failure rates.l It was found that even
with the larger component. failurerrate’
uncertanties that'were used, the system
failure .

risk” evaluatlon.
4,2, 2 3 Common Mode Fallures.2

Common mode failures are multiple. fail-

ures -that result from a -single event.or
failnre. ‘Thus, the probabilities . asso-
ciated - 'with : "the. multiple- failures

become; ‘in reality,; dependent probabili-.
ties. - The " single"event can be any one-
of a number-of possibilities;- a :common:
property;, process, environment, or exs .
ternal event. .. The resulting multiple
failures can likewise encompass a spec-
trum. of..possibilities- 'including, . for
example, system failures. 'caused " by'a
common: external event,.s . multiple - compo-
nent.. failires caused by a common defec- .
tive -manufacturing ¢ process,‘ and a'-
sequénce.:. of’ failures causédiby a*common-
human operator.. o0 . . R -

3 a3 PR T A L .
Because common mode:
wide’ spectram of" p0551b111t1es and enter
into all areas of modellng and analy51s,

.‘ . - ’.l -

P -,
o . S

G Taa et 24 Lo T L D
1S;udiesggindicatedg that;:. with the wide -

ranges of uncertainties wused herein for-
component'yfailnre rate ‘data;, the éxact
form of.-the::distributidion’ used.  had
little; effect on the results,obtalned

PEEO N SN <~ 1

.
PEE T

discussion
mode

of 'fhe
failure is .

specific
of common

2Ammore-
treatment .

contained in Addendum I to this report..

a factor of 10:orxr 100

uncertainties assigned:to:"

probabilitiés were sufficiently -
accurate to-obtain- meanlngful values for

-failures entail a
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common- mode failures cannot be isolated
as 'separate ' study, but’ instead must be
considered throughout all-’ ‘the "modeling
and quantification steps involved in the
risk assessment. ‘In the “study, common
mode' and dependency considerations were
incorporated in the following stages of
analyses:

Construction
Construction

Fault Tree Quantification

Event Tree Quantification

:Special Engineering Investigations

- Bvent Tree
Fault Tree’

In- the event tree development, common
mode failures were first treated in the
detailed modeling of system’ interac-
tions. If failure of one system caused
other systems to fail or be ineffective
these dependencies were explicitly
modeled in the event trees. The systems
rendered failed or ineffective by the
single; system:  failure were treated in
the subsegquent-analysis as.having failed
with probability of one and the analysis
concerned itself only with the critical
single system failure.. - The changes pro-
duced in event trees by these relation-
ships often produced significant in-
creases in predicted accident sequence
probabilities ‘'since a product of .system
failure probabilities was replaced by a
single  system failure probability. The
development. . of. the containment event
tree: . that relates various modes - of-
containment: failure to system operabili-
ty. .states and..the. physical 'processes
associated with.core melt, as discussed
in . detail ‘in Appendix I,. also accounted
for dependencies which were due to the
initiating event.

The - event -:trees " also defined the
conditions. for which the individual
fault trees- were: . constructed, Partic-
ular system failures; i.e., the top
events-of:the fault trees, were defined
as: occurring ~under specific “accident
conditions that frequently included the
prior failure of  other . systems. The
fault: trees were thus coupled “to. other
systems 1in the accident -sequence, as
well as to the particular, common,
accident environments that existed. The
fault- trees were drawn: to a level such
that 'all relevant common hardware in the

systems was identified. -This ~depth' of
analysis permitted- identification. of:
single.- failures - that cause” nmnultiple

effects or dependencies. These ‘included
single failures: that cause- several  sys-
tems to fail’' or be degraded, or cause
redundancies to be negated. The failure
causes modeled in the fault tree
analysis include not only hardware




fajlures, but -also include failures
caused by human intervention, test and
maintenance actions, and environmental
effects.
dependencies is 1incorporated.
fault trees. .. In many , cases
additional causes,. usually due to human
or test and maintenance interfaces, have
higher probability contributions to
system failure than the hardware causes.
In a number of cases these non-hardware
actions result.,in failure probabilities
(essentially single . failure probabili-
ties) that are high enough to
the system failure probability.

in the

The fault tree‘quantification stage, " in
which system probabilities were humeri-

cally computed, incorporated - dependéency -

and common mode considerations through-
out the calculations. - The:failure. rate
for a particular component included not
only contributions  from pure hardware
failure (sometimes called the random
failure rate), but also included
applicable - contributions
maintenance errors, human.
environmental causes.
investigated to ‘identify causes -of
dependent failures if, for instance, the
same operator could perform all the
acts, Testing or maintenance activities
were examined for. -causes of dependent
failures, for example, when several
components would be scheduled for simul-
taneous testing or maintenance., Compo-
nents were examined . for potential
dependent .failures that may arise as a
result of the environments created by
accidents. The. quantification formulas
treated both. hardware and non-hardware
contributions with their relevant. de-
pendencies. The quantification process
included determinations of the maximum
possible impacts from common mode
failures .
previously ‘included.
These determinations indicated whether
additional common mode failures
have significant impact on the computed
accident probabilities. The applicable
systems. and/or
ined to identify the ways,
which such significant
failures could occur.:

: causes,

in the analyses.

if any,
common: -mode

After the fault trees were quantified,
the event tree quantification stage com-
bined the individual fault tree proba-
bilities to obtain accident sequence
probabilities. Since a sequence in the
event trees can be viewed in terms of
fault tree 1logic, the same quantifica-
tion techniques were used on the
accident seguences
individual fault trees.

Since -multiple

systems were analyzed, the-couplings now.

included dependencies across systems.

* Thus, - a spectrum of potential.

. these -

dominate -

from: test or
.and-
Human erxors were .

which might exist but were not-

could

components were reexam-—.
in .

as were used on the.
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~have been conducting work in

As .a final check.on possible dependen-
cies and common mode effects, special.
engineering investigatidéns were
formed to complement the modeling and
mathematical techniques which had been
used throughout. the study. Those event.
tree accident sequences:which dominate
the probability of occurrence of - the
categories were.carefully reexamined for
any specific dependenc1es which may have.
been. overlooked..
The '“probability versus - consequence
calculations . involve .several inputs
which have no--significant common mode-
failure contributions: The accident
probabilities, the weather; and - the
populatlonj,dlstrlbutlons used. in the
calculation. of consequences are essen-
tially independent .of.one another (see
section’ 4. 3). SO .

4.2.3- MAGNITUDE OF RELEASES

This“sectlon dlscusses the manner in
which the magnltude of the radiocactivity

release from the plant-to the environ-
ment was determined. - The release magni-
tude 1is influenced by three major
factors; the amount and isotopic compo-
sition of radicactivity 'released from
the core, the amount of radiocactivity
removed within the containment, and the
containment . failure mode. All of. these.
are time dependent factors which influ-

ence-: the: radicactive release magnitude.
Thus, the accident .sequences defined' by
the - event trees were of particular value
in establishing the release magnitudes
applicable to each of the release
categories noted previously. :

As .already. noted, -only those potential
reactor ..accidents that lead' to core
melting affect the risk significantly.
Thus,, for the most part, the determina-
tion of the release of radioactivity
from the reactor 'core involved the .
estimation of the fractions of signifi--

cant radioactive isotopes that are
released from cores melting under
various conditions. The various condi-
tions and timing of core melting were
defined by appropriate analysis of the
applicable accident sequences in event
trees. A variety of experiments re-
ported in the literature provides infor-
mation on the radiocactivity released .
from - fuel : under- various  conditions.’
Such information . was. used in the
determination ‘of the applicable. release
fractions. These' determinations: are
described  'in' detail -'in . Appendix VIT.

This work resulted from the delibera-
tions of a group of specialists, who
‘this area.
at National Laboratories. 1In ‘general,
the experiments on which these ‘results

‘per-— ..




are. based were carried out with
relatively small samples of fuel. -It-is
believed that, because of' the - 1arge

surface to volume ratio in such ‘experl-

‘ments compared to that which’ would ‘exist

in a. molten core, the release "fractions
‘used in :‘the -study tend to-overpredict
the fraction: “released ‘from a- core.
However, .since no ‘large scale eXperi-
ments have been'conducted,‘there -is 'no
ekpéfimehtal' verification -that reduc-
tions ‘in' the release: fractions will "in
“fact: be- observed.  For this reason: such
potential effects were - not -taken into
account in establishing the release
fractions applicable to ' the various
release categorles.

Radloact1v1ty released from the core 1is
subjected -to . a . variety of physical
processes ‘that reduce the amount - of
radioactivity: available for release to

the environment. These processes in-
clude wash. out :by the fission.product
removal systems, natural plate' out and

deposition processes on surfaces within
the. containment,  radiocactive decay, and
the -effects .of_ .filters, These . pro-
cesses, coupled with the = fuel -'release

and - the -mode and timing of containment

failure, are the major 'determinants of
the magnitude.of radioactive release to
the environment. To account  for all
these . effects - -computer code called
CORRAL was developed.~ It " is described
in detail in Appendices V and VII. - The
various parameters used in the code are
based on recent investigations, con-

ducted at National :Laboratories,.of ‘the

materlals
CORRAL code

radioactive
The

transport of
within containments.

output is: the guantity of each of 54
biologically significant isotopes re~
leased to the env1ronment as a result of
a. glven accident sequence, as indicated
1n Appendix VI. .. - .

Many of the accident ,sequences involve
51m11ar1ty in core meltlng, 51m11ar1ty

in radioactivity removal. processes,_.and
the same containment failure mode. ‘This
permitted classification of accident
sequences into  a .number. of different
types called release categories.. ~ Thus,
the 'releases produced by core melt ‘are
characterized by several different
categories, each involving . a particular
composition, timing and release point.

The work outlined above
information for composite histograms of
the type shown in Fig. 4-2, that
represent the probability and " magnitude
of the, radioactive releases associated
with “each consequence category. The
spec1f1c results for "each type of
reactor are reviewed in Chapter 5 ‘and
are discussed in detail in Appendix V.

provided . the
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4.3 CONSEQUENCES OF RADIOACTIVE
RELEASES

objective of this task was the
prediction of the public conseguences
that result from the radioactive re-
leases . defined by Task I (section 4.2).
The consequence predictions serve as the
primary input to Task III (section 4.4),
the overall risk. assessment. The conse-

The

quences of a given radioactive release
depend upon how the radioactivity is
dispersed in the environment, upon the

number .0of people and amount, of property
exposed, and, upon the effects of radia-
tion exposure on people and contamina-
tion of property. . These major elements
of the ' consequence predlctlons are
indicated in Fig. 4-6, which shows the
principal subtasks involved in this task
(Task II).

The dispersion.of the radiocactivity is
determined principally by the weather
conditions at the time of release and
the. release c¢onditions, i.e., ground
level, elevated, hot, cold, extended or
puff. The population distribution as a
function .of -distance is known for each
of 68 reactor. sites either in use or
planned. The probable effects of radia-
tion on people and property are- based on
available information on such effects.
The calculational model . developed in
this study is described in Appendix VI.

The probability associated with a spe-
cific consequence is determined by -com-
bining the probabilities of the individ-
ual input parameters, i.e., by multiply-
ing Prelease ¥ Pweather X Ppopulation-
In determlnlng the consequence probabil-
ity in this way, . it 1is necessary to
assure the probabllltles are reasonably
independent. It is difficult to visual-
ize that the accident and the population

densities can significantly affect one
another. It seems equally reasonable to
assume that the population and the

weather have no strong. dependency, since
the frequency distributions have been
obtained by combining actual meteorolog—
ical and demographic data applicable to
a- large number of sites. It could also

be _argued that -violent weather mlght
cause an accident. Although this is
h1ghly unllkely because of reactor de-

s1gn requlrements, it is not 1mp0551ble.
However, violent' weather is character-
ized by extremely high turbulence  which
would cause very rapid dilution of the
radioactivity and this would- drastlcally
reduce - the consequences, " The reduced
consequences would likely’ counteract any
probablllty increase associated’ w1th
such a dependency, resultlng ©in T a
negllglble effect on the overall risk.
Thus, it is reasonable to assume that




the
and a stralghtforward multlpllcatlon
justlfled

ot oo E TR " .1

4. 3 l' %TMOSPHERIC DISPERSION MODEL

three probabilities: are independent.
is

“the' standard
2), with - - the”

The' computer ’code usés
Gau551an Plume" Model %Ref
modlflcatlons’.noted below, ‘to predict:
the way rad10act1v1ty *'ig"" disperséd’ -in’
the"atmosphere “The release conditions
are deflned b}’the ‘accidént ‘sequencesi™
Each " ohe' 'Gf% the "‘release’ categories-
identifies the ‘amount ‘of ' radiodctivity
released, the ~amotnt - of heat reéleased:
with -the' rad10act1v1ty, "-and. the
elevation ‘of the’ release {see Table ‘5= l
in  section --:5.2.1). ‘A much “'-more!’
difficult problem is -presented by ‘the
weather: which *'can- ‘change 4in a- large!
variety of ways during the dispersion of
rad10act1v1ty. _No completely realistic
method- now-:- exists - for treating:
dispérsioni’ of ‘pollutants’ and ‘‘éxisting-
models '’ -dre  felt to be‘ particularly’
uncertain at- long dlstances ‘from the:
p01nt of release“»“ i . LR

The: -Gaussian plume model characterlzes
weédtheér —in- ‘51x stablllty classes, A’
through “F. Weather type A i§ unstable
and type-:F is very stable. Wind ‘speed
is also requlred as -an input”to”this”
model. The rate “of dispersion for"
various types: and -wind speeds :is-
characterized by parameters that give
the spreading rate in the’horizontal and
vertical’ directions. In ‘the‘'study's’
model, the ‘effects of rain are accounted:

for By adding ‘a rate 'for washoiut of-
radiocactivity - from the"” plume durlng the’
period when rain occurs.” In -all'-cases’

the radiocactive:plume is contained below:

a mixing height characteristic o6f -the’
site; - season and time of day. A numbér’
of conservatlsms exist 'in the 'model’ in

that it does not’ account for the effects
of wind’ shear, changes -in wind direc-
tion, ground decontamlnatlon factors due
to rain, OF the ‘potential for -strongly
heated releases to penetrate the 1nver—
sion- layer. '

The weather data used in the model 1s
obtained from hour by hour' meteorologl-
cal records coverlng a one year perlod
at six. sites that, would -typify. the_
locatlons of the flrst 100 large nuclear

power. plants. Nlnety weather samples
are taken .and each sample is thus
assigned a probablllty of 1/90 _The

startlng times are determined by system-

atic selectlon from the various. ‘sets! .of
appllcable meteorologlcal data.,kipne.
quarter of the data points_  are chosen

season . of the. year and half
are taken /;ih the

from . each’
from each group
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-forreachiset.

where n’
combinéd.

daytime.. This , procedure is .used ;to
reduce ’sampllng ~errors to acceptable
levels.,» -The . weather stablllty and w1nd
veloc1ty follow1ng the accident, is, . then
assumed L to.- change accordlng +to »the
weather recordlngs _made . at . the 51te.
The weather model calculates, for}each
of”54 radlolsotopes tlmportantjgto ‘the
predlctlon of - health effects, the conx
centrations: of rad10act1v1ty in. the i al:
and .on the ground as. a, functlon of,tlme

_after the release and. dlstance from.,.the

reactor

4Further detalls of,the,weather

_model are'presented in Appendlx VI., .-.n

403020 POPULATION MODEL nqs ity
To determine the populatlon that could
be ‘exposed. .to' potential : releases/i'of
radioactivity, - census -“bureau .data-is
used . to7: determine the number of:people

as za.~function of-idistance:sfrom -‘the
reactor x:din.  each '~ of sixteenuy 2211729
degree:sectors around:each-ofrithe -sites

at.which the-lOO<reactors%covered?by*the

study  are':-located. % Each' reactor ..has

been -.assigned: to one of. the six. typlcal
meteorological- data..sets.and a 16-.sector
composite'Apopulation“has béen developed

‘Three of  these ‘sectors
‘are *° those . which '« have! the largest
cumulative populationn(within"so miles
of the reactor) of all. the' - sectors
lassociated: with' +reactors-iassigned. to

‘that’. set. The probablllty of’exp051ng

people 1n these sectors 1s ¢
A » .

. exposure ' 16 x N R : S
172,30
. Sk . R !

where N is the humber of ' reactors

assigned to thé set. '~ The' other '13

séctors-of a typlcal set are obtalned in
thé’ same way, except' that - groups ‘of
sectors with approximately'*the ‘same
population density are  combined to
obtain the population as'a functlon of

distance. Thése sectors were given - a

probablllty of exposure of“‘

“exposure ~ 16 x N, -. .. . ..
7% R

s’ the :number of . sectors
In this combination‘ ‘process;,

fore

PEF R [ L i;4 S LG

The data  used was selected . to, bé
typical of eastern’valleys, east coast,
southetrn,, mldwestern, lake51de, and
west coast 51tes.'

1

. . . L ~
- L 3



the n radial sectors
each mesh point distance
value used.

to give the

In the case of a potentially serious
accidental release, it is assumed that

people . living within. about 25 miles of .

the plant, and located in the direction
of the wind, would be evacuated in order
to;, reduce their. :exposure to radio-
activity. .An evacuation:model. to repre-
sent this process has been developed and.
is described in Appendix VI. This model
is based on the study's analysis of data
collected on a substantial number of
actual evacuations that have taken place
in the United States (Ref. 3).

HEALTH EFFECTS AND PROPERTY DAMAGE
MODEL

4.3.3

The

doses
modes;

passing
deposited
inhaled from
external dose

model calculates the
from five potential exposure
the .external -dose from the
cloud, the dose from internally

radionuclides which are
the passing <cloud, the
from the radiocactive
material which 1is deposited on the
ground, and the doses from internally
deposited radionuclides which are either
inhaled after resuspension or ingested
from ground contamination. The models
used for calculating these doses are
described in Appendix VI.

consequence

The potential health effects calculated
are early fatalities (i.e., fatalities
that occur within one year of the
accident), early illnesses (i.e., people
needing medical treatment), and late
health effects that are estimated from
the total man-rem dose to the popula-
tion. Late health effects may include
lethalities from cancers, thyroid ill-
nesses, and genetic effects that can
potentially occur at long times after
the time of the accident. Radiation ex-

posure information does not provide
clear distinctions between probable
deaths, injuries and long term effects.

As discussed in detail in Appendix VI,
the probability of early fatalities and
illnesses are computed by using a dose
effect relationship. For whole body
exposures, the probability of early
fatality varies from 0.01 to 99.99% for
doses of 320 and 750 rads respectively,

are averaged at ..

~incidence of.

with a median value of 510 rads. The
principal early illness involves
respiratory impairment whose probability
of occurrence varies from 5 to 100% for
doses to the lung in the range of -3000
to 6000 rads respectively. The
latent cancer fatalities
and genetic. effects -are based on the
BEIR report with some modification of
the former to account for dose rate and
dose magnitude .. - dependencies. In
addition .to whole.:body effects and doses

to the lung, thyroid gland and GI tract
doses are also calculated. The effect
of thyroid doses . is to increase the
occurrence rate of thyroid nodules, a

portion of which are expected to become

cancerous. Since thyroid nodules can be
treated very effectively, it is expected
that few, if any, deaths will result

from thyroid irradiation.

The consequence model also provides for
prediction of property damage due to
radioactive contamination. It also in-
cludes costs associated with relocating
people for the time needed to decontam-
inate their property. Property damage
costs are calculated on a per capita
basis relative to the total value of
property and land in the United States
including appropriate values for the
loss of agricultural crops. This aspect
of the model is discussed further in
Chapter 5 and in considerable detail in

Appendix VI.
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tionships

4.4 OVERALL RISK ASSESSMENT

The analysis of accident consequences
described in the preceding section
yielded the probability/magnitude rela-
for each of the specific
consequences early fatalities, early
illness, thyroid illness, latent cancer
fatalities, genetic effects, property
damage, and’ land contamination.
Together, these seven distributions,
which are provided and discussed in
Chapter 5, represent the overall public
risk from potential nuclear power plant
accidents involving nuclear power plants

of current design. For reasons dis-
cussed in section 2.4, no attempt has
been made to consolidate the various
consequence types into a single
probability/magnitude distribution in
which the various types of consequence

are represented by a single common unit.




U'Environmental Protection Agency, EPA-520/6-74-002; June 1974. -
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Note - Since the probability of failure, P, is generally less than 0.1, the probability
of success (1-P) is always close to 1. Thus, the probability associated with the
upper (success) branches in the tree is assumed to be 1.

Pa

PAXPE1

Pa x PD]

Pa x F’D1 X PE2
PAXPC1

Pa x PC1 X PE3

Pa x PC1 X PD2
PAxPC1 xPszPE4
Pa x Pg
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Pa x Pg x PD3 X PE6
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FIGURE 44 Simplified Event Trees for a Large LOCA
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L - " ee o . % A:“:‘ , :;4‘ ‘ Chapter 5

5.1, INTRODUCTION AND SUMMARY ’

This chapter presents the results of the
nuclear plant accident risk assessments.
These.assessments, made "according to ‘the
methodology ' .-outlined .»in Chapter 4, are.
fully described in - the appendices " to
this .*report: Although. the iinformation-
presented’in this chapter .derives, :.to
some: ! extent; . from all appendices, the:
majority of.the study -.results :réported.
herein come from Appendix.V - Quantita-
t1ve .Results of Accident ,6 Sequences and
Appendlx VI .- Calculatlons of Reactor
Acc1dent Consequences. . ‘

h tL -
Sectlon "5 2 descrlbes ‘how~ the radloac-,
tlve releases assoc1ated “with nuclear
plant acc1dents aré categorlzed ~Hnd-
notes the’ pr1nc1pal characterlstlcs' of}
the [ different release - ‘catédories:
Section 5,3" prov1des the™ probabllltles
associated with each of theé ' release’
categories and describes the dominant
accidents sequences, .i.e.,;, those:sthat-
contributeesignificantlywtonwthe.,proba=;
bility:: associated with -each:-release.:
category. - Section = 5.4 dlscusses -the:.
initiation.:of, nuclear-plant ac01dents by .
external causés,. noting thatw :deliberate -
human.. acts are.not accounted-foryin. then
risk assessment, . While -thegsinitiation:-
of core' melt sequences by: earthquakes;.:
tornadoes, floods, aircraft impacts, and
tidal waves 1is possible, the probabil-~_
1t1es are expected to be'iow and: their’
contrlbutlon to’ rlsk is- predlcted ‘to be’
small compared ‘to” that of “theé"?dominant'
acc1dent 'sequences dlscussed’lnisectlon
5. 3 A dlscu551on of ‘nucrear 'plant
acc1dent rlsks, in terms' of fatalltles,_
1njur1es, long-term health effects, *and
property tdamage‘-ls prov1ded 1n sectlon
5% 5 = :

N R T .
PR N HERRU S Dol T OF

Sectlons 5,2 -= 5.5 provide summaries of
the,rnformation-thatgservepasﬁthe~¢basis;
for  predictions of+ the! accident-riskss
a55001ated with;a total. ofr«doojfnuclear
‘power - plants in:-: .the«:3U.S: .These .
predictions Aareﬁﬂd}scussed"‘1n;vsect10n_
5. 6. nx‘ihp i ) ; R

ATEGOREB

,,,,, s —_ . ‘..~A

Ge4T Tad a »
As”~set forthuln Chapter 4* the quantl—‘
ties of¥Various - isotopé&s: Lreleased from’
the containment followihg ‘a -given
accident are calculated using the CORRAL
Code described. in Appendices V and. VII,»
Rather  than calculate’.:each of:;. the
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PO Reactor Accldent Rlsks

e

approximately - 1000 -core melt sequences
with CORRAL, it -seemed -désirable to
reducé’ the  number to beé calculated to
those necessary to adequately‘-determlne
the- accident ' risk. - To achieve’ thlS
objective, ~the core ‘meélt - sequences
involved in -the’ large LOCA''event tree
were -carefully reviewed to- 1dent1fy
those involving dlstlnctly dlfferent
physical processes and” dlfferent
combinations of ESF system fallures.‘

5. 2 1 PWR RELEASE CATEGORIES '_Vf‘f

In reviewing the PWR “accideént sequences
it was’ found that the large mdjority of
the sequences 'in all the event trees
1nvolved quite 'Slmllar processes. It
was ‘thus p0551b1e ‘to- group the sequences
into the one of 38" cases 1nvolv1ng dlf—
ferences in tlmlng or phy51cal processes
taking ‘place during the acc1dent " 'Each
of  these 38 cases was~ then analyzed
using tHe CORRAL -'Code’ to obtain ‘the
magnltude' of - radloact1v1ty ‘Yeleased to
the atmosphere.- From these ~results it
was found that the spectrum of réleases
could be well represented by a -set -of

nine different radioactive release
categorles. .These, .categories, are -shown
in | Table . 5- 1. Thls'/table 1ncludes

addltlonal ltems .of . 1nformat10n “which
w1ll be dlscussed later.

One of the largest releases, category 1,
is associated  with a . potentlal steam.
explos1on in the reactor vesselq» Such
accidents would 1nvolve a large volume
of molten .UOj. falllng into . pool ~of
water in the bottom of. the reactor ves-—
sel, and becomlng flnely dlspersed in
the water to mix eff1c1ently enough with
it “to produce a steam exp1051on. ¥ This
could potentlally release large enough
amounts of energy to rupture the vessel
and, in ‘some cases,,even the’ contalnment
as, a result of ‘missiles generated by the:

vessef rupture. . Because’ of .the heavy
concrete shleldlng ‘dround.,. the reactor
vessel, a m15511e hav1ng uff1c1ent

energy to rupture thé containment “would
almost certainly go up through the
containment .dome7r The ‘One-halfi*tof - the
molten core that was finely dispersed in
water :is assumed. to be .ejected into . the

containment’ ox1dlzlng,ratmosphere, thus
producing -a large release;, energetlcally
di'scharged,  -.from i the uppér..part .of; the
containment., -A¥thdugh such a .release ‘is
predicted to be very unlikely, -it cannot
be' ruled out completely on the basis of




present evidence. This category also
involves failure of the radioactivity
removal systems that are located 1n the .
containment. o

The category 2 releases are also associ-
ated with 6 core . melt | .and basically.
1nvolve fallure of rad10act1v1ty removal
systems to operateh followed by rupture
of the .containment caused by hydrogen
burning . and steam , Oover-pressure.
Category 3 includes . some of the cases
that: are, s1m11ar to those in categorles
1. and 2, but involve ,partial success of
radloactlvxty removal systems. Category
4 1involves core melt cases in Wthh the
containment .is not . fully ‘isolated ,and
the corntainment radloact1v1ty removal
systems have - failed. Category 5. .is
similar to 4 except that radiocactivity
removal systems are operatlng.;‘ Cate~-
gories 6 -and 7 cover cases; in which the
molten core melts through the’ bottom on,
the 'contalnment, with ,Land w1thout
rad10act1v1ty removal systems operatlng,
but the. above ground part of the, con-
tainment rema1ns intact. In categorles
8. and 9 the core .doesn't melt, and .only
some of the act1v1ty in the gaps. “of " 'the
fuel rods is released. .- Category &
involves gap releases w1th fallure .of
-the containment, to isolate properly. 'In
category -9, the containment . 1solates
correctly. = e

Considerable effort was spent in
to 1dent1fy p0531ble accidénts in Wthh
a releasé ‘'larger than that of category I
might be produced. The' possibility of
processes that might physically eject
the ‘entire core outside the containment
was examinéd; No such procéss could . be
identified - that appeared to be consist=
ent ‘with the energy avallable -and the
phy51cal constraints of the contalnment
Even 1f’such an event Wwere to occur “and
the <core melted outside of contalnment,
a release larger ‘than that of category r
would not beé expected to occur. '’ This is
so' because * these " - accidents already
involve a large energetlc dlspersal ~of
the molten fuel in ~the™ form'" of smalr
particles “'wheére the* large

volume - "ratio ~ enhances both
oxidation - - and ‘' the release -
radloactrvltyvfrom‘theyfuel; ‘ ‘

surface to
fuel
of

¢ ’

5. 2 2 BWR RELEASE CATEGORIES

i i

o L

The paths té-release’ of radloact1v1ty in
a BWR -:are.quite different than-.for:'the
PWR. -~ Although the BWR :has:!/ containment

sprays, -they ::are - not designed as ESFs
and are ‘' not credited. for removal. :of
radioactivity.. .\* Further, the'vapor: sup=

pression-System‘that ‘has :some’capability

trylngl
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- removal

for removal of radiocactivity is largely
ineffective in a number of the core melt
cases. Thus the principal mechanism for
of radiocactivity is natural
deposition on the surfaces inside the
containment and the reactor building.
For these reasons, the BWR .release cate-

gories are dlfferent than ‘those’ for 'the
PWR. _ -
As in the PWR, . the release -categories

were determined from CORRAL Code runs of .
those acecident - sequences involving.. dif=:
ferent physical processes. Twenty-three-
CORRAL.runs were  ~made, - and . subsequent
andlyses: identified the. five release-
categories shown;in Table 5-=1,. T
As 'in “'the PWR,: category 1 involves a
steam explosion 'in the’ reactor vessel. 1n
which about half the ‘core is” involved.
The steam explosion ejects this half of
the 'core .from the containment, The
resultlng exposure ‘of the flnely dls-‘
persed " molten “fuel to’ ""an  oxidizing
atmosphere’ ‘results ih ‘a very, large.
release of radioactive material to the
atmosphere. )
Cateégory .-2! involves a core meltdown
after containment. ~overpressure rupture
caused by’ loss .of decay heat removal~
systems: .In. this . category a limited.
améunt - of deposition of the radioactive
materials occurs.and the release is made
directly;~to~the atmosphere.. - The magni-=
tude -of release is:roughly comparable to
catedory:il> for.a number of the isotopes.

"~

A

o e - L. . -
Category. 3. covers overpressure ruptures
of containment similar to category 2 but
in this category the radioactive materi-

als . released from the core escape
through the., reactor building to the
atmosphere.A .The radidactive release
magnltude is smaller ~than category 2
releaseS" since . dep051t10n .and. some
scrubbing action by the torus water

enhances retention of the radioactivity.

Category -4 covers the' cases in which thé
containment fails to' properly-isolate
and - the.leakage is ~enough -to ' prevent
containment. overpressure rupture. In
this. category, the magnitude of “radio=-
activity release is significantly
reduced by additional deposition in the
containment due . to the longer release
times and by deposition in the reactor
building. In some. .cases; ,processing
through gas treatment ..systems.. achieves;
further reductions... e L, e :
et Tl TN PN . . fe 0 e
Category 5 covers the case where .the.
core does not melt and a small amount .of




-

contributed

,confldence 11m1ts.

activity'may be released from' the gap of
the fuel rods. - 'The small-"amount. of
radioactivity which may then 1leak from
‘containment is'  further ° reduced by
proce551ng -through- the reactor building
gas 'treatment: system,' which © includes
filtration. The release to “the  ‘atmos=
phere then” occurs through a tall stack

_ 5 3 PROBABILITY ‘OF RELEASE C- '{ o

ThlS .sectlon presents the probabllltles
assoc1aced ‘with each’ of the‘ radloac—
tivity 'release _categorles‘ for theé PWR

and BWR and’ the technlque used to estab=

lish  the probablllty values ‘and  to
account  for uncertalntles _.in . the
magnltude " of release!. for various
categories is identified. In ‘addition,

those accident sequences. that were found
to’ dominate the probability ,of . the
;espectlvef . PWR and BWR ' release
categories  are described.’ oo
. K s . P
5.3.1. PWR RELEASE PROBABILITY : - i -

s

All 'of the PWR'event treeé- sequehces:were

assigned- 'to: one ©of the release
categories described in -section: 5.2.
Thésé assignments were made on the basis
oftheir gimilarity to-"one- of’ the
CORRAL Code®runs. Those ‘sequénces which
‘gsignificantly - ‘t&*" : the
probability” of ‘each category are- called
dominant Sequences and are- "listed,  for
each event tree, in Table 5-2, along
with  their  probabilities' and - the
explanation of the .sequence ' symbols.
The , median- vallues at the bottom’ of the
table were used to generate ‘the PWR
hlstogram shown' in Fig. 5-1, with ‘the
error ‘bars representlng the -~ 90%

noted that the probabil-
ities for the individual sequences do
not always add up to the ‘median values
at the bottom of the table.. There -are
two -.reasons for this. .First, as
described in iAppendix V thé probability
distribution . of - .the  final values are
obtained by a Monte Carlo process ' which
samples from the distribution.. of
possible values in each - of the
quantities -being . combined. The: result
of;this i-process may make :the median
value:slightly larger than ian :arithmetic
summation when significant :uncertainties
exist., The - .second reason ..for: the
differences ‘is -that 10% of the "“proba-
bility- for each category . ‘is assigned to
the; next larger category. and.10% to .the
next:smaller.. This process .is.described
in .séction 4.1.2 Appendix V.and ‘was ‘used
to ~account for uncertainties in ‘the
magnitude of the releases involved in

It should .be.
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three

the ~ sequences assigned to the various
categories. Thus, although ‘the se-
queiices ‘in category 6 have a probability
of <10-° the value assigned is
6 x 1076 to account for the 10% chance
that some of the sequences in category 7
may produce a' category 6 release;'
D A

The values in ﬁhe hlstogram ' shown ‘in
Fig. 5-1 were. used as an input to the
consequence . calculatlons of the PWR

5.3.2 PWR DOMINANT‘ACCIDENT SEQUENCES

A detailed discussion of the dominant
PWR accident - sequences leading to core
melt is glven in- Appendix - .V, . Brief
summaries of the: dominant .contributors
from each of the event trees . are : 'pre-
sented - below.. In this section, and in
section .5.3.4,- the .dominant.- accident
sequences. for the PWR and.the BWR are
discussed. - The probability for each
accident sequence. 1is given, along with
its error spread. As previously dis-

cussed. in Chapter 4, in.determining the
probability of -an accident  sequence,
.common mode dependenc1es must.. be

1ncorporated throuqhout each step. of the
calculations. . A - sequence consists of
: elements; initiating & event,
particular. ESF - failures, and. the
containment failure mode. Dependencies
within each of the elements, and-among
the elementsﬁ must .be considered. to
ensure  that. reallstic probability
estimates are obtained. -

As -indicated in Appendik II, the indi=
vidual ESF failuré probabilities contain
the quantification-of dependencies with-
in ESF systems, : ‘including-- depéndencies
due to the initiating event. Appendix I

describes’ the containment failure mode
modeling,: covering the "dependencies
between various- initiating events and

ESF failures té the various.containment
failures. Appendices V and VIII provide
the quantification. of  these depend-
encies. - ' : .

The.-.subsequent discussions will:describe
the  various dominant accident sequences.
In -general,. where single ESF failures
are involved, the .sequence probability
will be represented merely by the prod-
uct -of the various probabilities; Since
the '~ appropriate - dependencies will:have
already -been -considered.>* Where more
than  a ‘single ESF failure is involved;
the = discussion: ~»'will-' identify  any
significant ‘dependencies :found 'betweén
the :systems. - Appendix V. :discusses .the

methods and mathematical treatments for
quantifying dependencies between ESF
systems.




The same considerations - pertinent . to
potential - dependencies - were .used in
connectlon w1th BWR domlnant sequences.

5 3.2, l Large LOCA~%A) . ‘hﬂ

A large LOCA(Event,A%‘rs deflned as a
reactor coolant system: (RCS) rupture
having a size larger than the equivalent
‘of about a 6" ‘diameter hole. The median
probablllt% of* such’ an event 1s assessed
at 1 x 10-% per reactor-year (see Appen-
dix III). The dominant sequences that
contribute 'to core'.melt are AD-e .and
AH €.

ok . R TSR
‘The AD-¢ ‘sequence’‘is large RCS ruptire
“followed by failure: of emergency core
cooling’ injection -~(D):. This -failure
leads to core melt aﬁdﬁfailufe --of- con-
tainment. .caused by ' the ‘molten ~core
melting through the ’ bottom Ae) -7 THe
median probablllty ~for ~ failure !
emergency core coollng‘Vinjection-'was
estimated by « fault ~ Wtrée: analyses
presented in' ‘Appendix - II. °~ - Possible
‘common dependencies betWeen the eVvent'A
and the” operation of ' 'the'” low *pressure
injection system  (LPIS) Were furthér
examined and a dependency was
tified, given that a rupture occurred in
the "~ RCS - coild leg plplng.' " This
*partlcular depéndency, as discussed in
'Appendlces IV and V, stemmed - from the
'pOs&ibility” that “a- ‘missile from- ‘the
flywheel of the main coolant pumps could
disable the LPIS. With this dependency
considered, the median: value "of" the
probability for the combined sequence AD
was predicted to.be about 2 x 1076
approx1mately .an order  of -magnitude
error’ spread. The spread .is dominated
by the uncertalnty of . the probablllty of
a large . plpe,preak.,1$1nce the contain-
ment ESFs.operated.successfully.in thig
sequence,- the probability of containment
failure  occurring. via:a melt~through: {(¢)
was-estimated to approach unity.

I’

‘The -AH-¢ sequence is a large RCS rupture
followed by failure of the emergency
core cooling recirculation system (H).
This -failure 1leads .to: a core. . -melt
followed -by.. the e:mode of containment
failure. The median -probability ~value
for - failure _.of the..~emergency . core
cooling- recirculation.phase -was-. .deter=
mined to be about -6 -x..107 7%+ Thisivalue
depended largely on.. ‘human error- .since
successful . operation of the ;core cboling
system. depends on the: plant operator-- to
make proper ~alignments: .of the“system
following completlon 0f the’ injection
phase . operation, ‘As-in \AD-¢, thevrange
of uncertainly of-.the. AH~eg sequence .is
also dominated. by the probability.ofia
large pipe break, and the calculated

of -

iden- -
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-5.3.2.2

median .value_ of.the probability.,of. thls
sequence is l x 107 per year. P
As 1nd1catea ;bp;» Table 5 2, these

sequences lead to ,categpry»17. releases
which are guite small,since-the contains

ment+ failure mode, ... €, . results_ -in..the
molten, core .melting- into .the. K ground
beneath the reactor where a large

fraction of the- rad10act1v1ty is_ trapped
in the soil. The AD and  AH sequences
can, also lead to, other modes of contain-

ment fallure that give hlgher releases
at'. a lower prohablllty.: For example,
‘the AH o and AD-o sequences, involving

steam exp1051ons in’ the reactor vessel,
appear .in category “but at a
probablllty that is a factor of 100 less

of” core melt
RCS  rupture
approx1mately
The ~dominant

total probablllty
‘large
is_

Thé’"
resultlng from the
initiating- event _
3 x 10-6  per year.
contributors to this probability are
sequences AD-eg and AH-ec. ~Thése'/occur in
release category 7 and are significantly
smaller than .the total probability ,of
4-x 107 per year for that category.
Examlnatlon of Table 5-2,also -indicates
that none...of . the other lessg probable
large LOCA sequences makes any signif-
icant -contribution to; their»”release
categories. Therefore, the large .LOCA
event tree is a minor contributor to, the
release hlstogram., S o, .

.. Small LOCA (si):’

The small LOCA (81) is deflned as an RCS

rupture of between 2" and, 6" equlvalent
dlameter. It has a medlan probablllty
of 3 X 10‘41 per plant per year (see
Appendix III). The domlnant ,sequences
are Sj1D-¢ and SjiH-e as 1in the large
LOCA. S1D-e has a probability of
3 x 10=6 “and SiH-e a probability of
3x 1076, . T
. . -y I e Tw ). v
The total probability of:coreumelt.bg

S1 type LOCA events 1is about - -=6-x 107

per. yedr, - with an error band of.about
lO? sAgain, this.is-mainly due'to uncer-
tainties .. in- the probablllty of the 1n1—

tiating: event

-~

Although ‘the Sl ‘events are not the larg—
est contributors to core melt: they -are
only~ a--factor. :of - about ‘3-less:likely
than..the -more likely contributors *and :so
their contribution: to category 7 must be
considered. As can.be seéen: from ‘Table
5-2,: however, Sj -evernits are not signifi-,
cant contributors to other release“cate=
gories. Because category 7 represents a
small release, Sy events will contribute
very ‘“little to- the overall consequences
of core melt. : Comn

Qt




5 3 2 3 Small LOCA (Sz)

The* small "LOCA (sz) is. defined as .an RCS
rupture of between.l/2" and 2" in ‘equiv-
alent ‘diaméter. This event has a median
probability of 10~ per'reactdr-year, or
10- times ‘larger than that .for. “large
RCS rupture. The dominant sequences are
SyD-¢ and SzH-¢, as in the A and. S)
sequences discussed above. The proba-
bilities .of : these two ..sequences- are
about 9 x 10-6-and-6 x.10-6, respective-
ly. Note-that. these. probabilities.. are
not -.exactly 10 times those. for . the
corresponding sequences in‘:a -large: LOCA
‘event: rtree wsince, under Sy LOCA condi-
tions, :the-probability of failures D_.and
H-are somewhat-smaller- because different
subsystems:of;the emergency core cooling
system perform these functions.: ‘

The median probabllity of“ core
caused by ‘Sz “events is 2 x 107
year,- w1th an” érror band of dbout

that: ig® princ1pally due -to uncertainties
in “the"” probability of the - '1n1t1at1ng
event“'“; .

T - e L

melt
2 per

The S3 sequences contribute the largest
probability to’ PWR coré melt. ® While the
probabllity of a small LOCA-is 10 "times
more likely than ‘largeé - Loca, the
avaiiabllity 'of ‘the’ hlgh pressure ECCS
required to cope' with ‘these accidents is
not 51gn1f1cantly higher than “that of
the -'low’ pressure ECCS for- large rup-
tures.f The Sy events dominate categor-
ies 3,4, ' 5 _and 6 in’ the PWR release
histogram, although ‘both' and ‘tran-
sient events (T)-are 1mportant contrlbu-
‘tors o some of these categorles.

5. 3 2. 4 Reactor Vessel Rupture (R)

The reactor vessel rupture event (R)-.

definedras a,svessel rupture-large enough
to negate the effectiveness of the ECCS
systems required . to prevent core melt.
The median value of the probability of
such an, event is L1077 per-vessel: per
year- as rindicated;in Appendix=-V. .As- in-
dicated, by. Table 5-2,-the-R event is a
negligible pontributor:to«;the PWR re-
lease ..histogram. : Gross vegsel rupture
would have to. _be at least. about .100
times more 1likely than the, value:esti=
mated in order to contribute to-.the - PWR
core melt probability and to large con-

e S W .
[N -

5. 3 2 5 Interfac1ng Systems LOCA (V)

systems LOCA (V) is
caused by ~the- failure of check;.valves
that isolate .the, low pressure injection
system from_the reactor coolant system.
This event requires the failure of two

The interfacing

three~
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in-series :check 'valves. . If this were to
occur during operation, -the 22506 psi re-
actor _coolant system pressure would be
imposed .on the_ . low pressure -injection
system, (LPIS) which is designed :for only
600 .psi. It is predicted that the LPIS
will almost surely .fail. under these
conditions, so the probability of LPIS
fallure is taken. to .be near unlty.

The ‘result of thlS set of events; is to
produce a . LOCA of V6" effective. diame-
ter, which also,fails:the low: pressure
injection system. In addition, the
break in the system will lead into a
safeguards building outside:the contain-
ment so there .will be a-direct path .. for
radiocactive: release to the atmosphere,
tHus-bypassing:the..radioactivity removal
systems. ' -There:will; however, -be plate-
out of the less? volatile. radioactivity
in ther.long :'LPIS pipe run and on the
surfaces of the”safeguards building.

probability of this event has been
to be 4 x 10°6 per. year.
This . value --1s somewhat large because a
failure of. one. of . the check .valves is
not detectable. If one check valve were
to. fall in_an open- pOSltlon it w111 re-
main»undetected in this- falled p051t10n,
and if the.second check valve were .then
to _rupture, the - acc1dent would occur.
This situation,gives rise to a failure
dependency  between the check valves that

The
calculated,

would not eXlSt in. a different testing
program. As ,shown in- Appendix V a
monthly, independent test of these

valves to assure-their-seating integrity
would lower the  probability of their
combined, failure by- a factor of about
20. Although this sequence is not domi-
nant in a low release core melt path, it
produces releases. principally in cate-
gory 2 (because of the containment fail-
ure) and thus ,dominates the probability
of . the high: releases in the. PWR release
histogram.

5 3 2. 6 . BWR Tran51ent Events (T).

As discussed in~ Chapter ; 3, transient
events, refer} to aswide range. of condi-
tions. that require. the.. reactor _to be
shutdown,_, These . include all unplanned
shutdowns. Experience- has ~shown,K that
such..events occur.at- the rate of ~10 per
year. Following - the :transient. event,
one of.the shutdown systems must operate
and, .subsequent to that, operation of
systems to remove core-decay heat are
required. _ Transient -sequences .involving
failure to.trip the reactor -control rods
are not important contributors to- tran-
sient-produced . core melt s1tuatlons be-
cause of the relatively low failure
probability  (about 4 x 10-3) of the
shutdown systems and the additional pro-




tection against core melting provided:by
RCS safety valves - and: auxiliary feed-
water. * Thus, séquencés involving fail-
ure to.trip (K) -do .not’ appear tgs -major
contributdrs ‘in any- category of sTable .5=
2.  Thé dominant tran51ent contrlbutors
are -the ‘TML seqgiences. These aré tran=~
sients in which ‘the‘decay -<heat' removal
systems 'fail, principally ' due to 'una=
vailability of both offsite and onsite
AC power. The systems' invélved: in TML
include the-normal power.'conversion sys-
tem (M) and- the aux1llary feedwater sys=
tem (L) . .|- ':. PN

Analy51s of the- event tree,: as indicated
in Appendix 'V, "indicates. that :the - most
likely:  way for TML sequénces’ to develop
is for transients toroccur "as.-a-  result
of  failure: -of offsite power since this
failuré will also’'cause failure - of. the
power . conversSion system :(M):. .Experience
data shows that " the-probability of +vsuch
transients is about 0. 2 per reactor-
year. - With off31te power- -failed, the
failure ‘.of aux111ary feedwater - is
1.5 x 107% per “demand’ (with : offsité
power aVallable, this probablllty
4-x10-5).1 1f offsite power: ‘can be
recovered w1th1n about 1" hour,” the power
cohversion -systém’ can be used to  remove
decay - heat. The ° probability of »
recovering ‘offsite" fpower within~ this
time is 2 x 10-1; -based oh'experiéncé
data. "Thus, TML sequences whlch involve
thé loss' of power hasS a probablllty of
(.2 x 1.5 x 1074 x .2) = 6 x 1076 " per
year. However the consequences associ-
ated with core melt from TML will, depend
on the - functioning of the containmént
ESFs being restored with electric power
prior to the contalnment fallure."About

1The reduced availability ‘of’the auxil-
iary feedwdter systeéem  (AFWS) following
the loss of offsite power is -due, in
large part, to dependencies of the
system's electric pumps on the -onsite
emergency diesel generators. The die-
‘'sel’ generator arrangement -~ in-~  this
‘particular - 'PWR designfempIOYS a- swing
diesel generator! which ™ is - -shédred
between =~ two units on the sitel’ When
the loss of offsite power ‘occurs(t the
.swing diesel-serves only one of the™twd
units on the §ite,  ‘leaving -the other
-unit without power:to part of the AFWS.
This dependency  caused by ‘the “swing
diesel arrangements- results -''in-a
-reduced AFWS availability for ohne of
the two ' units " as shown'through fault
tree analyses presented in Appendik 1II.
It is‘of interest to note that the -use
of such swing diesel arrangements is ‘ a
practice’ now discouraged ‘by' ‘ AEC
licensing authority at multiunit ‘sites.

not’
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half the time, the electrical-power.will |
be recovered between 1 and 3 hours which
is soon enough' to operate ..these., ESFs
successfully to-mitigate the. radiocactiv-
ity released from.the:  melting core to
containment.. : Thus . the. probability of
the. loss of ~power transient coccurring
without ESFs {TMLB') -is 3.x 1076 per
year.. . ’ . R o e
If  the containment ESFs‘do not operate,
then there exists .al "relatively high
probability - of -about 0.6 that -the con=
tainment will: . rupture in ‘an overpressure
mode (8) and this would lead+to .category
2. releases., A :smaller. 'probability of
about -0.2 exists that coritainmént fail=
ure‘occurs -via the' .containment-. melt-
through (&) which would. then lead to'a
smaller category 6* release. " =Thus the
loss of power transient that occurs
without. containment 6 -ESFs leads.. to.
category 2 release with. a probablllty of
about 2 x 107 6 per year and .a category 6

release with a probability of about 6 x
10™ =7 per year. These TMLB' sequences
were found to be 1mportant probablllty

contributors over the release spectrum.
If power -is recovered such that contaln—
ment ESFs operate, then the TML sequence
has a, high probablllty of being a cate-
gory 7 release. -Considering all the TML
sequence - contrlbutlons, €.ger tran51ents
other than the loss, of. offsite  power,
the overall probablllty of TML—e se-
quences leadlng to a category 7 release
was. »about doubled to 6 x 10-6 per year.
As can be seen from . Table 5-2, the
TML-€ . sequence was about equal to small
LOCA (Sz) sequences in its  contribution
to the core melt probablllty.

Thus the transient sequences give sig-
nificant, although not dominant; contri-
butions to the PWR release histogram.
5.3.3 BWR RELEASE‘PROBABILITY

As in the PWR, all BWR. event tree se-

quences were assigned.to a release cate-
gory based -on their similarity to a

sequence analyzéd by a:CORRAL run. The
dominant sequences and their probabili-
ties are 1listed in Table 5-3. The
‘dominant contributors from each event

tree are listed separately for conveni-
ence. - . '». e '
5.3.4 BWR DOMINANT ACCIDENT SEQUENCES

5.3. 4 l LOCA Events.

Although the probabllltles ‘of the 1n1t1-

ating-events were the same as those of
the- -PWR; ° thé combined ‘availability of
the ECC systems is ~better; thus theée




probablllty ‘of LOCA-caused core melts is

G V}less ‘than>10-6. for all release categor-

ies and is not a significant-contributor
to any category. A more detailed
discussion of BWR:LOCA events is given:
in Appendix V., It should be noted that
although the probabilities of LOCA
induced core melts !are.smaller than’ in
the - "‘PWR; they:. résult - in . larger-
radioactive. releases ' if they . occurw:
This. happens because: the BWR containment:
volume is. considerably smaller, and when
" the coré melts;,; the noncondensable gases’
generated ' by : the zircalloy-water
reaction ‘and  molten. fuel interaction
with the - concrete . will® overpressurize
and rupture -the containment. ‘'Thus, itheé
most llkely path’ to containment "~failure
Is by overpressure, rather than by melt-
_through.’:” This™failure also negates'. .the
reactor -building' filter system.. : Thus,
those!relatively small releases as'.’seen
in:.cdtegory’” 6 and .7 in the PWR .for .thei
melt-through©.path.: ‘are not likely to
occur in the BWR, s : S e

5,3.4,2AvReactor-Vessel_Rupture (R).;

'As, w1th ‘the PWR, reactor vessel ruptﬁre

is deflned:as a vessel fallure large
enough to negate successful operatlon qf
- thé ESFs requlred to prevent core, melt
'Agaln, the .probabilities of such’ events
are small. and make no 51gn1f1cant con-
trlbutlon to the release hlstogram 1n
Flg.~5v2

e

5.3. 4‘35’TransientvEVents BC )
Tran51ent events domlnate_ the releases
in all categories of - -core pelt acc1dents
except category 4 where’ ‘the overlap from
the higher releases in category 3 domi-
nates. These transient events 1nclude a
wide - Varlety of condltlons that“requ1re
shutdown of the reactor. " They, = include
unplanned shutdowns that can bé- expected
to occur’ durlng the life of" the 'plant..

No’ "matter what the causé of shutdown,
decay Heat removal systems are required
to; operate to' prevent core melt.j Since
about’ “ten shutdowns per year :can ‘be
expected based on plant operatlng exper—
ience, ‘the 'decay heat removal “igystem
will be required frequently. The proba-
bility of - failure of the decay heat
removal systems (W) was determined (see
Appendix V) to be 1.6 x 1076. When com-
bined.:with the ten .transients: that occur
per .reactor=year, this y1elds ._cabout
2 % 10 -5 for the -TW sequence.,. RTINS
With-: Kthe TW sequences, the probablllty
of - fallure of containment: by ‘overpres-
sure- was ~considered to be near unity.
Given overpréessure ‘failure, the -release
path for radioactivity can be either

- through~the -containment drywell and the

reactor - building where some dep051tlon
of the ‘fadioactive materials ' occur (Y)
or more dlrectly to the atmosphere vy*).

Due to plant layout the probablllty of
a releaseé - path (y) thHrough the reactor
building-“is higher at-about 0.8 and the
path more direct-to the ‘atmosphere (Y~)
is abdut>0.2 These lead to category 3
(TW-y) “and categofy 2 (TW-y7) ‘releases
respectlvely, at-a probablllty of about’
1° ¥ 1073 and 3 b4 1076 per: year.' As -can
be seen from Table 5-3 these ‘TW -seqience
probabilities are ‘either equal to or
larger than all other- seguences. In
category 3, the: transient-caused ‘core
melts résulting from failure to - achieve
rapid reactor shutdown - (TC) have a prob-
ability about equalrto the TW-7Y ‘'segence.
For - these TC-Sequences the probability
was also found to be about 1 %1075 : per
year, where the probability of failure
to. shutdown the . reactor is about
1.2 x.10~6 ., per year. . The TC sequences'
also lead‘ to- overpressUre failure  of
containment (y . and Y 7) and this occurs
during the core melt at’ a; probablllty
near unity. . However because some of the
radiocactivity is retalned by scrubblngi
action’ of the vapor\ suppression pool
during the core melt, the magnltude ‘of
radioactivity. released to the atmosphere
is, wunlike the’ sequence, not :.as
sensitivé .to the release path.

2

5.3.5 OTHER INTERNAL CAUSES

Qualitative considerations pertaining to

the potential for large electrical fires

led the study ' to ‘the conclusions that

(1) the start of a fire in-or ‘near  im-

portant components and cable spreading

areas was a relatlvely low probability.
event by‘ comparison with some . other

types of events evaluated, '(2) the .use.

of - fire- preventlon and,nflre flghtlng

technlques would  limit. the extent of the

fire, ~and.. its. damage,&and (3) . even. 1f a

large flre _occurred. it _would be

unllkely,,because‘of de51gn requlrements

for separatlon of.’equipment and ~cables,’
to cause. damage- that . might lead to a

large release of rad10act1v1ty. ’

Recently ‘aﬂ'largewafire in - electrical
cabling occurred : at . ‘the Browns TFerry
Nuclear: Plant  and - this specific event
enabled a more quantitative check -to be
made - on”’ the -- validity of the study's
qualitatlve judgment. A° somewhat con-
servative !'quantitative -rassessment was
made of the coursé of -events ..that  .oc-
curred.... to' estimate how close-this .fire
came to causing unacceptable core tem-
peratures and .potential release of
radioactivity. The results of this as-




indicated that sthe. probability,
fire~- 1nduced ‘core- melt .

sessment .
of a potentlal

would be -about : 206 of that obtalned from‘

all other causes analyzed y.Slnce- thlsf
estimate of about 1 x lO‘ per reac-
tor-year was, found to be.either covered

by or fell ‘within, “the ;band .of uncertaln-a

ty of other predlctlons: made .;in . this;:
study,; seems reasonable towbelleve,
that,: - 1f the Browns Ferry f1re is s typi-:

cal _of_ .the ,..gamut oﬁ large electrlcalt
fires : at nuclear plants, ) then‘, the

study S qualltatlve -judgment - about flres“
remains valid., It should be recognlzedg
however,z that the quantltatlve assesss,;
ment of the. Browns Ferry fire necessar-f
ily. “cqncerned _itself w1th the spe01f1c

fire ;damage+ and: eventsy that,noccurred,
plus -, gome- potential..,variations- from.
these spec1flc events.' Thus,;the‘;above,
conclu51on.,may be  of. somewhat llmlteda
appllcablllty. Y I

! o
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One “Of the . lessons that emerges qulte
clearly from the - analy51s_ performed is’
that, ~there afe .rather stralghtforward
measures, such as may already ex1st at'
other ______

fire preventlon and 'Fire" flghtlng

cap —:

blllty ‘and that these can.51gn1f1cantly
reduce the likelihood | ma .core meltz
acc1dent belng caused by flres.,’T

study also ‘believes that 1t would’ ‘be
useful " ‘to further pursue ‘the collectlon;
and analysis 'of ‘data” assdciated with”
fires as well as the development of a
risk model for treatment of : the ‘effect:
of fires.

P - : : e <L )

S. 4 PROBAB]LITY OF RELFASES F ROM

Tt

EXTERNAL CAUSES L

The- probabllltles and releases glven in”
the prev1ous section’ ‘ate‘associated w1th“
a Varlety of 1ntr1n31c failures that can’
potentlally océut within' a 'nuclear’ power*
plant.- The data’ on~wh1ch“the prébabili=-
ties are based include” & wideé* varlety of"
causes such as de51gn“errors, fallures
in QA and QC procedures, operatlng ter-
rors, etc, However’ they do not expllc—
itly include con51derat10n of potent1a1
failures due to large external®events!
which might affect the plant. Events
such as major earthquakesy:ifloods, wind-;
storms, aircraft  impacts, -etc.;;vif-; they
were  to cause an accident, would have to.
produce core melt by one. of...nthe ::-paths
described by the event trees.’ . The: ques-
tion is .-whether " they.--could - -make - .the
sequence -probabilities estimated in .the
analysis’ in section 5.2 higher:.:than they:
would :be due only to intrinsic:failures.
It. is important -.therefore - to .- -estimate
the "-probabilities associated with:, these:
external events and determine. ‘#f: ‘they
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.currently publlshed

are :-large: enough to,contribute Slgnlfl—
cantly to the,probability of .the- various,
release categorles., Loro den LF his
EARTHQUAKE RISK’ SR _;):':,.
8 . o - N e
- A
Although it is dlfflcult to predlct w1th
precision ‘the probability. of potential
accidents . due to earthquake damage. to,a-
nuclear: power- plant. because of: the ~ genr
eral -sparsity -of - gquantitative data on,
the -sizes.and..effects of earthquakes, -it;
appears, possible to make order of -magni-.
tude -estimates™ that rare .useful _inﬁwthe
type: ..of-. risk.:
this study. . Recently:. publlshed .papers.
are . r.of particular. -interest r-: 1n this
regard.; . These -papers provide.additional
information.; on; the .approximate: probabil=

5 % l

Lk

ity«distribution of peak.seismic accel-:
erations- in' the _U.S.. (Ref.' l).and the
probability of predicted seismic,: damage

tor safety

power plants (Ref. 2).

S T

Hsieh et al. calculate 'the’probabilities-
of ground, accelerations. of(varlous - mag-
nltudes ‘for. both” the Eastern and Western
U.sS. “The analy51s uses several . " the-
curves for earth-
quakerprobabllltles and information” »on
the attenuation of ground motlpn. It
also uses the work of Brazee' (Ref. 3) to
obtdin "factors fotr the attenuation of,
earthquake forces with the distance from
the earthquake eplcenter.,A Typically,
Brazee's results ‘give areas ' above " a
spe01f1ed MOdlfled‘ Mercalli Intensity
(MMI) about four times larger than those
used by Cornell (Ref. 4). -

SR

Slnce the probablllty of a,. p01nt experl—
enc1ng Sa. given }ntenSlty ) roughly
proportlonal to this area,. the probabll

1t1es that are predicted, on the ba51s of'
Brazee s data will be about _four times
hlgher. " Hsieh's .work, as, 1ndlcated in
Table 6 which is reproduced below, glvesf
the probablllty of. occurrence of earth-
quakes as a. functlon of’ acceleratlon “at
any,glven p01nt 1n the Eastern U S. ’

o R 2 e K A A
l‘Eais'it-‘erfri»"U."S‘.’“-‘iis meant to-mean’ east .of
-tHe’' ‘Rocky 'mountains. -The “same type -of
analysis would-apply to 'reactors locat-
ed on the west coast. ‘Although the
-frequency. of earthquakes .there .is high-
-er; rreactors are designed to, .withstand
.higher SSE values so the;overall proba-
‘bllltlesdpredlcted hereln -would not --be
significantly affected. - ., . N

O

assessment . performed -in-

systems 1nstalled“1n~nuclear;



B . .. Table 6. Probability of Ground Acceleration per . ST
e Y : Year in-the:Eastern U.S: for Different Site Conditions:
' ‘Ground Accel. o N e : . -
(lncremental)* : oo soft T e Average Firm
' T -3, . -3 . -3
0.1lg 7.7 x 107 - - 3.6 x 10 1.4 x 10
0.29 e x 1073 6.5 x 10°% 1.5 x 10°°
L 0.5y 2.0 x 1070 - 4.6 x 107° 7.9 x 107°
i ) ‘1 Og** o o 3.5 x 1‘0'5"- - 1.0 x 1of5 6.9 x 10'7

: *The Aincrement ihcludes a bahd of aecelerafions around that specified, e.g., the probability at
O -1g ds equal to,the average.of the; two probabllltles 0.5g to 0.l1lg and 0.1g to 0.15g.
s . RN

**This. entry encompasses acceleratlons greater than 1l.0g.

to e . R .
I . -
Probablllty of Produc1ngyFa11ure of Two Systems, Given-an Earthquake
for Reactors Designed for an SSE of 0. 2q.
: SUNPT: S DO R - i i oL
: Ground: - Newmark . Prob. -of Damage - Prob of Damage : . Exror
Acceleration Factor Single System Two:Systems ‘ .. Factor
o . _5
0.2g 20 .001 3 x 10 . - 30
DoaeTertoon ol : o o -3 ’
T o.sg U ot L. .02 3 x 10 7
- ) N i g : e . -2
| RS 1.0g%: v T g e e T .1 - 3 x 10" - - ) .3
) e b "1'1.,') i PR . et N L LT ) - E -

The»values,ln Table B can- neyipelcombineq wfﬁhiﬂhe values of Table A to produce the valuesfiﬁ Table C.

- B

T i
TP ' ~ . . ) .
4 - . k]
; Y ! -~ TABLE C .
Probablllty of Producing Core Melt in. Reactors Lt - D e
w; *ilry.  wl. .= ..° . - :Designed for SSE of-0.2g {‘-; LD e s
. L/ ”‘:‘; V' Probablllty ‘ C Probablllty ’ v et TLT T e
o ﬂ Y - of Ground © 77 . of Ground - Probablllty ' Probablllty of Core™” >
Ground 'fi.’ Acceleratlon .. Acceleratlon of- Damage‘ " '~Me1t (per reactor - year)l
Acceleratlon’i?;t, ot Average ‘ T Flrm Z Two Systems Lo Average S f<‘F1rm )
L G w st goar it L a5 . L. L. LT Do
200290 L 7x 0 . .,..2x.]10 4 3.x10 > To2x 1078 6 %*10
P N 4 . .t . T o . ** 7. =~ ’ 8
it O Sg’ e 5 x 107 . . 8 x lO 76 ‘,3 x:10 -3 PN 2 X 10- ’ T _¢3rx 10
E PR SR, -7 . -2 74.‘u & -8
e - Og A Lo 1 X.; 10;5 - 3'x‘;0.3_ . 3 x iR v 2 X lO
€ It e PR P : R - ~
i e e S - n .. . ' o - - -8
o AT T e N - TOTAL P 5,x 10u7:;rv L 6 5 lO
SR PO LT I P . '
JIfeprobability of damage to a single system is usual, which.is--equivalent tosis . ~=
~. assuming. completerdependence, then:thei0:2g probability. is increased. by.a. T B L R
..factor of 30, the:0. Sgrprobablllty by a=factor of 7, and. the 1. Og probability ., -~ -
by a factor of: 3. f The: total'probabllltles would then be approx1mately IR :
3 x-10%7 for the flrm case.. .o, o
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Although most U.S. réactors’are located
on firm sites, a
termed
Table 6. In this analysis,. the results
are computed on the basis of two assump-
tions: T

located on firm

All reactors are

sites.

a.

All reactors are located on average
sites. .

b.

In order to estimate the probability of
an earthquake producing-a-core melt
cident, ' the  probability
quake (Pg) must be combined: ' with the
probability that the earthquake will
produce enough damage (Pp) to
potential = accidents involving core melt

(PcMm). Thus,

Pem = Pg * Pp

Newmark's work provides .a basis for
timating the value of Pp.  Figure.9-of
his paper gives the probability of. .dam-

age to safety systems in terms of the
size of potential earthquakes. This
figure indicates that the safety factor

for reactor systems is about-20 for-
SSE, and gives a system damage probabil-
ity Pp # .001 for that 51ze event.

T

The analysis of potential® core melt
accidents indicates that generally two
systems would ‘have
such an event,
ity of any system is
ability that two would fail could. be.
low as 1076, However, it is reasonable
to expect that, in some cases, the use
of independent, failure probabilities
that would be implicit in a value
10-6 may not be true. The potential for
common mode failures between these
tems should tend in general to increase
the likelihood of their fallure. on the
other hand, if the systems were. to. have
totally dependent failure probabllltles,
then their value would be 107 .Since
neither of these extremes is- 11kely,
the . absence of more precise information
a reasonable value for their joint fail-
ure would be the 'log normal mean,:or
3 x'107§ + a factor of 30. Theé values
in Table B were ~generated using this
procedure and Newmark's data. :

.001 then the prob-

Thus if average sites are assumed, a
value of 5 x 10-7 per reactor vyear is
obtained; for firm sites “the result is
6 x 10-8. Since reactors -are - located

principally on firm sites, a reasonable

AC=- - -
of the earth- . -

cause,

es=’

the -

to fdil to produce
If the failure probabil-

as .

sys="

in .

few might ber . better  « .
average sites in the notation of

of T

-6 8=

estimate is: 1077 ‘and  considering.
uncertainties in - damage probabilities,
it seems -reasonable .to believe that the
true value ..lies between 10-6 to 1078
At this 1level of probability,
quake-induced accidents should. not con-
tribute significantly to ‘reactor acci-
dent-risks.

5.4.2 - TORNADOES
reactors are now being |
designed to withstand the effects
sizeable. tornadoes. The .design basis
tornado for the bulk of the country is

All U.S. . power

" assumed “"to have “internal winds' of' about
300 ‘MPH and to .moveiwith a translational

velocity.of- about 60 MPH. It is :assumed
to develop pressure differentials of
about .3 psi . in .3 sec. In addition to

-~withstanding- the wind .and pressure load-

. reactors by Doan (Ref.

reactor is located.

ings, all vital reactor systems must be
protected against tornado generated mis-
siles. A review of. tornado. risks.to
5) has recently

been main points are

published. The

reviewed: here.

The.
will hit a glven point can be.
as-

P

probability per year.that a tornado
expressed

averages
average
of IISII

area affected,
" is the
area

where "a", the
2.8 square miles and "n

annual frequency in an

square miles having tornado characteris- : .

"the site where -the
Doan reports torna- ¢
do strike’ probabilities-of 1073 - 10-4
per year for a number of reactor: sites.
The average for the reactor sites is
about 5 x 10~4 per year. These esti-
mates are comparable to those published

tics similar © to

“récently by AEC'S regulatdry staff (Ref.

‘,llmlted number of
'carefully

.that significantly less than 1%

6).

The values above are the
bility of a tornado of any size. A
tornadoes have been
analyzed and internal wind :
velocities of 170 to 270 miles per hour

have been estimated. Doan. concludes
of all
tornadoes would be expected to be as
large .as the design basis tornado. . The

strike proba- -

‘probablllty of such a tornado striking a *

nuclear power plant would be on' the
average less than 5 x 10° per year.
“ The only seismic category I structures,

I\

‘plant.-

and “"equipment.. -considered vulnerable to
tornado*damage are :those- associated with -
the: - :emergency diesel~generators in each -
-~-The structural integrity and,
missile resistance of "the diesel-génera-

- . R Lo o

the -

earth- -

of -



as well as
buried fuel

tor buildings was examined
the wvulnerability of the
storage tanks to penetration by planks
and telephone poles. Except for the
potential loss of the PWR diesel genera-
tor building doors following impact by
the most energetic missile (leading to

potential exposure of the associated
diesel to the effects of wind-driven
rain and hail), the diesel-generator

buildings and fuel tanks were considered

to  be tornado-proof. Therefore, the
probability of a tornado-caused core
melt sequence is considered to be very
small compared to the other core melt
sequences,

5.4.3 FLOODS

All reactors on rivers subject to flood-
ing must be designed to survive a hypo-
thetical flood called the Probable Maxi-
mum Flood (PMF). This approach has been
developed for the design of dams and
other major structures subject to flood
hazards, The PMF is based on an esti-
mate made by combining the worst recog-
nized values of all factors that contri-
bute. to producing a flood, rather than
being based only on studies of observed
flood frequencies. For example, the PMF
on . the upper reaches of the Mississippi
River used 1in the analysis of the
Monticello Reactor Site was developed as
follows:

The heaviest snow pack observed in the
last 100. years was subjected to the
maximum . temperature sequence. The re-

sulting runoff was further increased by

assuming that the largest postulated
rainstorm occurred simultaneously over
the entire area. ‘The resulting river
flow was 365,000 cfs. and is nearly 10

times higher than the maximum observed
flood of 47,000 cfs. In addition to the
foregoing, the evaluation of reactor
sites also includes, where appropriate,

the potential effects of the-failure of
dams located ' upstream of the reactor
site. These factors suggest that the

approach-to dealing with the effects of
potential = floods on reactors is gener-
ally quite conservative.

5.4.4 AIRCRAFT IMPACTS

The AEC has evaluated the probability of
potentially damaging aircraft impacts at
some 'sites' located within five miles of
airports. Theée probability for a poten-
tially damaging crash per year at these
sites was between 106 and 10-7 based on
a conservative calculation. The majori-
ty of reactors are located farther than
five miles from airports and will have
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probabilities of
The probabil-

significantly smaller
crashes than these sites.
ity for most plants would fall in the
range of 106 to 10-8. Because the
containment is a-fairly strong structure
and the vital parts of the plant present
quite a small area, these impacts would
have a small probability of producing a
core melt sequence, It 1is therefore
concluded that aircraft impacts have a
very much smaller probability of causing
a core melt than the accident sequences
already considered.

5.4.5 TURBINE MISSILES

The likelihood that the impact of a
turbine missile <could cause radioac-
tivity to be released from the core or
from the spent fuel storage pool
indicate that events such as these are
not expected to contribute to the

overall risks.

Bush (Ref. 7) has estimated the proba-
bility of a turbine failure resulting in
the generation of large missiles to be
approximately 104 per year. He has
also assessed the probability of
missiles striking specific plant loca-
tions where systems could be affected
and sources of radioactivity could be
potentially released. For a typical PWR
and BWR plant, the strike probabilities
depend largely on the orientation of the

turbine with respect to the strike area
of interest and to the target area
presented to the missile once it is
generated by the turbine failure. The
probability of damage being caused once

strikes a particular point
or not the
penetrate a
reinforced
to damaging
system of

the missile
depends largely on whether

missile is required to

substantial barrier, such as
concrete structures, prior
any particular component or
interest. If, for example, the turbine
missile is required to penetrate
concrete barriers of thicknesses ap-
proaching 6 ‘feet, then the -probability
of penetration approaches zero. On the
other hand, the probability of penetra-
tion could approach one should a direct
strike occur on concrete barriers having
thicknesses of about three feet or less.
0f course, the missile damage potential
following such penetration would be
reduced since much of its energy would
be dissipated in the process. Review of
the specific plant layouts for +the PWR

and the BWR plants used in this study
indicated that the missile strike
probabilities presented by Bush should

provide a reasonably conservative repre-
sentation of the strike probabilities to
be expected. These are presented as
follows:




Limiting Missile

Strike
Plant Structures Probabilities
PWR
Containment Wall ~0,24
Containment Dome ~8 x 10--3
Spent Fuel Storage ~4 x 10-3
Primary Auxiliary -3
Bldg. ~1.2 x 10
Diesel Generator -4
Bldg. ~4 x 10
BWRl

Spent Fuel Storage ~6.7 x 107°
Rad Waste Bldg. ~4.8 x 10,—3
Control Room ~8,2 x 107°
Reactor Heat Removal -2
Heat Exchangers ~3 x 10
Diesel Generators ~6.4 x 10_3
The highest strike probability for a
turbine missile exists for the PWR
containment wall principally because it
presents a large target area. The con-

tainment wall thickness of about 4.5 ft.
of reinforced concrete can possibly
prevent the penetration of all but very

energetic missiles. Assuming a proba-
bility of penetration of about 0.5, the
overall probability for a turbine
missile entering inside containment 1is
approximately:

1

Note that the BWR containment structure
is not listed. This is so because the
number and thickness of concrete walls
and barriers including the smaller tar-
get area of containment make the proba-
bility of missile strike and
penetration negligibly low.
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3 x (B x (€ = (D)
(10™%) x (0.24) x (0.5) = 1.2 x 107° Q
A =

Probability of Missile Genera-
tion by Turbine Failure (10-4)

B = robablllty of Missile Strlk%
.24)
C = ([Probability of Missile Pene>
tration of Structure (0.5)
D = (Probability of Missile Enter
ing Structures (1.2 x 107
If the missile passes through the con-
tainment wall it will likely be stopped
by the reinforced concrete crane wall
which provides at 1least an additional

two feet of thickness through which the
missile would be required to pass before
it reaches the operating floor above the
reactor coolant system. The probability
of the turbine missile causing damage to
the reactor coolant system and a
possible LOCA is thus negligibly small.
Even if the missile does not penetrate
the crane wall, it 1is possible that
damage may be done to components located
in the annulus between the containment
and crane walls. The principal
components located in this area of the
PWR containment are the main steam pipes
and it 1is possible that the missile
along with spalled concrete could fall
onto the piping and cause damage. Even
if a probability of 1.2 x 10~5 was taken
for rupture of a main steam line, it
would be a very minor contributor to
pipe failure ©probability used in this
study and thus can be neglected as a
significant path for radioactivity
releases.,

One other probability of interest is the
probability of a turbine missile strik-
ing the spent fuel storage pool in the
PWR or BWR. The highest strike roba-
bility estimated by Bush (~4 x 1073) was
for the PWR. Examination of the PWR
layout of interest to this study
indicated that the spent fuel pool could
be struck only by higher trajectory
missiles entering from above the pool;
thus the wuse of this highest estimated
strike probability could be overly
conservative. Compensating slightly for
this conservatism 1is the fact that
either of the two turbines at the two
unit sites could generate missiles to
potentially strike the fuel and thus
double the strike probability. These
factors are taken, however, to be within




Q

error that could be
associated with such probability esti-
mates, Thus use of 4 x 10-3 as an
overall strike probability for the spent
fuel pool seems reasonable. Given that
the turbine missile enters the spent
fuel storage pool, the probability of
fuel damage was assumed to be unity.
The overall probability for spent fuel
damage via this accident event was thus
taken to be about (10-4) (4 x 1073)
(1) = 4 x 107 and this value was con-
sidered by the study as an incremental
probability contribution for those acci-
dents not involving the reactor core.

the. bounds of

Thus, the probability that a large radi-
oactivity release could be caused by a
turbine missile does not represent a
significant contribution to the overall
risks from reactor accidents.

5.4.6 OTHER EXTERNAL CAUSES

Some plants are located on the sea shore
where the possibility of tidal waves,
and waves and high water levels due to
hurricanes exist. The plant design 1in
these cases must accommodate the largest
waves and water levels that can be
expected. Such events were assessed to
represent negligible risks.

often questioned is the possi-
of deliberate human acts to
An investigation of

An area
bility
destroy the plant.

this area has led the study to the
following conclusions regarding sabo-
tage:

1. Nuclear plants have inherent charac-
teristics that provide built-in dif-
ficulties for successful sabotage
efforts. '

2., Additional
recently been
power plants
consideration.

security measures have
required at nuclear
and others are under

3. The worst consequences associated
with, acts of sabotage at reactors
are not expected to lead to conse-
quences more severe than the maximum

consequences predicted by the study.

The expected consequences of suc-
cessful sabotage are -  but :a small
fraction of these maximum conse-
quences,

4, -Nuclear power plants appear far less
susceptible to sabotage than most
other civil or industrial targets.

lSee section 5 of Appendix I.
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Because there currently is no comprehen-
sive method for estimating the probabil-
ity of acts of sabotage directed at any
target, the consideration of the level
of protection against acts of sabotage
is thus quite important. Current USNRC
guidelines (Safety - Guide 1.17 and pro-
posed Section 73.55, 10 CFR), which are
significant improvements over previous
security practices, have been substan-
tially implemented at operating reac-
tors. Furthermore, recent studies have
produced further recommendations for
plant countermeasures to supplement the
current security measures. As a result
of these recommendations, additional
requirements are under consideration.
The implementation of these improved
requirements should further reduce the
probability of successful sabotage.

With the implementation of current
security measures, it appears that the
probability of successful sabotage is
low, and further reductions in probabil-
ity can be anticipated in the future,

5.5 RISKS FROM ACCIDENTAL RELEASES

As discussed in Chapter 2, the risks
associated with reactor accidents can be
expressed in several ways. However, all
these expressions require knowledge of
the probabilities and consequences of
the various accidents considered.

The probabilities of various accidental
releases have been discussed in the pre-
ceding sections of this chapter. The
consequences have been calculated using
the consequence model described in
Chapter 4 and Appendix VI. This model
uses as its input the values from the
release histograms described in section
5.2-in combination with the possible
weather states and population densities.

The calculation determines the probabil-
ity and magnitude of seven different
consequences. These are early fatali-
ties (those that occur within a year
after. a potential accident), early
illness, thyroid illness, latent cancer
fatalities, genetic effects, property
damage and land contamination. By
integrating over the entire accident
spectrum, weighted by the probability of
occurrence, the risk can be obtained in
one of several forms. The individual
health risk is the average number of
people per year expected to be affected
by a given consequence divided by the
population at risk. The societal health
risk is the number of people expected to
be "affected by a particular consequence

per year. Societal risk also includes
the estimated annual dollar cost ex-
pected from reactor accidents. Perhaps




the most informative outputs of the
calculation, however, are the complemen-
tary cumulative distribution functions
which show the probability of exceeding
consequences of a given magnitude as a
result of radioactive releases. The
following sections describe the results
for both types of reactors expressed in
all the above ways for each of the
consequence types considered.

The probability-consequence relationship
shown in these curves and in the ones
that follow are based on population and
weather distributions applicable to the
sites at which the first 100 reactors
will be located. Thus, they represent
the combined risk from all sites and are
not necessarily the correct curves for a
given -plant on a given site.

For example, a plant on a very low popu-
lation site would have a different curve
than a plant on a very high population
site. ‘Therefore, these curves should
not be used to estimate " the risks at
specific sites.

5.5.1 EARLY FATALITIES

The probability of accidents which pro-
duce fatalities versus the expected
number of fatalities was calculated wus-
ing the input data previously described.
These results are shown in Fig. 5-3 for
both the PWR and the BWR. The differ-
ences between the curves for the PWR and
BWR are less than the wuncertainties
inherent in the <calculational method.
Thus Fig. 5-3 also shows a curve which
is the average of the two curves for the
individual reactors.l The uncertainties
in the values of the average curve are
indicated by the footnote on Fig. 5-3.

As can be seen from the averaged curve,
the probability of an accident that re-
sults in more than 10 fatalities is
predicted to be about 3 x 107 per
reactor-year. Thus, in 3,000,000 reac-
tor-years of operation in plants of this
type, distributed over sites similar to
current U.S. sites, one such event would
be expected on the average. Accidents
involving 100 or more fatalities are
predicted to have a probability of about
10-7 and would be expected on the
average to occur only once in 10 million

lIn averaging, the two individual curves

are weighted to account for the fact
that there are about twice as many
PWR's as BWR's in the 100 reactors
covered by this study.

reactor years of operation, The largest
number of fatalities are predicted to-be
about 3300 and have a probability of
about one in a billion (1079) per
reactor-year.

The probability values from Fig. 5-3-can
be thought of as being comprised of four
contributing factors; the absolute prob-
ability of core melt, the relative
probability of various radioactive
release categories following core melt,
the probability of the existing weather
conditions and the probability that a
particular population density will be
exposed.

Since the consequences result only from
potential core melt accident seguences,
the probability of core melt affects the
absolute value of the probability scale
but not the shape of the curve. Changes
in this probability would principally
affect multiplying the scale by a con-
stant factor. The shape of the curve
would be principally determined by the
other three factors. Thus, the largest
consequences involve the simultaneous
occurrence of the largest release cate-
gory, the worst weather, and the wind
blowing in the direction of one of the
high population density sectors. Since
the poorest weather occurs less than 10%
of the time, high population densities
occur in less than 1% of the sectors,
and the largest release occurs in
somewhat less than 10% of the core melt
cases, the largest consequences would be
expected to occur with a probability of
less than one in 10,000 following a core
melt accident. Since, as indicated in
Appendix V, a potential core melt ac-
cident has a probability of about
5 x 1072, the probability of the largest
congequence events is in the range of
10-9 per reactor-year as shown in Fig.
5-3.

Additional perspective can be gained on
the meaning of the core melt prediction
from the considerations listed below.
It should be noted these considerations
were not used in the study's calcula-
tions.

a. Counting commercial and military
power. reactors, there have been
almost 2000 reactor-years of experi-
ence with no nuclear accidents
affecting the public. This suggests
that the likelihood of an ‘accident
is less than 10-3 per reactor-year.

b. Examination of accident experience
in many fields suggests that large
accidents occur with much lower
frequency than small accidents,



This can be seen
consequence curves shown in
6 for both man-made and natural
events. They - show continuous de-
creases in frequency of occurrence
as the consequences increase. This
happens because the largest acci-
dents, as is true with many other
low probability processes, require
the simultaneous occurrence of
several unlikely random events.

from the many
Chapter

reactors have not yet
accidents, or situ-
ations that have resulted in ab-
normally high fuel temperatures,
this again suggests that core melt-
ing should be much less likely than
10-3 per reactor-year  and that
larger accidents should have an even
smaller frequency. It should be
noted that there is only a factor of
20 in probability between a value of
10~3 and the predicted value of
5 x 1073 per reactor year.

Since power
had even small

Based on these arguments it is
reasonable to believe that the core melt
" probability predicted by this study
should not be significantly larger.

Given the probability of core melt at
about 5 x 10-5 per year, the probability
of 4dccidents with fatalities greater
than 10 is 3 x 10~7/5 x 10-5 = 0.006
that the consequence will be larger than
10 fatalities. Said another way, 1 out
of 170 core melt accidents are predicted

to cause more than 10 fatalities.
Similarly 1 out of 500 core melt acci-
dents are predicted to cause more than
100 fatalities.

The societal risks for early fatalities

are obtained from a probability weighted
average of the consequences. This aver-
age value .is 3 x 10> deaths per
reactor~year and is essentially the same
for both types of plants. However, such
an average can have . real meaning  only
when it is representative of many repe-
titive events. While this is. not the
case for ‘these.low probability reactor
accidents, the use of such a calculated
average can be of’ some value in
comparing reactor accident risks to
other societal' risks involving acci-
dents.” Such comparisons will be made in
Chapter 6. ’

individual risk could be obtained by
the U.S.

An
dividing the societal risk by
population. This gives 3 x 1073/2 x
108 = .2 x 10713 per person per reactor-
year. However, since fatalities are
only expected within 25 miles of the
reactor site, a more meaningful number

-73-

to the
living

may be the individual risk

approximately 15 million people
within 25 miles of nuclear sites. This
gives an average individual risk of
3 x 1073/15 x 10% = 2 x 10~12 per person
per reactor-year. The individual risk
as a function of distance from the
reactor is estimated in Appendix VI.

5.5.2 TABULAR SUMMARY OF RESULTS

The previous section, 5.5.1, presented
the early fatality consequences as a
function of probability for accidents in
PWRs and BWRs and also presented an
average of the two curves. Similar
curves will be presented in the sections
which follow for the other consequences,
This section summarizes this consequence
data in tabular form for the convenience
of the reader. Table 5-4 shows the
early fatalities, early injuries, pro-
perty damage, and 1land area requiring
decontamination or relocation of people
as a function of probability. Table 5-5
covers latent cancer fatalities, thyroid

illness and genetic effects. These
tables show probabilities for having
consequences greater than the values

listed and each consequence is discussed
in greater detail in the sections which
follow.

5.5.3 EARLY ILLNESSES

Early illness is defined in this study
to be those illnesses which require
medical attention shortly after the ac-
cident; some of these will require
continuing treatment. The most impor-
tant illness in this category is
respiratory impairment. Calculations

showed that the ratio of early illnesses
to early fatalities is approximately 15
in large potential accidents. The
probability distribution for illness 1is
shown 1in Fig. 5-4. Some additional
temporary illnesses are discussed in
Appendix VI.

5.5.4 LONG—TERM;HEALTH EFFECTS

Exposure to; even 1low levels of radia-
tion, in addition to the natural back-
ground of radiation that exists, is
generally believed , to increase the
likelihood of certain diseases and to
increase certain genetic effects. Since
these effects may be evidenced many
years after the exposure, they are
classed as long-term health effects,
These 1include latent cancer fatalities,
genetic defects, and thyroid illness.



5.5.4.1 Latent Cancer Fatalities.

Radiation-induced cancers can cause an
increase 1in the number of other cancer
fatalities in the exposed population.
The BEIR Report (Ref. 8) considers this
question and concludes that an upper
bound on the number of such cancers that
might occur after the exposure can be
obtained by using a linear extrapolation

from high exposure data. The study
benefited from the advice of a panel of
health consultants which unanimously

recommended that
be used only as an upper bound and that
a more realistic estimate be used which
accounted for the fact that exposure
from a reactor accident would be predom-
inantly gamma radiation of low magni-
tudes delivered at low dose rates.

The panel felt that, although there is
not sufficient evidence to Justify the
use of a threshold dose, there is,
however, enough evidence to justify the

use of lower dose-response effectiveness
applicable to low dose rates and/or low
total doses. The assignment of such
factors is discussed in Appendix VI and
they have been wused in the study's
calculations.

The effect of this procedure is to lower

the overall BEIR report estimates by
about a factor of 2. However, the
number of cancer fatalities was pre-
dicted in the study's consequence model
by adding individual cancers on an
organ-by-organ basis rather than by
basing the number on the whole body
dose. In general, this change increased
the number by about a factor of two.

The overall effect of these two changes
was to give a total number of predicted
cancers that is equivalent to about 100
cancer fatalities per 106 man-rem, based
on a whole body dose. Figure 5-5 is a
plot of the probability distribution of
latent cancer fatalities per year most
of which could occur approximately over
a period of 10 to 40 years following a
potential accident. In the largest ac-
cident predicted in the study the 1500
latent cancer fatalities would be dis=~
tributed over approximately 10 million
people. The normal incidence rate of
fatal cancer in this population is about
17,000 (Ref. 9) per year. Thus the
largest potential accident would repre-
sent an increase over the normal rate of
1500/17000, or about 9%. This effect
would probably not be measurable statis-

tically because of the large variations
in the normal rate.
The probability of 500- latent cancer

fatalities/yr or more is about 10~/ per

the linear hypothesis-
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of core melts

less than 500

reactor-year. Thus 80%
are predicted to cause
latent cancers/yr.

5.5.4.2 Thyroid Nodules
It has been observed that radiation
exposure of the thyroid gland increases

the likelihood of thyroid nodules. On
the average, considering different age
groups, about 1/3 of all nodules would
be malignant. Both types of nodules can
be medically treated with good success.
In this study, it has been assumed that
10% of, the malignant nodules will have a
fatal outcome and this number has been
added to the number of 1latent cancer
fatalities.  Figure 5-6 presents the
incidence rate for all nodules. This
rate would be expected to presist from
about 10 to 40 years after the accident
on the average. In the largest accident
predicted in this study, the 8000 cases
per year would be distributed over about
10 million people. The normal annual
incidence rate of nodules in this popu-
lation is about 8000 per year. Thus the
largest accident would approximately
double the normal incidence; this effect
would be detectable in the population at
risk..

As noted in Appendix VI hypothyroidism
may also result from irradiation in some
cases. Hypothroidism is a deficiency of
thyroid activity which occurs sponta-
nously and may be induced by irradiation
of the thyroid. Hyperthyroidism (over-
activity of the thyroid gland) and
thyroid cancer are often treated by
administering to the patient a dose of
iodine-131 which, taken up by the
thyroid, reduces the thyroid function
and destroys the cancerous cells. A
hypothyroid person is normally pre-
scribed - replacement thyroid hormones
which are taken orally and are inexpen-
sive, effective and safe. Neither the
BEIR report or UNSCEAR provide risk
estimates for hypothyroidism. Based on
the limited data presently available and
on the fact that it may not be
applicable to the general population as
summarized in Appendix VI, the study has

roughly estimated that the number of
cases of hypothroidism may be of the
same order as the number of nodules. A
more definite estimate must await
further work.

5.5.4.3 Genetic Effects

Genetic mutations can occur spontaneous-
ly, from unknown causes, or ‘'can be
induced by a variety of physical or
chemical agents, one of which is
ionizing radiation. - The effects of




be very obvious, e.g.
albinism, or detectable only by
laboratory tests; they can be so slight
as to be neither incapacitating nor
disfiguring or so severe as to produce
pronounced 1life shortening in a small
percentage of the cases., The effect of
radiation 1is to increase the mutation
rate but genetic disorders that would
arise from radiation-induced mutation
would not differ from those that have
been occurring naturally for as long as
man has existed. The increases in
genetically caused diseases expected for
a particular exposure have been
summarized in Appendix VI based on
estimates from several sources.

mutations can

The probability distribution for the
number of genetic effects that might
occur are given in Fig. 5-7. In this

curve the genetic effects per year apply

to the first generation and would occur
over about a 30 year period. Additional
genetic effects could also occur in

later generations. The total effect can

be calculated approximately by assuming
that the first generation rate would
persist for about 150 years. The number
of cases of genetic defects that could
be produced by the largest accident
predicted in this study is 190/yr.
Since the normal incidence rate of

genetic effects in the approximately 10
million people affected is approximately

8000 per year, the 190 cases per year
would represent an increase in the
normal rate of approximately 2%.

5.5.5 PROPERTY DAMAGE

The propérty damage model provides an

approximate estimate of the more signif-
icant societal costs that might occur as
the result of a potential accident in a
nuclear power plant. Although the
damage that might occur is called
property damage, it must be recognized
that no property located off the reactor
site would be physically damaged; rather
it may become sufficiently contaminated
with radioactive material so that its
usefulness is temporarily or permanently
impaired. This means that before it
would become useful again, the radioac-
tivity must decay or weather away
it reaches acceptable levels or
decontamination action must be taken to
achieve these levels. The property
damage model considers the effects of
both decay and decontamination.

costs society con-

model are accumulated
from five sources. They are the cost of
1) evacuating people to reduce their
exposures to the radioactivity released,

The potehtial to

sidered in the

until -
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relocation of people

an area that is
contaminated to higher than acceptable
levels for long-term occupation, 3) de-
contamination of this area, 4) property
that cannot reasonably be decontami-
nated and 5) agricultural products for
a growing season, if the contamination
levels were to be high enough to prevent
their use. The treatment of each of
these effects is discussed in detail in
Appendix VI.

2) the temporary
who may be in

The major contributor to the overall
cost would be from those areas where
reasonable decontamination procedures

could not reduce levels of radiocactivity
to acceptable levels of dose. In this
study an acceptable dose level was
chosen to be 25 rem in 30 years for
urban areas and 10 rem in 30 years for
areas where the population density -is
low.” These values are based on concepts
contained in the Federal Radiation
Council (Ref. 10,11) and British Medical
Research Council (Ref. 12) publications
which state that the 10 or 15 rem
reference dose 1is one below which
countermeasures are unlikely to be
justified, When a radiation dose
appears likely to exceed the reference
dose, a balance should be achieved
between the risk to the community from
relocation versus the risk due to some
increased exposure.

The dollar costs charged for
relocation are on the basis of
$17,000/capita to account for value of
property, land and relocation costs. A
somewhat larger land area than the
relocation area will remain habitable,
but will require some decontamination.
This decontamination can range from a
simple washing (which may yield decon-
tamination factors of 2) to more
thorough procedures which will yield a
decontamination factor of about 20. The
model assumes that, should an accident
occur, such measures will be regarded as
reasonable and will be implemented where
appropriate, thus reducing the area that
cannot be inhabited. The cost for
thorough decontamination is estimated to
be about 10% of the value of the
property and is included in the overall
property damage estimate.

permanent

Agricultural costs are assessed by
determining the fraction of land (in
each state) that is 1in agricultural
production and determining the value of

any lost crops. Milk production for a
few weeks to a few months 1s very
sensitive to radioiodine contamination
so it is treated by a separate
calculation. Agricultural costs are a
minor contributor to overall property
damage.



The predicted property damage costs are
shown in Fig. 5-8. The curve shows that
80% of all core melt cases would have
damage costs of less than $300 million
and that 99% would have costs less than
$4 billion. These curves are considered
to represent a conservative estimate of
the costs because the effects of wind
direction change and wind shear are not
accounted for by the consequence model.
The inclusion of these effects would
tend to reduce the land area that might
be contaminated to higher than accept-
able levels.

Figure 5-9 shows the probability distri-
bution of land area affected for the two
conditions described above. The higher
curve 1is an area from which people would
not be relocated but in which decontami-
nation would be required. The lower
curve is an area from which people would
have to be relocated. Although a por-
tion of this area would become useful
after decontamination, the dollar damage
estimates incorporated the total value
of structures and land within this area.

The areas in Fig. 5-9 are calculated on
the Dbasis of the acceptable level of
dose for continued occupation of 25 rem

in 30 years. As is shown in Appendix
VI, on the average, if this 1level were
to be increased to 50 rem, the areas
shown in these curves would be reduced
by a factor of 4; however, this would
cause about a 10% increase in latent
cancers and genetic effects. Similarly,

a decrease to 10 rem would increase the
area by a factor of 2.5 and decrease the

latent cancers and genetic effects by
about 10%.

It can be seen from Fig. 5-9, that in
80% of all potential core melt acci-
dents, the area that might require
relocation is less than 20 square miles

and the area requiring decontamination
is less than 400 square miles.

It can be seen from Fig. 5-9, that in
80% of all potential core melt acci-
dents, the area that might require
relocation is less than 20 square miles
and the area requiring decontamination
is less than 400 square miles.

radioactivity out of
chain it would be
certain agricul-

In order to keep

the human food
necessary to impound
tural products over a somewhat larger
area. The most sensitive agricultural
product is milk and the area over which
milk would have to be monitored for a
few weeks to a few months is about 5
times larger than +the decontamination
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curve. The costs associated with these
agricultural products is less than 5% of
the total cost. -

The effects of contamination of water
supplies have not been considered in
detail in the study. In the <case of

streams and rivers the effect of contam-
ination of water to levels of radioac—
tivity above drinking water tolerances
would be to restrict use of the water
during the period that contaminated
water would flow past water supply
intakes. This type of control procedure
should have small effects on public
health. Contamination Jf a water supply
reservoir would require that an alter-
nate supply be used until the radioac-
tive levels,decayed to drinking water
levels or until the city water supply
can adequately filter to achieve
acceptable levels. Contamination of a
large lake or reservoir that represented
the major water supply to a city would
require restrictions on its wuse until
levels were suitably low or until proper
filtering could be implemented. It 1is
believed that the property damage values
calculated for 1land would cover the
costs of additional water filtration
when it is required. :

5.6 ACCIDENT RISKS DUE TO 100
NUCLEAR POWER PLANTS

The risks reported in the previous sec-
tions were on a per plant basis. An
estimate of the total risk to society of
100 reactors operating at the currently
assigned sites can be obtained by
multiplying the PWR and the BWR curves
by the number of each type of plant in
the population of 100 and then adding
the result. However, the differences in
the calculation of the risks involved in
the two plants are well within the
uncertainties involved in the analysis,
so the total risk has been obtained by
taking the weighted average of the PWR
and BWR results and multiplying the
result by 100.

It must be recognized that there are
certain assumptions involved in expand-
ing the results to include 100 reactors
which require discussion.. Such a proce-
dure assumes that all reactors in the
population have the same overall risk.
As discussed in Chapter 2, technologies
typically show improvements in their
safety as a function of time. As.
pointed out in Chapter 1, since about
two thirds of the first 100 large plants
will be of newer vintage than the plants
studied, it would be expected that this
study has somewhat over-predicted the
risk. Furthermore, improvements in
reliability and safety can reasonably be




anticipated during the next decade or shown earlier for 1 reactor can be

more as a result of operating experience obtained for 100 reactors. Table 5-6

and improved designs. These improve- shows the approximate annual societal

ments (some of which are already incor- and individual risks due to potential

porated in newer plants) make it nuclear plant accidents for 100 reactors

inappropriate to extend the results of located at the 68 sites wused in the

this study to more than 100 plants or study. Tables 5-7 and 5-8 present the

beyond a 5-10 year period. various consequences vs. probability for

100 reactors. These show probabilities

Using the process described above, the for having consequences greater than the

probability distributions for various values listed. Figures 5-10 - 5-16 show

accident consequences similar to those the various consequence curves.
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TABLE 5-1 SUMMARY OF ACCIDENTS INVOLVING CORE

(b)

(c)

(d)

DURATION WARNING ELEVATION CONE:;E’G'”;NT

RELEASE PROBABeIrLITY ggAgg RELg§SE E3§2§A’§2§N RE(I).EASE R.zLEASE FRACTION OF CORE INVENTORY RELEASED {a)

CATEGORY Reactor-Yr (Hr) (Hr) (Hr) (Meters) (10 Btu/Hr) Xe-Kr Org. I I Cs~Rb  Te-Sb Ba~Sr Ru(b) La(C)
PWR 1 9x10™7 2.5 0.5 1.0 25 520 (@ 0.9 6x107> 0.7 0.4 0.4 0.05 0.4 3x107°
PWR 2 8x107° 2.5 0.5 1.0 0 170 0.9 7x10”% 0.7 0.5 0.3 0.06 0.02 4x107°
PWR 3 ax107® 5.0 1.5 2.0 0 6 0.8 6x107° 0.2 0.2 0.3 0.02 0.03 3x107°>
PWR 4 5x107" 2.0 3.0 2.0 0 1 0.6 2x107> 0.09 0.04 0.03 5x107> 3x107° ax107?
PWR 5 710”7 2.0 4.0 1.0 0 0.3 0.3 2x107> 0.03  ox1077 sx10™0 1x1077 ex10”? 7xi0”>
PWR 6 6x107® 12.0 10.0 1.0 0 N/A 0.3 2x107° 8x10™? 8x107% 1x1073 9x10™° 7x107° 1x107°
PWR 7 ax10”> 10.0 10.0 1.0 0 N/A 6x107° 2x107° 2x107° 1x10™° 2x107° 1x10~¢ 1x107® 2x1077
PWR 8 4x10™° 0.5 0.5 N/A 0 N/A 2x1073 5x107°% 1x10™ 5x107% 1x10® 1x107® 0 0
PWR 9 ax1074 0.5 0.5 N/B 0 N/A 3x107° 7x207 1x2077 6x1077 1x10™° 1x107Ml o 0

- BWR 1 1x107° 2.0 2.0 1.5 25 130 1.0 7x107° 0.40 0.40 0.70 0.05 0.5 5x107°
BWR 2 6x107° 30.0 3.0 2.0 0 30 1.0 7x107° 0.90 0.50 0.30 0.10 0.03 4ax10”>
BWR 3 2)510’5 30.0 3.0 2.0 25 20 1.0 7x1073 0.10 0.10 0.30 0.01 0.02 3x107°
BWR 4 2x107° 5.0 2.0 2.0 25 N/A 0.6 7x107% 8x10™% 5x1077 4x107> 6x10™? 6x107? 1x1074
BWR 5 11074 3.5 5.0 N/A 150 N/A 5x10™% 2x107 6x107M 4x107% 8x10712 8x107% o 0
(a) A discussion of the isotopes used in the study is found in Appendix VI. Background on the isotope groups and release

mechanisms is found in Appendix VII.
Includes Mo, Rh, Tc, Co.
Includes Nd, Y, Ce, Pr, La, Nb, Am, Cm, Pu, Np, 2Zr.

A lower energy release rate than this value applies to part of the period over which the radioactivity is being released.
The effect of lower energy release rates on consequences is found in Appendix VI.
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TABLE 5-2 PWR DOMINANT ACCIDENT SEQUENCES vs. RELEASE CATEGORIES

RELEASE CATEGORIES Core Melt | No Core Melt
1 2 3 4 H 6 7 8 9
AB-Q AB-Y AD-0 ACD-B _ AD-8 AB-L AD-€ A-B A
1x10 n Ix10 10 2x10 8 1x10 11 4x10 9 1x10 9 2x10 & 2x10 7 1x10 4
AF-a AB-§ AH-a AH-B AHF-£ AH-E
LARGE LOCA 1x10710 ax1o” 1 1x1078 3x107° 1107} 1x107®
A ACD-a AHF-Y _ AF-§ ADF-€ _
sx10” 1! 2x10” M 1x1078 2x10710
AG-a- aG-§
ax1071t 9x107°
- - - - - - -6 -5 -4
A Probabilities 2x10 9 1x10 8 1x10 7 1x10 8 4x10 8 3x10 7 3x10 1x10 1x10
S B-a S B-Y s,D-a s,CD-B S,H-B §,DF-€ S,D-€ s,-8 _ s _
3x10711 ax10710 3x1078 Lxio7tt toaio Yix10710| laxro® tox10”’ L3074
S, CD-a s, B-§ - S H-a s, D-B S .B-£ S H-E
SMALL LOCA 7107t | a0 13xa0™® 6x10™° 2x10™2 | taxio
s
1 S F-a _ S HF-Y_ S F-8 _ S HF-€ _
1300710 | lexio7Mt | laxio™® 1ax10710
5.G-a 5.G6-8
L3x07t0 3x10”8
S, Probabilities 3x107° 2x1078 2x1077 3x1078 8x10"° 6x10" 7 6x107® 107" 3x1074
S B-a _ S_B-y _ s, D-a _ S, DG-B_ s,D-8 _ S B-€ _ S D-€ _
1x107 10 1x107? 2951078 21 %107 12 2yx10 2gx107° 29x10
S_F-0 _ S HF-Y_ S_H-a _ S_H-B _ S_CD-€_ S_H-€ _
21x10 22)@10 10 6x10 21x1078 2x1078 26x107®
SMALL LOCA S,CD-0_, o | S,B-8 . S,F-6 o S HP-€_o
s, 2x10 4x10 1x10 1x10
S.G-a s.c-8
9x10710 23x10”
5,C-x 5 G-6
2x1078 : 29x10”
S, Probabilities 1x10”7 3x10”" 3x107° 3x1077 x10”’ 2x107® 2x107°
RC-a RC-Y R-O R-£
2x10712 3x10” M 1x1072 1x1077
REACTOR VESSEL RF-§ 1
RUPTURE - R 1x10
RC-8
1x10 12
R Probabilities | 2x10™%% 1x1070 1x107% 2x10710 1x10~° 1x10”8 1x10”7
INTERFACING v
SYSTEMS LOCA ax107%
(CHECK VALVE) - V x
V Probabilities ax10”] axi07® ax10”7 ax107®
TMLB' - THLB'-I., ™L-Q g TML-8 -10 TMLB'-€, | TML-€ o
3x10 7x10 6x10 Ix10 6x10 6x10
TRANSIENT THLB'-66 TKQ-G o TKQ-B “10 TKQ-€ o
EVENT - T 2x10 3x10 3x10 Ix10
TKMQ-G_ TRMO-€_
1x10 1x10~
T Probabilities %1077 3x107® ax10”’ %1078 2x10”7 “2x10”® 1%107°
(Z) SUMMATION OF ALL ACCIDENT SEQUENCES PER RELEASE CATEGORY
MEDIAN
(508 VALUE) ax10”’ 8x10® ax107® %1077 107" ex107% ax10”> ax10> ax1074
LOWER BOUND :
-~ -7 -7 - -7 = - = =
(5% VALUE) ax107® 8x10 6x10 ax1078 2x10 2x1078 1x10”> ax10"® ax107°
UPPER BOUND
(958 VALUE) 9x107° 8x10"> ax10”> sx10"® ax107® 2x107° 21074 ax10™? ax10”73

Note: The probabilities for each release category for each event tree and the I for all accident sequences are the median
values of the dominant accident sequences summed by Monte Carlo simulation plus a 10% contribution from the adjacent
release category probability.

KEY TO TABLE 5-2 ON FOLLOWING PAGE
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KEY TO PWR ACCIDENT SEQUENCE SYMBOLS

Intermediate to large LOCA.

Failure of electric power to ESFs.

Failure to recover either onsite or offsite electric power within about 1 to 3 hours following
an initiating transient which is a loss of offsite AC power.

Failure

Failure

Failure

Failure

Failure

Failure

Failure

Failure

Failure

Massive

A small

A small

of

of

of

of

of

of

of

of

of

the containment spray injection system.

the emergency core cooling injection system.

the containment spray recirculation system.

the containment heat removal system.

the emergency core cooling recirculation system.

the reactor protection system.

the secondary system steam relief valves and the auxiliary feedwater system.
the secondary system steam relief valves and the power conversion system.

the primary system safety relief valves to reclose after opening.

rupture of the reactor vessel.

LOCA with an equivalent diameter of about 2 to 6 inches.

LOCA with an equivalent diameter of about 1/2 to 2 inches.

Transient event.

LPIS check valve failure.

Containment rupture due to a reactor vessel steam explosion.

Containment failure resulting from inadequate isolation of containment openings and penetrations.

Containment failure due to hydrogen burning.

Containment failure due to overpressure.

Containment vessel -melt-through.

KEY TO TABLE 5-2

-
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TABLE 5-3 BWR DOMINANT ACCIDENT SEQUENCES OF EACH

EVENT TREE vs. RELEASE CATEGORY
Core Melt No Core Melt
RELEASE CATEGORIES
1 2 3 4 5
LARGE LOCA DOMINANT AB-O o AE-Y” 8 AESY AGI-8 | A 4
ACCIDENT SEQUENCES (A) 2x10 3x10 1x10 6x10 1x10
AJ-0 AE-8 AJ-Y AEG-§
1x10 10 1x10 8 1x10 8 %10 10
AHI-OQ _ AJ-y" _ AI-Y AGHI-§_
1x10 16 2x10 ° 1x10 8 6x10 i1
Al-a AL-Y” _ AHI-Y _
10740 2x107° 1x1078
AHI-Y _
2x10 °
- - -7 - -
A Probabilities 8x10”° 6x107° 2x10 2x1078 11074
SMALL LOCA DOMINANT S,E-0 _ S, E-Y_ SE-Y $,63-6_,
ACCIDENT SEQUENCES (S) 2x10 4x10 1%10 2x10
s,J-a s E-8 5,J-Y s, GE-§
13x20710 10" 3x10 2x10710
S, I-a _ 5,3-v7_ 5.1y _ S EI-€_
Lax10710 17x107° 4x10 1x10710
S HI-a s, 1-Y"_ S, HI-Y_ S,GHI-§
ax10710 151072 21078 1ox10710
SyHI=Y g S,C-Y _
6x10 3x10
S, Probabilities 1x1078 ox1078 2x1077 2x10”8
SMALL LOCA DOMINANT S,J-a _ S,E-Y g S,EY g 5,C6-6_),
ACCIDENT SEQUENCES (S,) 1x10 1x10 4x10 6x10
s,I-a _ S_E-B _ s,3-Y S GHI-§
1x10”? 4x107° 8x1078 Zex107 10
S_HI-0_ $,3-7" g S,1-y _ 8,EG-8_, o
1x10 2x10 9x10 3Ix10
S, E-a S I-y” S HI=Y_ $,GI-6_
5x10710 2x1078 29x1078 6x10730
S HI-Y 5.C-Y _ $.GI-&_
2yx1078 2gx107° 221070
S, Probabilities 21078 1x1077 ax10”’ ax107®
TRANSIENT DOMINANT ™v-a W=y~ 6 TH-Y
ACCIDENT SEQUENCES (T) 2x10 3x10 1x10
TC-a g TQUV—Y:B Y ¢
1x10 8x10 1x10
TQUV-a_ TOUV-Y_,
5x10 4x10
T Probabilities 1x107¢ 6x10°° 2x107° 2x107®
PRESSURE VESSEL p.v. rUPT.| p.v. RUPT.
RUPTURE ACCIDENTS (R) 1x10-8 1x10-7
Oxidizing Non-
Atmosphere oxidizing
Atmosphere
R Probabilities 2x107° 21078 107 - 1x1078
SUMMATION OF ALL ACCIDENT SEQUENCES PER RELEASE CATEGORIES
MEDIAN (50% VALUE) 1x107° 6x107° 2x107° 2x107° 1x107%
-7 -6 -6 -7 -5
LOWER BOUND (5% VALUE) 1x10 1x10 5x10 5x10 ix10
-6 -5 -5 -5 -3
UPPER BOUND (95% VALUE) | 8x10 Ix10 Bx10 . 1x10 1x10

NOTE:

The probabilities for each release category for each event tree and the L for all

accident sequences are the median values of the dominant accident sequences
summed by Monte Carlo simulation plus a 10% contribution from the adjacent re-

lease category probability,

KEY TO TABLE 5-3 ON FOLLOWING PAGE
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Rupture
Failure
Failure
Failure
Failure
Failure
Failure
Failure
Failure
Failure
Failure
Failure

Failure

of

of

of

of

of

of

of

of

of

of

of

of

of

Small pipe

Small pipe

KEY TO BWR ACCIDENT SEQUENCE SYMBOLS

reactor coolant boundary with an equivalent diameter of greater than six inches.
electric power to ESFs.

the reactor protection system.

vapor suppression.

emergency core cooling injection.

emergency core cooling functionability.

containment isolation to limit leakage to less than 100 volume per cent per day.
core spray recirculation system.

low pressure recirculation systemn.

high pressure service water system.

safety/relief valves to open.

safety/relief valves to reclose after opening.

normal feedwater system to provide core make-up water.

break with an equivalent diameter of about 2"-6".

break with an equivalent diameter of about 1/2"-2".

Transient event.

Failure of HPCI or RCIC to provide core make-up water.

Failure of low pressure ECCS to provide core make-up water.

Failure to remove residual core heat.

Containment failure due to steam explosion in vessel,

Containment

Containment

Containment

Containment

Containment

Containment

failure due to steam explosion in containment.

failure due to overpressure - release through reactor building.
failure due to overpressure - release direct to atmosphere.
isolation failure in drywell.

isolation failure in wetwell.

leakage greater than 2400 volume per cent per day.

Reactor building isolation failure,

Standby gas treatment system failure.

KEY TO TABLE 5-3
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TABLE 5-4 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS
PROBABILITIES FOR ONE REACTOR

Consequences
Total’

Chance per Early Early Property Decontamination Area Relocation Area

Reactor-Year Fatalities Illness Damage $10 Vv Square Miles Square Miles
one in 20,000 & <1.0 <1.0 <0.1 <0.1 <0.1
One in 1,000,000 <1.0 300 0.9 2000 130
One in 10,000,000 110 3000 3 3200 250
One in 100,000,000 900 14,000 8 - 290

One in 1,000,000,000 3300 45,000 14 ~ -

(a)This is the predicted chance of core melt per reactor year.

TABLE 5-5 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS PROBABILITIES
FOR ONE REACTOR

Consequences
Latent Cén?er(b) , ' (b) ' ()
Chance Per Fatalities Thyroid Nodules Genetic Effects
Reactor-Year (per year) (per year) (per year)
one in 20,000 ?’ <1.0 <1.0 <1.0
One in 1,000,000 170 1400 25
One in 10,000,000 460 3500 60
One in 100,000,000 860 6000 110
One in 1,000,000,000 1500 8000 170
Normal Incidence 17,000 8000 8000

(a) This is the predicted chance of core melt per reactor year.

(b) This rate would occur approximately in the 10 to 40 year period following a
potential accident.

(c) This rate would apply to the first generation born after a potential accident.
Subsequent generations would experience effects at a lower rate.
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TABLE 5-6 APPROXIMATE AVERAGE SOCIETAIL AND INDIVIDUAL RISK PROBABILITIES
PER YEAR FROM POTENTIAL NUCLEAR PLANT ACCIDENTS (@)

Consequence Societal Individual
Early Fatalities(b) 3 x lO_'3 2 x 10_10
Early Illness(b) 2 x lO_l 1 x 10-8
Latent Cancer Fatalities(c) 7 x 10_2/yr 3 x lO—lo/yr
Thyroid Nodules(c) 7 x 10—l/yr 3 x 10_9/yr
Genetic Effects(d) 1x lo-z/yr 7 x lO-ll/yr
Property Damage ($) 2 x lO6 —

(a) Based on 100 reactors at 68 current sites.

(b) The individual risk value is based on the 15 million people living in
the general vicinity of the first 100 nuclear power plants.

(c) This value is the rate of occurrence per year for about a 30-year

period following a potential accident.

on the total U.S. population.

The individual rate is based

(d) This value is the rate of occurrence per year for the first generation
born after a potential-accident; subsequent generations would experi-
ence effects at a lower rate. The individual rate is based on the

total U.S. population.

TABLE 5-7 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS

PROBABILITIES FOR 100 REACTORS

Consequences
Total Prop~ Decontamination Relocation
Chance Per Early Early erty Damage Area Area
Year Fatalities Illness $10: Square Miles Square Miles
one in 200 <1.0 <1.0 <0.1 <0.1 <0.1
one in 10,000 <1.0 300 0.9 2000 130
One in 100,000 110 300 3 3200 250
One in 1,000,000 900 14000 8 (b) 290
One in 10,000,000 3300 45000 14 (b) (b)

(a)This is the predicted chance per year of core melt considering 100 reactors.
(b})No change from previously listed values.
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TABLE 5-8 CONSEQUENCES OF

REACTOR ACCIDENTS FOR VARIOUS PROBABILITIES

FOR 100 REACTORS

Consequences

Latent Cancer
Fatalities

Chance Per

(b)
(b)

Thyroid Nodules (c)

Genetic Effects

Year (per year) (pexr year) {(per year)
One in 200 (2 <1.0 <1.0 <1.0
One in 10,000 170 1400 25
One in 100,000 460 3500 60
One in 1,000,000 860 6000 110
One in 10,000,060\ 1500 8000 170
Normal Incidence 17,000 8000 8000

(a)
(b)

This is the predicted

This rate would occur
a potential accident.

(c) This rate would apply

chance per year of core melt for 100 reactors.

approximately in the 10 to 40 year period after

to the first generation born after the accident.

Subsequent generations would experience effects at decreasing rates.
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FIGURE 5-1 Histogram of PWR Radioactive Release Probabilities
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Probability per Reactor Year => X
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FIGURE 5-3 Probability Distribution for Early Fatalities per Reactor Year

Note:

Approximate uncertainties are estimated to be represented by

factors of 1/4 and 4 on consequence magnitudes and by factors

of 1/5 and 5 on probabilities.
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Probability per Reactor Year = X
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Note:  Approximate uncertainties are estimated to be represented' by
factors of 1/4 and 4 on consequence magnitudes and by factors

of 1/5 and 5 on probabilities.
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Probability per Reactor Year > X
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FIGURE 5-5 Probability Distribution for Latent Cancer Fatality Incidence
per Reactor Year

Note: Approximate uncertainties are estimated to be represented by -
factors of 1/6 and 3 on consequence magnitudes and by factors
of 1/6 and 5 on probabilities.
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Probability per Reactor Year > X
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FIGURE 5-6 Probability Distribution for Thyroid Nodule Incidence

Notes:

per Reactor Year

1. Approximate uncertainties are estimated to be represented
by factors of 1/3 and 3 on consequence magnitudes and by
factors of 1/5 and 5 on probabilities.

2. PWR and BWR are nearly identical.
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Probability per Reactor Year > X
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Approximate uncertainties are estimated to be represented by
factors of 1/3 and 6 on consequence magnitudes and by factors
of 1/5 and 5 on probabilities.
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Approximate uncertainties are estimated to be represented by
factors of 1/6 and 2 on consequence magnitudes and by factors
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FIGURE 5-9 Probability Distribution for Relocation and Decontamination Area
) per Reactor Year :

Note: Approximate uncertainties are estimated to be represented by
factors of 1/6 and 2 on consequence magnitudes and by factors
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Probability per Year=>X
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100 Reactors :

Note:  Approximate uncertainties are estimated to be represented by
factors of 1/4 and 4 on consequence magnitudes and by factors
of 1/5 and 5 on probabilities.
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FIGURE 5-11 Probability Distribution for Early Illness per Year for
100 Reactors

Note: Approximate uncertainties are estimated to be represented by
factors of 1/4 and 4 oh consequence magnitudes and by factors
of 1/6 and 5 on probabilities.
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Probability per Year =X
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FIGURE 5-12 Probability Distribution for Latent ‘Cancer Fatality Incidence
per Year for 100 Reactors

Note:

Approximate uncertaintiés are estimated to be represented by
factors of 1/6 and 3 on consequence magnitudes and by factors
of 1/5 and 5 on probabilities.
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Note:  Approximate uncertainties are estimated to be represented by
factors of 1/3 and 6 on consequence magnitudes and by factors
of 1/6 and 5 on probabilities.
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Probability per Year =X
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Chapter 6

Comparison of Nuclre:al;"v Accident Risks to Other Societal Risks

6.1 INTRODUCTION AND SUMMARY

The meaning of risk has been discussed
in detail in Chapter 2
that risk can be expressed.in different
ways, each of which is useful in under-
standing some aspects of the overall
risk. In this chapter the potential
risks associated with accidental radio-
active releases
plants that were predicted in Chapter .5
are compared to other :risks to which
society is exposed. Early: fatalities,
latent illnesses, and property damage
are compared on the basis of . risk to
individuals as well as the overall soci-
etal risks.l

In the individual risk comparisons in
section 6.2
parisons in section 6.3, the risk from
potential reactor accidents is shown.as
a combined average risk., It is obtained
by multiplying the consequences associ-
ated with each of the release categories

by its ‘probability in order to express-

the risk as an average consequence . per
vear.
combined average risk
reactor accidents. In section 6.4, com-
parisons _to. risks from other large

consequence. events are made on the basis

of consequence/frequency -distributions.
These provide perspective -on the rela-
tive significance of the estimated .con-
sequence -0of -reactor -accidents,: which

‘have never occurred, compared to. K acci=-

dents which have actually occurred or

can be.-estimated as:;a result of natural.

phenomena ‘and . other _technological en-
deavors of man. Sections 6.2,-6.3, :and
6.4 provide supporting information. for

the following summary- of these risk-

comparisons,

i

lUnless otherw1se noted, the statlstlcal

information presented in’ the tables in
this chapter for non-nuclear risks . was
obtained .from the. follow1ng sources:

(a). Statistical . Abstracts - of the

United States 1973, U.S. Dept. of.

Commérce

(b} Accident
~ - Safety Council

(c) World Almanac, 1972

Facts '1972, National

,-and it was noted

from nuclear power

and the societal risk com--

- The summation of these gives the:
from potential

In Table 6-1, the predicted individual
and societal risks from nuclear power
plant accidents are compared with the
total risk from all other accidents.

Reactor accident consequences as func-
tions of accident probabilities are
compared with other low probability-high
consegquence events in Figs. 6-1, 6-2,
and 6-3. Comparisons of fatalities in
man-caused events and natural events are
shown, respectively, in Figs. 6-1 and
6-2. A comparison of both man-caused
and natural events is shown in Fig. 6-3.
On all three fiqures, the curves for
reactor accidents are based on 100 oper-
ating reactors.

It is apparent from Table 6-1 and Figs.
6-1, 6-2, and 6-3 .that the total nuclear
risk is. small compared to the total
risks from man-caused.or natural events.
Also, the figures indicate that earth-
quakes, hurricanes, dam failures, and
chlorine accidents all have .the poten-
tial for 1lardge consequence events at
frequencies greater than reactors.

6.2 INDIVIDUAL RISK OF FATALITY AND
INJURY

6.2.1 FATALITIES.

Table 6-2 shows the death rates and risk
of death per individual .for three gener-
al categories: diseases, accidents, and
other causes. Although these data from
the 1973 Statistical Abstracts of the
U.S. are for .1969, a review of other
years shows the' values change very
little from year to year.

It is to be expected that certaln popu-
lation. subgroups, . cla551f1ed by age,
occupatlon, leisure act1v1ty, etc., will
show 51gn1f1cant dev1at10n from these
averages.
It is logical' that .risks from nuclear
accidents .should be compared to risks
from other accidents and .from natural
phenoména in order. to . glve .added per-
spectlve to_their meanlng. In addition,
sirice nuclear accidents can "be expected
to "affect all groups within the exposed
populatlon, it is . also useful to compare
them to those groups that have the
smallest risk of accidental fatality.




The statistics on accidental fatalities
for the entire U.S. population are given
in Table 6-3. Clearly many of these
fatalities are associated with voluntary
activities and it is to be expected that
cautious individuals can substantially
reduce their risk relative to that of
the population average. Such potential
risk reductions are

following two examples.

In recent years about 200 fatalities/
year have occurred in commercial air-
craft accidents. Of these, about 20 fa-

talities per year involved people on the
ground who were killed by the falling
aircraft. Thus, even the individual who
does not f£fly cannot reduce his risk to
zero because of this. His risk of death

from this cause becomes about 10~/ per
year (20 divided by the population of
the U.S.).

In the case of automobile fatalities,
the average individual risk is about
3 x 1074 per year. Of the approximately
50,000 fatalities per vyear, about. 20%

are pedestrians (i.e., not occupants of
the vehicle). By not riding in vehicles
the individual's risk can, on the aver-
age, be reduced by about a factor of 5.
Table 915 of the Statistical Abstracts
of the U.S. for 1973 further indicates
that about 500 motor vehicle fatalities
occur each year to people who are
neither auto occupants nor pedestrians
on the roadway (i.e., crossing at inter-
sections, walking along - the
etc.). Thus, even a person who never
rides in a motor vehicle or enters a
roadway can, on the average, reduce his
individual risk from this cause by only
a factor of about 100, or to about
3 x 10-6, Clearly it is almost impossi-
ble to live in the U.S. and not ride in
a motor vehicle or cross a street, so
very few people would be able to achieve
such a reduction in their risk of death
" in a motor vehicle accident.

A review of the large variety of adci-
dent risks that exists, as shown in
Table 6-3, shows that although a careful
person can probably take some action to
reduce his risk to some types of acci-
dents, he certainly cannot make his to-
tal accident risk zero. Thus, it seems
reasonable to assume that even the most
careful of individuals could not
to reduce his risks from accidents by
more than a factor of 100. Furthermore,
to achieve this would require a signifi-
cant departure from the typical U.S.
life style. Thus, the risk of acciden-
tal death to a very safety conscious in-
dividual could not be made much smaller
than about 6 x 10-6 per year (a factor
of about 100 less than the individual

indicated by the’

highway

expect

- risk,
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noted in Table 6-3 for all

accidents).

The average early fatality rate predic-
ted for potential nuclear accidents for
a total of 100 operating nuclear plants
in the U.S. (see Chapter 5) is 0.003 per
year. The study has also shown that
only persons within about 25 miles of a
nuclear plant may suffer early effects.
The total number of people living within
25 miles of the 68 reactor sites in the

U.S. -is approximately 15 million (see
Appendix VI). (Note that some sites
have more +than one plant, so the 68

sites are consistent with 100 plants.)
Thus, the estimated risk per individual
from reactors in this exposed group 'is
thus 0.003- -divided by 15 million,
yielding 2 x 10~10 early fatalities per
person-year in the exposed population.

In Table 6-4, this risk is compared to
the individual risk of death from acci-
dents due to all other causes. Even if
significant factors are allowed in the
estimation of the nuclear risk, it is

still small compared to other accident
risks.

6.2.2 INJURIES

Most accidents produce a significantly
larger  number of injuries than fatali-
ties. The number of acute illnesses
resulting from reactor accidents has

been determined in the consequence anal-
yses described in section 4.3 and
Appendix VI. 1In Table 6-5- the average
risk of acuteé illness from nuclear acci=-
dents (for a total of 100 nuclear
plants) is compared to the average risks
of injury in motor vehicle accidents and
in all non-nuclear accidents, as well as
to an estimated average accident risk of
a very risk averse person.

Table 6~5 indicates that an individual's’

risk of injury from nuclear accidents is
small compared to the injury risk from
other accidents, even for the highly
risk averse person.

6.3 SOCIETAL RISK
6.3.1 FATALITIES AND INJURIES
The individual risks discussed in the

previous section can be expressed in a
way that shows their effects 'on society
as a whole, Table 6-6 shows the number
of fatalities and injuries expected in
the total U.S. and also’ the numbers
expected among the 15 million people who
live within 25 miles of reactor sites.
The numbers for reactor accidents are
taken from Chapter 5 and 1include both
acute and latent effects. ~ The table




-

indicates that the risks associated with
nuclear power plant accidents are small
compared to the total societal risk from
accidents.

6.3.2 ECONOMIC LOSSES

The economic losses to society from
various -accidents are considerable.
They are dominated by automibile .acci-

dents and fires. Some readily available
statistics are shown in Table 6-7.

Table 6~7 indicates that reactor acci-
dents have a negligible impact on the
total risk of .economic loss from man's
activities and from natural events.

6.4 RISK FROM LARGE CONSEQUENCE

EVENTS.
The previous section indicates that the
risk to society and individuals from
nuclear plant accidents is small com-
pared to other more common risks that
society and individuals accept. How-
ever, it it recognized that society may

be reluctant to accept large .consequence
events at the same 1level of risk as
small consequeﬁce events. (See Chapter
2.) The possibility of large conse-
quence accidents is often raised by
those ‘questioning the wisdom of wide-
spread use of nuclear power. Therefore,
it is important to compare- the probabil-
ity/consequence distributions of nuclear
accidents with those of other potential
large consequence events.

In general, large consequence events can
be divided into two types, natural
events and man-made events (i.e., those
directly involving man-made facilities,
structures, etc.). Natural events which
can cause large consequences include
earthquakes, floods, hurricanes, torna-
does, and meteor impacts. Those classi-
fied as man-made. events--include: fires,
explosions, airplane crashes,. dam fail-
ures, release of toxic chemicals ;and
release of radioactivity.. These general
categories ‘distinguish between events
over- which man_._ has little control and
those for which he is primarily respon-

sible. . While - treated independently in
the following discussion, these two cat-
egories are not .entirely independent

since :natural phenomena can cause. seri-
ous ,accidents involving the .man-made
facilities and structures (e.qg., ‘an
earthquake might cause a dam failure).

From a review of the historical record
of the last 50 to 100 .years ‘it is possi=
ble to calculate, for many of the above
events, the rate of occurrence of events
with large consequences. Thus, informa-
tion on some large consequence events
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with probabilities larger than 1 in
about 100 can be obtained from actual
experience. However, it is also possi-
ble to imagine sets of circumstances
which could result in consequences much
worse than those that have actually been
observed. Generally, such events have
probabilities so small that it would be
unusual for them to have been observed
in a period of 100 years. In many
cases, the magnitude and probability of
these events can be extrapolated from
known data. In other cases, such as the
nuclear plant accidents treated in this
report, the probabilities and magnitudes
must be estimated from an understanding
of the nature of the phenomena. Both of
these technigues were used in the
analyses that support the following
discussion,

The probability versus consequence
curves in this section are based on
observations of actual occurrences (plus
some small extrapolation). Since they
are statistical estimates based directly
on data, standard confidence bounds can

be calculated which show the incertain-
ties in the curves. For a particular
curve, the spread of the confidence

bounds will increase as the consequences
increase, showing the increasing uncer-
tainty as consequences become larger.

Treating the observed phenomenon as a
Poisson process, the 95% upper bound on
the probability for a particular conse-
quence is obtained: by multiplying the
best estimate probability by the factor
x?w,zn /2x, where r is the number of ob-
servations used in determining - the proba-
bility wvalue and x< g5 242 iS the 95th
percentile of the tabulated chi square
distribution with 2r+2 degrees of free-
dom. The 5% lower bound is gbtained by
dividing by the factor 2r/x<s , where
X%0s,2x .18 the 5th percentile of the chi
square’ with 2r degrees of freedom.
These factors are obtained by standard,
Poisson statistical treatments.l

The table below gives representative
values of the confidence factors as a
function of the number of observations r
(for the probability .versus consequence
curves- r- is the number of observations
with consequences greater than a partic-
ular value). . . ’

lsee for example, N. L. Johnson and S,

Kotz, Distributions in Statistics,
Discrete Distribution, Houghton Mifflin
Company, 1969, p. 96. :




CONFIDENCE FACTORS

r 95% Upper Bound 5% Lower Bound
50 1.3 1.3
20 1.4 1.5
10 1.7 1.8
5 2.1 2.5
1 4.7 19.4
As seen from the table, the confidence

factors ("error factors") dramatically
increase for only one observation (r=l).
The smallest consequence values on the
probability  versus consequence curve
will have the largest r values and hence
will have relatively small confidence
factors multiplying and dividing the
estimated probability value. For the
curves which are plotted, the value of r
for the lowest consequences is roughly
50 thereby giving confidence factors of
1.3 (i.e., there is approximately 30%
error on the- corresponding probability
estimates). B '

The largest consequence point on a curve
will have the value r=1, independent of
the particular curve, since one observa-
tion gives the peak consequence value.
From the table the upper bound factor is
thus approximately 5 and the lower bound

factor approximately 20. While, the
plotted curves show only the values
calculated from the data, the preceding

applied to any of the
spread

factors can be
curves to obtain the probability
at the maximum consequence value.

6.4.1 HURRICANES
has

"Some
20th

The U.S. Department of Commerce
recently issued a report entitled

Devastating Hurricanes of the
Century." Table 6-8 summarizes some
pertinent data from that report. The
points shown in Fig. 6-4 are based on an
analysis of these data. A log-log plot
has been used to accommodate the large
changes in the variables., '

The ‘manner-in which the data in the
tables ‘in this section of the report are
used to generate data points for the
corresponding figures is indicated by
the following example for Table 6-8 and
Fig. 6-4., _For convenience the.individu-
al data items in Table 6-8 are listed
and numbered according to the number of
fatalities. There are five hurricanes
of more.than 400 fatalities. Since the
experience record is 73 years (1900-
1972), the frequency 1is 5/73 = 0.068,
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Thus, Fig. 6-4 has a data point .-.at 400
fatalities and a probability of about
7 x 10-2, Similarly, Table 6-8  shows
that during the 73 years period there
were 32 hurricanes with 11 or more
fatalities. Thus, Fig. 6-4 has a data
point at 11 fatalities and a probability

of 32/73 =.0.44. The other data points
in Fig. 6-4 as well as those 1in .  other
figures in this section were similarly
calculated.

The largest observed event in U.S.
history was the 6000 fatalities in - the
Galveston Hurricane of 1900. Based on
one occurrence in 73 years, such an

event has a probability of about “0.013.
A roughly estimated errxor band for the
fatality curve in Fig. 6-4 should lie
mostly below such a point since ‘it is
reasonable to expect that with today's
understanding of hurricanes and the com-
munication ‘systems available in the U.S.
an event of such consequences will be
considerably less likely than it was in
1900. For similar reasons there may be
a temptation to say that such an event
could not occur today; however, such a
hurricane did occur only six years ago,
with over 300 fatalities.

that a hurricane more
recorded, particu-

It- seems clear
severe than any yet

larly one affecting the ever increasing
population density in the eastern U.S.,
could produce very large .numbers of

fatalities. Thus, although the extrapo-
lation in Fig. 6-4 cannot be claimed to
have high precision, it appears to be a
reasonable estimate.

As might be expected, because of the
increased amount and value of property
exposed, the property damage per hurri-
cane has been increasing dramatically in

recent years. The curve (see Fig. 6-4
showing  property damage has, therefore,
been- based on only the-. last 21 years

(1952-1972). The extrapolation of this
curve indicates that hurricanes  1like
Agnes' ($3.5 billion damage) might be
expected with a probability of 0.01-0.05
or a return period of every 20 -to. 100
years. - During the last 20 years there
have been four hurricanes with damages
in the 1 billion dollar range and: an
average of one hurricane per year' with
damage -exceeding 10 million dollars.

TORNADOES e

6.4.2:
The statistics on tornadoes have _been
summarized by the Department of Commerce
in & recent bulletin (Ref., 1). In addi-
tion, major tornadoes from 1925 tc 1971,
inclusive, are listed in the 1973 World

-



Almanac. Based on thesé records, Fig.
6-5 provides a plot of tornado frequency
versus fatalities. The total number of
tornado-related fatalities during’ the
1953-1971 pericd is 2124, .or &n -average
of 118 per year. 'The largést.. event
the 1925-1971 period caused 689 fatali-
ties in Indiana on March 18, 1925, Even
though' a tornado warning systém:was in
effect, 271 were killed by ‘tornadoes  on
April 11, 1965. Thus, although such a
system is useful, it evidently cannot
prevent large consquence events..

The property damage from tornadoes has
exceeded 50 ‘million dollars per year:
during the period 1965-1971. -. Detailed
data” on- damage per event have not been
found, but because of their "localized
nature 'the dollars of damage per tornado
is-expected to be at least a factor of
10 : less than for hurricanes. :For this.
reason tornado damage has not .- ‘been-
estimated.
6.4.3 EARTHQUAKES
The -major earthquakeés in the U.S. since
1900 and their consequences are listed
in‘'Table 6-9. These .data -have been used
toi obtain the points.on- _the curves in
Fig. 6-=6. A recent NOAA study (Ref. 2)
has estimated that a recurrence’ .of _the.
‘San Francisco earthquake today would
result in 1 billion dollars-- damage -'to:
single. family - dwellings and presumably
about an;equal amount ito .other strucs
tures. - .Therefore, the damage curve of
Fig. 6-6 has been - adjusted to..reflectT
this estimate. A similar.upward adjust-
ment has also been made in the- fatality
curve to account for probable increased
fatalities. The “extrapolation..of the
curves,-beyond the points:based on prior-
earthquakes, is aided by the NOAA - study.
that estimated the consequences of.a
large earthquake in the «city of Los:
- Angeles, This study .estimated:.thef
probable fatalities and property damage-
from an-earthquake with -a return period
of -about- 100 years.,.; - The fatalities. were.
estlmated to. “be " ‘between.: 10 000 - and’
20,000." The property: damage* single
family -dwellings. was.. estlmated to -be
between 4.5 and 2.5 billion dollars. .In
the “United  States: single family:dwell=.
ings represent:about 40% of 'the Value of
all. dwellings and- therefore: the total.
property .damage could easily be a’ factor
of2: 1arger. ‘; T T A . .

CLard ! ! N
Thus’, for 'a: frequency of - about 0. 01 per
year - (i.e., 1 in 100 years) the NOAA
report estimates fatalities: of 10,000 to
20,000 and property damage of 3 to 5
billion déllars. - (The estimates become”
substantially larger if the potential
failure of certain dams in the Los

.in';
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Angeles area -is ‘' taken into account.)
These two estimated points are shown by
squares on Fig. 6-6. Since the earth-
quake frequency is substantially higher
in California than elsewhere in the U.S.
these points are assumed to represent
such earthquakes for the entire U.S.
The fact that these values of damage are
so ..much higher than historical data
reflects the fact that both the popula-

tion- "density and property values have
greatly increased 1in -California in
recent years;:;- This is evident from the
fact that the San Fernando earthquake

had a relatively modest magnitude of 6.6
(Richter scale) and did 480 million
dollars damage to structures, ‘while the
1906 San Francisco earthquake, of magni-’
tude 8.3, ‘did ‘only about 80 million
dollars damage to strudétures, the ba-'
lance being done by a subsequent fire,
It séems reasonable to believe 'that the
data points '1nd1cate consequences that
are low compared-to the probable conse-
quences of 51m11ar earthquakes occurring
today. ' ; y

Slnce the data are relatiVely sparse the
curves shown’in Fig. 6-6 must be ‘consid-
ered to have sizable error. However, a
review of earthquakes that have occurred
around the ‘world shows fatalities-as
hlgh as 143,000 in Tokyo in 1923  ‘and
nine others with fatalitiés greater than
10, 000. Such potential conseguences
cannot be dlrectly applied to the U.S.

becausé of major differences in building
codes - and other factors. Nevertheless,:
an earthquake ‘with very large conse-
quences could- also occur in the U-.S.
For example, “the recent San Fernando
earthquake ‘almost failed the Van Norman
Dam, - Such a failure probably could have
resulted 1n“’about 70,000 " or more
fatalltles. :

Based both on‘worldwide experience and

estimates such as described above, ex-
trapolation indicates that, up to 103
fatalities might occur for a

severe
earthquake occurrlng ‘in the U.s. .

6 4 4 METEORITES
Major meteorlte 1mpacts onto the earth
are known to have occurred . in .Arizona
and Siberia. -Shouldgnsuch -an» _impact

‘occur on a highly -populatedi~ site very

sizable loss of life and -property damage
would be expected. ; .Blake:i{(Ref.. 3)- has
estimated .the probability - . of  such
impacts .and the-expected loss of 1life.
His predictions = are .-for- the .;entire
world.  The fatality curve in Fig. 6-~7
shows Blake's results but.with the prob-
abilities reduced by a factor of : 16 to
reflect the fact that the U.S. contains
6% of the earth's land area.




The property damage from such events was .

estimated by Blake. The damage
.6=7 assumes the same ratio
as for earth-

not
curve in Fig. -
of. damage -to fatalities
quakes. :

6.4.5 AIRPLANE CRASHES
In the 1960 to 1973 period there have
been 67 major airplane crashes
out the world. The number of crashes
for several specific ranges of numbers
of fatalltles are summarized in Table
6-10+

Sixteen of the airplane crashes summar—
ized in Table 6-10 occurred in the U.S.
Analysis of the data for the U.S. gives
the number of crashes/year with . fatali-
- ties greater than 50 as 1.2 per year,
greater than 100 as 0.47 per year, and
greater .than 150 as 0.1l per .year.
These results are plotted in Fig. 6-8.
These ,fatalities were almost all occu-
pants of the aircraft, and so the , curve
would appear to have a cutoff at a
maximum of about 350, about the capacity
of the. largest planes. However,
limit does not apply to non-occupant
fatalities that could occur in the event

of an airplane crash. In four of the
noted crashes five or more fatalities
involved people on the 'ground.  One
crash included 71 such fatalities.
Okrent (Ref. 4) has recently estimated

the probabilities and fatalities associ-
ated with potential aircraft crashes
into large gatherings or people, such as
occur at football stadia, racetracks,
etc. Figure 6-8 includes a point,
presentative of Okrent's estimates which
provides the basis for the curve extend-
ing to high consequences at relatively
low probabilities. Since there are
numerous theaters, shopping centers
stadia throughout the country this ex-
trapolation seems reasonable.

6.4.61 EXPLOSIONS

During the 1925-1971 period, 44 . major
explosions occurred throughout the
world. The acute fatalities associated
with these events were distributed as
shown in Table 6-11. Twenty-two of - the
eéxplosions represented in Table : 6-11
occurred in the 'U.S.  Thus, although the
worldwide ' data have been used to obtain

the shape of the curve in Fig. 6-9, : the
values in. Table 6-11 and the curve -‘has
been shifted downward by a factor. of .2
in. probability "since only half of the
explosions occurred in the U.S.  The
extrapolation to : high acute fatalities
seems reasonable since rather large
quantities of potentially explosive ma-
terials -are shipped and stored through—
out the U.S.

through- -

this .

re-,

and.
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6.4.7 DAM FAILURES

There have Been a nuﬁber of dam failures
in the world in the last 100 years. .. The

-

major dam failures that occurred in. the
U.S. over the last 85 years are listed
in Table 6-12.

In the U.S. there are over a hundred"

major dams whose failure rate has been

estimated to be about 10-4 per dam .per

year (Ref, 5). Recent estimates (Ref.-.
6) indicate that at least 20% of -these

dams have substantial populations ex-

posed below them, and that fatalities in

the range of 1000 to 100,000 could occur

in the event of failure Of one of these

dams. ~If- there- is a 50%-chance that:
failure of -one: of these dams would

result in 10,000 fatalities, then the.
probability of  a. dam failure - that

results in 10,000 fatalities is given by

the following equation:

-4 failure )

(20 dams)  x dam—year

(10

x (0.5) = 1x 10f3/year-

As. shown in Fig. 6-10 this agrees quite
well with the extrapolation of the data.

6.4.8 FIRES

that have
since 1900, the

Considering only fires oc-
curred in' the U.S.
largest number of fatalities, 602,
occurred 1in the famous 1903 Irogquois
Theater fire in Chicago. However, 491
fatalities occurred in the Coconut Grove
flre in Boston in 1942.

The fatality data points plotted in Fig.
6-11 are based on these data and .that
from other fires that occurred in the
U.S. since 1900.

In terms of ' property damage, the two
largest fires have been the 1871 Chicago
fire with losses of about $200,000,000,
and- the 1906 San Francisco fire that
produced several hundred million' dollars
damage. Since the latter occurred as' a
result of an earthquake, its damage has
been included in the.previous . estimates.
of earthquake. consequences. The Nation-
al Fire Protection Association lists the

major U.S. fires each year in its
publication, Fire Journal. .The results.
of an analysis of the major fires: from.
1964 through 1972 are given in Table
6-13. - These. data are plotted in Fig.~
6-11, : '

The largest fires inclﬁded in thé analy-i
sis were:an industrial fire at - 75 mil~
lion dollars damage and three  1large

-




forest fires, each of which burned over
40,000 acres. The value of the loss in
the forest fires is based on an estimate
of .-40,000 acres., The value of the loss
in the forest fires is based on an
estimate of $1000/acre for timber loss
and . damage .to the watershed. Thus,
these three fires were considered to be
in the 40 to 50 million dollar 1loss
category.

6.4.9 HAZARDOUS CHEMICAL RELEASES

In the U.S. there have been a number of
accidents involving releases of hazard-
ous chemicals. The predominant releases
occur during transport and the major
commercial chemicals involved are chlo-
rine, ammonia, ethylene oxide, and hy-
drogen fluoride. Because of the rela-
tively large amounts shipped and
inherent toxicity, chlorine has been
selected as a basis for assessing the
public risk associated with major acci-
dents involving hazardous chemicals.

. . L A
A recent study (Ref, 7) indicates that
transport by railroad tank car poses the
most serious public risk associated with

chlorine. This occurs because of the
accident frequency, the large amount of
chlorine shipped by this mode (70

percent of all shipments) and the proxi-
mity of rail routes to densely populated
areas. The frequency of accidents in-
volving the release of all or a substan-
tial fraction of a tank car's cargo is
at least once every ten years. While
prior accidents of this type have re-
sulted in only one fatality in 50 years,

its
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there is obviously a potential for acci-
dents causing large numbers of fatali-
ties. The referenced study (Ref. 7)
investigated the potential frequency and
consequnces of such accidents. The
study noted that nearly all U.S. rail-
road shipments of chlorine are made in
the eastern states. The probability of
a given population density at an acci-
dent site was based on the assumption
that accidents are uniformly probable
along the rail routes used. . Population
density along these routes was approxi-
mated by the density distribution for
the state of Ohio. The average frequen-
cy of the occurrence of several combina-
tions of wind speed and atmospheric
stability in the Eastern U.S. was used
to. determine the area exposed to a
lethal dose of chlorine vapor. The
potential net risk was calculated for an
accident involving the rupture of a tank
car and the release of 90 tons of liquid
chlorine.

results of the chlorine accident
shown in Fig. 6-12, which
shows the estimated accident frequency
versus fatalities for chlorine releases
with and without popluation evacuation,
The evacuation model used is based upon
one developed by the Environmental
Protection Agency (Ref. 8). The curves
indicate that only in the relatively
high consequence events are the pre-
dicted fatalities reduced significantly
by accounting for the effects of evacua-
tion. This 1is evidently due to the
delay time incorporated in the particu-
lar evacuation model used in the analy-
ses,

The
study are
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TABLE 6-1 RISK OF EARLY FATALITIES FROM NUCLEAR AND NON-NUCLEAR ACCIDENTS

Societal Risk _ Individual Risk

Early Fatalities per year in U.S. Early Fatality Probability/Year
Non—Nuclear(a) Nuclear(b) Non—Nuclear(a) Nuclear(b’C)
| T ~q- -10
‘115,000 - 4% 107% 6x 1000 2 x 107

(a) Includés all non-nuclear aécidents.

(b) Based on estimated values for 100 nuclear power plants. The values
1ndlcated are based on early lethalities only to make them comparable
to other values listed. .-

(c) * Based on the approximatély 15 million people located within 25 miles
of nuclear power plants. If the entire U.S. population of 200 mil-
lion people were to be used, then the value would be 2. x 10-11,

TABLE 6-2 U.S. FATALITIES - BY MAJOR CATEGORIES (1969)

Approximate Individual Risk

‘Type Fatalities/100,000 persons Fatality Probability/year
Diseases - 819 s gy 1070
Accidents | 57.6 o . ex10?

Other Causes 76.2 1 gx107t
A . L Loy ‘ o S T " - '1 4 f .
Total 951.9 1x 1072
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TABLE 6-3 INDIVIDUAL RISK OF EARLY FATALITY BY VARIOUS CAUSES
(U.S. Population Average 1969) i |
Approximate
Individual Risk
Total Number Early Fatality

Accident Type . for 1969 Probability/yr (2)
Motor Vehicle' | | | 55;791 3 x 10_4
Falls 17,827 9 x 107°
Fires and Hot Substance SRR 7,451 4x107°
1Drdwning ) - ‘ 6,181 3 x lO-5
Poison ' - 4,516 2 x 107°
‘Firearms ., . - 2,309 1x 107
Machinery  (1968) 2,054 1x 1070
Water Transport 1,743 2 x 10_6
Air Travel 1,778 9 x 107°
Falling Objects 1,271 6 x 10“6
Electrocution 1,148 6 x 10_6
Railway 884 4 x 1076
Lightning 160 5x 107/
Tornadoes 118(b) 4 x 10-7
Hurricanes S . 9O(C) 4 x 10_7
- A1l Others | 8,695 4x 107
" All Accidents (from Table 6-1) 115,000 6 x 1072

Nuclear Accidents (100 reactors) - 2 x lo—lo(d)

(a)
(b)
(c)
(a)

Based on total U.S. population, except as noted.
(1953-1971 avg.)

(1901-1972 avg.) o

Based on a population at risk of 15 x 10°.

-112-




TABLE 6-4 INDIVIDUAL RISK OF EARLY FATALITY FROM
NUCLEAR AND NON-NUCLEAR ACCIDENTS

Individual Risk
Fatality Probability/Year

(a)

Group Exposed - Non-Nuclear Nuclear
U.S. Average - 6 x 10—4 2 x 10710
o -6 -10
Very risk—-averse person .- . - 6 x 10 2 x 10

(a) This risk is only applicable for 100 power plants
and to people within 25 miles of a nuclear plant.

TABLE 6-5 ESTIMATED AVERAGE ANNUAL RISK OF ILLNESS
FROM VARIOUS ACCIDENTS IN THE U.S.

Individual Risk

Accident Type - Injury Probability/Year
Motor Vehicles S 2 x 1072
All non-nuclear accidents - 3 x 10_2

average person
. -4
Very risk-averse person -+ 3 x 10

. -8
Nuclear Accidents(a) 1l x 10:

(a) This is based on early and latent illness involving
the approximately 15 million people located-within
25 miles of nuclear power plants. - : ’
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TABLE 6-6 ANNUAL ACCIDENT FATALITIES AND INJURIES IN THE U.S.

People Within 25 Miles

Total United States . of Nuclear Sites

Accident Type ) Fatalities _ Injuries Fatalities Injuries
Automobile 55,000 5 x 10° 4200 375,000
Falls ) ' —20,000 _ 1 x 106 1500 _ 75,000
Fire 7,500 0.3 x 10° 560 22,000
Other 33,00031 1.6 x 106 2500 120,000
TOTAL T 115,000 7.9 x 10° 8760 592,000

. -2 -3 ‘ -1
Reactor Accidents 7 x 10 1 . 3 x 10 2 x 10

{for 100 plants
from Table 5-6,
Chapter 5)

TABLE 6-7 U.S. ECONOMIC LOSSES FROM VARIOUS CAUSES

Estimated Annual Losses

Source ’ (Millions of $)
Automobile Accidents (1970) 5,000
Fires (Property - 1970) 2,200
Hurricanes (1952-72 average) 500
Fires (Forest - 1970) : 70
Tornadoes (1970) " 50
Reactor Accidents from 100 plants . : ‘1 | 2

(See Table 5-6, Chapter 5)
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TABLE 6-8 CONSEQUENCES OF MAJOR U.S. HURRICANES (1900-1972) (&)

Damage Range

No. Date (month/year) Fatalities (U.S. only) In Million $
1. 8/00 6,000 5 - 50
2. 9/28 1,836 5 - 50
3. 9/19 787 5 - 50
4. 9/38 600 50 - 500
5. 8/35 408 5 - 50
6. 6/57 390 50 - 500
7. 9/09 350 0.5 - 5
8. 8/69 323 500 - 5000
9.° 8/15 275 5 - 50

10. 9/15 275 5 - 50

1 9/26 243- 50 - 500

12. 8/55 184 500 - 5000

13. 6/72 122 500 - 5000

14. . 10/54 95 50 - 500

15. 8/65 75 500 - 5000

16. 8/54 60 50 - 500

17. 8/60 50 50 - 500

18. 8/40 50 0.5 -5

19. 9/47 - 51 50 - 500

20. 9/61 46 50 - 500

21. 9/44 46 50 - 500

22 8/32 40 5 - 50

23. 8/33 do- 5 - 50

24. 9/64 38 50 - 500

25. 8/55 25 50 - 500

26. 9/54 21 5 - 50

27. 9/33 5 0.5 - 5

28. < 10/44 18 50 - 500

29. ~ 9/56 15 5. .. 5 - 50

30. . 9/67 15 50. - 500

31. 7/70 13 50 - 500

32. 7/34 11 6.5 - 5

33. 9/55 7 50 - 500

34. 1 6/16 7 0.5 = 5

35. -1 6/34 6 0.5-5

36. " 10735 5 5-50

37. 8/64 5 50 - 500

38. Ya/a1 4 5 - 50

39777 77 97457 4 50 - 500

40. 10/50 4 5 - 50

41. 9/48 3 5 - 50
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TABLE 6-8 (Continued)
Damége Range
No. Date (month/year) Fatalities (U.S. only) In Million"$
42. 8/49 2 50 - 500
43. 9/49 2 5 - 50
44. 9/50 2 0.5 -5
45. 10/35 2 0.5 - 5
46. 10/47 1 0.5 -5
47-51. Five others 0 5 - 50
~ TOTAL 51 TOTAL 12,577 TOTAL =~ 12 Billion

(a)

of Commerce.

From "Some Devastating North Atlantic Hurricanes of the 20th Century", U.S. Department

CONSEQUENCES OF MAJOR U.S. EARTHQUAKES (1900 - 1972) &)

TABLE 6-9

Date Place Fatalities Damage (millions)
1906 San Francisco, California ~750 400
1925 Santa Barbara, Californié 13 6.5
1933 Long Beach, California 102 45
1935 Helena, Montana 4 3.5
1940 Imperial Valley, California 9 5.5
1949 Olympia, Washington 8 20
1952 Kern County, California 11 48
1954 Eureka, California 1 1
1957 San Francisco, California 0 1
1959 Hebgen Lake, Montana 28 4
1264 Anchorage, Alaska 125 310
1965 Puget Sound, Washington 6 12
1969 Santa Rosa, California 0 -7
1971 San Fernando, California 58 480

(a)

See Reference 2.
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TABLE 6-10 FATALITIES IN MAJOR AIRPLANE
CRASHES THROUGHOUT THE
WORLD (1960-1973)

Number of Fatalities Number of Crashes
50 - 100 40
100 - 150 ’ 21
150 - 200 T 6

TABLE 6-11° EARLY FATALITIES IN MAJOR EXPLOSIONS THROUGHOUT THE
WORLD (1925-1971)

Probability of Event Per
" Year in U.S. With

Fatalities Number of 'Explosions - Fatalities > N

9 - 50 36 | =8 0.47 year !

50 - 100 4 4 N=50 ~ 0.13 year !
100 - 200 4 B N=100 0.087 year'1
200 - 1000 ' 3 N=200 0.043 year'1
Largest (1100) - 1 © N=1000 - 0.01 year—l
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TABLE 6-12

DAM AND LEVEE FAILURES IN THE U.S. (1889-1972)

Type of
Name/Location Structure Lives Lost
1889 /Johnston, Fa: : pam : ~2000
1890 Walnut Grove/Prescott, Ariz. Dam 150
1894 Mill River/Mass. - Dam 143
1900 Austin/Austin, Pa. ' ’ Dam 8
1928 St. Francis Dam/Ca. Dam ~450
1955 /Yuba City, Ca. Lgvee ~38
1963 Baldwin Hills/Los Angeles, Ca. Reservoir 5
1972 /Buffalo Creek, W. Va. Dam 125
1889-Present Total 2919

TABLE 6-13 ANNUAL RATES OF FIRES WITH LARGE ECONOMIC

LOSSES
» Annual Frequency
Dollar Loss ' (approximate average)
>1 million 50
>3 million 14
>10 million 3
>20 million - 1.2

(a)

>40 million (4 in B years) 0.5

(a) Includes 3 large forest fires estimated at
40-50 million each and 1 large industrial
fire at 75 million.
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Frequency (Events/Year > X )
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 FIGURE 6-1 Frequency of -Man-Causéd Events Involving
: Fatalities. - S

Skt - v

~ Notes: 1. Fatalities due to auto accidents are not shown because data are not available
’ e ' for large consaquence accidents. Auto accidents cause about 50,000 fatalities
per year.

2. See section 6.4 for a discussion of confidence bounds applicable to the non
nuclear curve. See section 5.5 for the confidence bounds on the nuclear curve.

-119-




Frequency (Events/Year > X:)
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FIGURE 6-2 Frequency of Natural Events Involving
Fatalities.

Note: See section 6.4 for a discussion of confidence bounds applicable to the non

nuclear curve. See section 5.5 for the confidence bounds on the nuclear curve.
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FIGURE 6-3 Frequency of Accidents Involving Property
Damage .

Notes: 1. Property damage due to auto accidents is not included because
data are not available for low probability events. Auto accidents
cause about $15 billion damage each year.

2. See section 6.4 for a discussion of confidence bounds applicable
to the non nuclear curve. See section 5.5 for the confidence
bounds on the nuclear curve.
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Frequency (hurricanes per year with fatalities > X)
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FIGURE 64 Frequency of Hurricane Consequences

Note: See section 6.4 for a discussion of
the confidence bounds applicable
= . to these curves
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Frequency (tornadoes per year with fatalities > X)
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FIGURE 6-5 Frequency of Tornado Consequences

Note: See section 6.4 for a discussion of :
the confidence bounds applicable
to these curves
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Frequency (earthquakes per year with fatalities > X)
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FIGURE 6-6 Frequency of Earthquake Consequences

Note: See section 6.4 for a discussion of
the confidence bounds applicable
to these curves
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Frequency {meteors per year with fatalities > X)
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FIGURE 6-7 Frequency of Meteorite Consequences

Note:".See section 6.4 for a discussion of
the confidence bounds applicable
to these curves
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Frequency (crashes per year with fatalities > X)

10

1071

1072

1073 | -
\
\
\
\
_4 \
107 \ —
\

\

\
107° |- \ —
106 | 1 1 1

10 100 1,000 10,000 100,000
Fatalities, X

Aircraft
total

Aircraft
| fatalities
on the
ground

1,000,000

FIGURE 6-8 Frequency of Airplane Crash Consequences

Note: See section 6.4 for a discussion of
the confidence bounds applicable
to these curves
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Frequency (explosions per year with fatalities > X}
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FIGURE 6-9 Frequ.enéy‘:b'f Explosion Consequences

Note: See section 6.4 for a discussion of
the confidence bounds applicable
to these curves
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Frequency (failures per year with fatalities > X)
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FIGURE 6-10 Frequency of Dam Failure Consequences

Note: See section 6.4 for a discussion of
the confidence bounds applicable
to these curves :
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Frequency (fires per year with fatalities > X)
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FIGURE 6-11 Frequency of Fire Consequences

Note: See section 6.4 for a discussion of
the confidence bounds applicable
to these curves
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FIGURE 6-12 Frequency of Chlorine Accidents Involving
Fatalities

Note: See section 6.4 for a discussion of
the confidence bounds applicable
to these curves
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isites.

Chapter 7

Conclusions and Recommendations

7.1 OVERVIEW

The results of the Reactor Safety Study
indicate that nuclear power plants have
achieved a relatively low level of risk
compared to many other activities in
which our society engages. Although the
study has developed some insights- that
contribute to a better understanding: of
reactor safety,- the ex1st1ng low level
of risk has been achieved’ pr1nc1pa11y by
the efforts of industrial design, con-
struction and operation and by the ef-
forts of the AEC's regulatory process.
There will be a tendency for many in
industry and government, at both working
and management -levels, to .attempt to use
various aspects of this work in connec-
tion with the safety design, operation,
and review of nuclear power plants.
Although the methodology used in the
study has the potential to be useful _for
this purpose, care should be
before plunging headlong into such an
-effort. :

Many of the techniques involved
deceptively simple in appearance and
relatively new in their application.
Furthermore, the overall model used in
the
risk - assessment. Consequently,
elements were developed and implemented
-only toward that purpose; thus, they are
:not directly applicable for other pur-
;poses such as optimization of safety
'designs and the determination of effects
of reactor accidents at

The
as these will

such require

‘analyses other than

overall
rassessment. -
Decision making processes in' many
fields, and especially in safety, are
guite complex and should not lightly be
changed:i- -- ]
a good safety record has
obtained, as is so. far true for nuclear
power-plants. -- As pointed out in Chapter

2, the use of quantitative technigues in.
is:

‘decision making associated with risk
.still 1in its early stages .and is highly
formative. While these techniques can

be used now as another effective tool to

help decision making processes, it ap-
pears that, - for the near future, addi-
tional methodological development is
‘needed in gquantitative techniques before
they can be used routinely. .

exercised

are

study has been directed only toward
many

individual;
use of models for purposes’
further :
‘development by those who wish to perform’
risk:

This is- especially- true where -
already been .
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,acc1dents,

One - of the first questions that arises
about the results of the study concerns
its applicability to reactors other than
those studied. . There are those who will
question the extension or results beyond
the two reactors involved in the study;
there are also those who will try to-
extrapolate the results to 1000 reac-
tors. - The reactors studied are the 24th
and 34th large reactors to come into
operation. Their designs were started
in 1966. The- 100th plant is expected to
come into operation in about 1981; its
design started in about 1971. The
1000th plant 'is not yet a concept; nor
is it clear that 1000 water reactors of
the types studied will be built.

By the same token, the first 100 plants,
although they involve some detailed dif-
ferences in design, all meet similar
safety requirements and generally have
the same types. of engineered safety
features. - Thus, the extrapolation of
these - results: to 100 reactors seems
fairly reasonable. It will also tend to
overestimate rather than underestimate
the risks involved, because significant
improvements were made in - AEC's safety
design requirements, in the implementa-
tion of these requirements, and in the
applicable codés and standards used in
the -design of nuclear power -plants in
the years between 1966 and 1971.

BTN

The study devoted a significant effort
to . ensuring . that it covered the poten-
tial accidénts important to “the deter-
mination’ of public risk. In its analy-
sis of potentlal nuclear power plant
the Reactor Safety Study
relied heavily on the twenty or more
years of experience that exists in the
analysis of reactor- accidents. It also
went con51derab1y beyond the convention-
al analyses performed in connection with
the licensing of reactors by considering

failures that are not normally covered
in standard safety evaluations. Thus,
in ~addition to defining the various

initiating events- that might potentially
cause accidents, the study estimated the
likelihood and consequences of the fail-

ure of the various engineered safety
features provided - to - prevent :accidents
and to cope - with - the. consequénces of

accidents: . Failures of reactor vessels
and steam generator vessels as potential
accident - initiators were: considered.
The availability of systems to remove
decay heat from a shutdown reactor was




examined as an additional part of the.

assessment of transient events. The
likelihood that various external forces
might cause
taken into account.

The following factors provide a high
degree of confidence that the signifi-
cant accidents have been included: 1)
the identification of all significant
sources of radioactivity located .  at
nuclear power -plants, 2) the fact that a
large release of radioactivity can occur
only if reactor fuel melts, 3) knowledge
of the factors that affect heat balances
in the fuel, . and 4) the fact that the
mechanisms that could lead to heat imba-
lances have been scrutinized for many
years. This confidence also rests on a
number. of additional factors such as:

the use of event trees to systemati-
cally define and screen thousands of
conceivable accident sequences to
identify those that are potentially
possible :and to determine the domi-
nant contributors to risk.

d.

~ the development of fault trees for
engineered safety systems to a level
of great detail to identify poten-
tial system failure modes and system
interdependencies.

the determined effort devoted to the
identification . of potential common

- mode failures that had a large, -ef-
fect on increasing the predicted
likelihood of the accident sequences
defined in event trees and that also
had some effect on increasing the
predicted likelihood of system
failures.

no way of proving that
sequences  that

While there 'is
all possible accident
contribute to public risk have been
considered in the study, the systematic
approach utilized in identifying possi-
ble accident sequences and their depend-

encies make it very unlikely that a
contributor has been overlooked that
would significantly change the risk
estimate.

7.2 RESULTS OF THE RISK ASSESSMENT .

The quantitatiQe results of the risk
assessment that has been performed can
be summarized. as follows:

Reactor risks are predicted to be
smaller than many other man-made and

a.

natural risks to which we are ex-
posed as a society and as individu-
als. These other risks include

those due to fires, explosions, dam
failures, air travel, toxic chemi-

reactor accidents was also’
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cals, tornadoes, ‘hurricanes and
earthquakes. Figures 6-1, 6-2 and
6~3, taken from Chapter 6 and

reproduced here for the convenience
of the reader, predict that the
operation of 100 reactors will not
contribute measurably to the over-
all risks due to acute fatalities
and property damage from either man-
made or natural causes.

Table 6-3, also reproduced here,
shows the average annual risks from
many man-made and natural causes.
The risks from ,potential nuclear
plant accidents are smaller than the
others listed both on a societal and

individual basis.

Figures 6-1 6-3 do not show ef-
fects such as early illness, latent
illness, genetic effects and latent

Frequency (Events/Year > X)
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1,000,000

Frequency of Man-Caused Events

FIGURE 6-1
: Involving Fatalities.

Notes: 1. Fatalities due 1o auto accidents are not shown because data are not available.
Auto accidents cause about 50,000 fatalities per year.
2. See section 6.4 for a discussion of confidence balinds applicable to the non

nuclear curve. See section 5.5 for the confidence bounds on the nuclear curve.
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Note: See section 6.4 for a di; ion of bounds

nuclear curve. See section 5.5 for the confidence bounds on the nuclear curve.

to the non

cancer fatalities. Such effects
have been  calculated for reactors
and are shown in Table 7-1. Since
similar - data are not available for
the quantification of these types of
risks from other man-made activities
or natural causes,. no comparisons
can be made between nuclear and non-
nuclear risks in these areas. How-

ever, it should be noted that these
types of risks are also caused by
these other sources. +For example,

some latent health effects can occur
as. a result of physical injuries and
their asgsociated diagnostic X rays.

Some perspective .on the meaning of
the values shown in Table 7-1 can be
gained from the following considera-
tions: .

s
are 8

Early illnesses. . There

‘million serious injuries in the U.S.

every year due to accidents of all
kinds. As shown in Table 7-1, early
illness due to reactor accidents are
negligible by comparison.
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Frequency { Events/Year

FIGURE 6-3

Notes: 1.

CAUSED
EVENTS

1077
108 1

Property Damage (Dollars) X

Frequency of Accidents Involving
Property Damage

Property damage due to auto accidents is not included because
data are not available for low probability events. Auto accidents
cause about $15 biilion damage each year.

2. See section 6.4 for a discussion of confidence bounds applicable
to the non nuclear curve. See section 5.5 for the confidence
bounds on the nuclear curve.

Delayed Health Effects. Delayed
health effects that could occur due
to potential reactor accidents in-

clude latent cancer fatalities,
thyroid nodules, and genetic
effects. The predicted- occurrence
-rates of . these effects for a
population of 100 reactors are
presented in Table 7-1, The
predicted rates that would result
from reactor accidents are also
compared to the normal incidence

rates for these effects in a number
of people comparable to that ‘which
would be exposed to a reactor
accident. Table 7-1 indicates that
latent cancer fatalities and genetic
effects would be a small percentage
of the normal incidence rates of
these effects and would probably not
be discernable. In the largest
“accident, thyroid nodules would be
approximately equal the normal rate
and would be discernable. Further,




TABLE 6-3 INDIVIDUAL RISK OF FATALITY BY VARIOUS

CAUSES
(U.S. Population Average 1969)

Approximate

_ Individual Risk

Total Number
for 13969

Early Fatality
Accident Type

Probability/yr (3)

Motor Vehicle
Falls

Fires and Hot Substance
Drowning

Poison

Firearms

Machinery (1968)

Water Transport

Air Travel

Falling Objects

Electrocution

Railway

Lightning

Tornadoes

Hurricanes

All Others

All Accidents (from Table 6-1)

Nuclear Accidents (100 reactors) -

1074
1070
107°
1072
1070
1070

55,791
' 17,827
7,451
6,181
4,516
2,309
2,054
1,743
1,778
1,271
1,148
884
160
118(b)
90(c)
8,695
115,000
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(@)
2 x 10710

(a)
(b)
(c)
(@)

Based on total U.S. population, except as noted.
(1953-1971 avg.)

(1901-1972 avg.)

Based on a population at risk of 15 x 106.

due to reactor accidents
temporary and would decrease
with time. The bulk of latent
cancer fatalities, and thyroid
nodules would occur in a period of a
few decades. The rate of incidence
of genetic defects would decrease
substantially in five generations.

the
are

rates

Table 7-1 shows, for example, that
there is one chance in 10,000 per
year of having an accident that will
have 300 or more early illnesses as
a consequence, Normalized on a core
melt basis, this one chance 1in
10,000 is equivalent to 2 out of any
100 core melts producing these
consequences.

In addition to effects already dis~
cussed, other potential effects of
reactor accidents include contamina-
tion. of land and water. Above
various thresholds of contamination,
it would become necessary to relo-
cate  people, decontaminate land of
radiocactivity, monitor crops and
milk for contamination and possible
confiscation, and perhaps interrupt
use of water supplies.
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People would have to be evacuated
from certain areas after severe re-
actor accidents. This can be
thought of in terms of initial relo-
cations with return of some. - -of the
people after decontamination proce-
dures were carried out, with a small
residual area remaining evacuated
for a longer periocd. -These pre-
dicted evacuation areas are indi-
cated in Table 7-2.

The areas in which crops and milk
might be affected are about 5 and 50
times greater respectively than the
initial relocation area. The af-
fected crop areas apply for one
growing season; they would be
smaller thereafter. Iodine contami-
nation would affect milk supplies
for only 1 or 2 months until the
iodine decays to acceptable levels.

The effects of potential contamina-
tion of water supplies have not been

considered in detail in the study.
If streams and rivers are contami-
nated to levels of radioactivity

above drinking water tolerances, the
use O0f the water would be restricted
during the short time that contami-
nated water would flow past water
supply intakes. Contamination of a
water supply reservoir would require
that an alternate supply be used
until the radicactive levels decayed

to drinking water levels or until
the city water supply could . be
adequately filtered or treated to
achieve acceptable levels. Contami-
nation of a large lake or reservoir
that represented the major water
supply to a city would require

restrictions on its use until levels
were suitably low or until proper
treatment could be implemented. It
is believed that the property damage
values calculated for 1land would
cover the costs of additional water
treatment should it be required.

7.3 FACTORS AFFECTING THE RISK

This study concluded that the risks from
reactor accidents were dominated by
those potential accidents that lead to
melting of the reactor core. A variety
of other accidents were examined, but
their predicted consequences contribute
a negligible amount to the public . risk.
It was found that several factors con-
tributed importantly in the risk calcu-
lations. These included the probability
of occurrence of the following factors:
1) core melt, 2) the amount of. radioac-
tivity released, 3) weather conditions,
and 4) population exposed.
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7.3.1.“PROBABILITY OF CORE MELT

This study determined the probability of
core melt to be about 5.x 10-5 per reac-
tor year. * This value is somewhat higher
than a number of -estimates, ~that ' have
often been gquoted, of 10-6 per reactor
year. This is due to the fact that
contributions to the overall risk from
loss of coolant accidents (LOCAs) due to
small ruptures in the reactor coolant
system and from transient events are
predicted to 1lead to core melt with a
higher- l1ikelihood than -those ‘of 1large
LOCAs. The probability of core melt due
only to large LOCAs is predicted to be

about a factor of 10 less than that of
the dominant accidents, or about
5.%x 10-6.

In the pressurized water reactor, small

LOCA " accident sequences were detérmined
to be important contributors to the core
melt-probability. However, other events
{such as transients initiated by loss of
offsite power followed by failure of de-
cay heat removal systems) also contri-
buted to the core melt probability. The
small LOCA sequences when combined sta-
tistically with other contributing paths
to core melt  gave the total - probability
for core melt of about 6 x 1075 per
reactor-year.

In the.boiling water reactor, the major
contriblutors to core melt probability
were found.to be the failure to Jrapidly
shutdown the reactor when needed. or
failure of the decay heat removal sys-
tems after transient-caused. shutdowns.
THe total probability of core melt for
the BWR is about 3 x 10~5 per reactor-
year.

It 'is interesting to note t
of reactor vessels, steam generators,

that failure
or

‘missiles from pump flywheel and turbine

rotor: failures made essentially no.con-
tribution to the overall: risk assess-
ment. In fact, although the probability
for gross rupture of’ reactor vessels was
estimated to be 10~/ per vessel-year,
the failure probability would have to be
about 100 times more likely (i.e., about
10-5) for it to contribute significantly
to - the': overall risk assessment, Fur-
thermore, various external forces such
as earthquakes, tornadoes, hurricanes,
floods, tidal waves and airplane crashes
have been found not likely to affect the
overall risk assessment because of ' the
safety design requirements used:’ for
nuclear power plants in these areas.

core melt probability for the PWR

The
(6 x 10-5) and the BWR (3 x 10-5) com-
bine to give an average value of
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5 x 10~5 per reactor-year for the pre-
dicted probability of core melt. Addi-
tional perspective can be gained about

the meaning ‘0of these predictions from
the -following considerations: -

and military

a. Counting commercial
power reactors, there have been
almost 2000 reactor-years of experi-~
ence with no nuclear accidents
affecting the public. This suggests
that the 1likelihood of accidents
should be less than 10-3 per
reactor-year..

b. Examinatidn'of accident experience

in many flelds suggests -that large
accidents occur with much lower fre~-
quency than small accidents. This
can be inferred from the many conse-
guence curves shown in Chapter 6 for

both man-made . .and natural events.
It 1is _ thus reasonable to expect
similar behavior in reactor acci-

Qents.
type

) Slnce power reactors of the
studied have not yet had even

small accidents, or situations that
have resulted, in abnormally high
fuel temperatures, this again sug-
gests that core melting should be
much less 1likely than 10-3 per
reactor-year and that larger acci-

dents should have an even smaller

frequency. -,
Based on these arguments it is reason-
able to believe .that.the core melt prob-
ability of about 5 x 10~5 per reactor-
year predicted by this study should not
be significantly larger and would almost
certainly not exceed the value of
3-x 10-4 which has been estimated as the
upper bound for core melt probability.

7.3.2 - LARGE  CONSEQUENCE ACCIDENTS .

Potential core melt accidents, occurring
under' typical or average values of ra-
dioactive release, weather, and exposed
population, would have modest conse-
quences, ‘The reason that probabilities
are much. smaller for large consequence
events .is that 4ll ‘the factors affecting
consequences - must - 'be at or near -their
worst'condition. Thus, they require a
core melt accident coupled with addi-
tional failures that cause large radio-
active releases coupled with ‘unfavorable
weather conditions- and a very high popu-
lation ‘“density  exposed to the released
radioactivity.- Since the accident; the
population, and the weather are general-
ly independent, large consequence events
are quite unlikely.




7.4 OTHER STUDY OBJECTIVES

In addition to performing an assessment
of the risks involved in potential reac-
tor accidents, -  the study had several
other objectives that are discussed in
the following paragraphs.,

7.4.1 REALISM VERSUS CONSERVATISM

The study took a realistic approach as
opposed to the conservatively oriented
safety approach taken in the licensing
process for nuclear power plants. While
the overall risk model developed here is
closer to realism than previous models
used, it is felt that it is necessarily
somewhat ' on the conservative side of
realism. The factors that contribute to
greater realism in the model include:

‘The use of event trees to define the
dependencies between safety. func-
tions, ' the dependencies between
these functions and engineered safe-
ty systems and the dependencies be-
tween the various engineered safety
systems.

a.

The determination of the relation-
ship between a molten core and the
probability and consequences of con-
tainment failure modes.

The assessment of probabilities of
system failures based on contribu-
tions due to human error, testing
and maintenance, and the definition
of contributions due to potential
common mode failures.

The wuse of a consequence. model that

contains probability distributions
for population and weather condi-
tions as well as provisions for the
effects of evacuation and plume
rise.

The use of more realistic failure
definitions for various safety func-
tions (such as containment failure
pressure) in areas where this could
be done.

The use of more realistic values for
.. factors affecting the efficiency of
: removal of radioactivity by means of
natural deposition, sprays and fil-
ters.

h
.

The <use of more realistic dosimetry
and dose-response relationships in
the prediction of health effects; in
-particular, the use of dose rate and
dose ‘magnitude . dependency, as oOp-
posed to the linear hypothesis, in
the prediction of latent cancer fa-
talities.
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FPactors that may make the model conserv-
ative are:

Radioactive release definitions were
based on experiments having large
surface to volume ratios which en-
hances the release of radioactivity.
In a reactor the molten fuel would
have much smaller surface to volume
ratios that would likely cause sig-
nificantly smaller releases.

a.

Some parameters in the calculation
of the transport and removal of ra-
dicactivity in containment were in
general conservatively applied.

Conservative values were selected
for the individual isotopic releases
among those accident sequences which
dominated the likelihood of the var-
ious release categories discussed in
Appendix V. This, in combination .
with items a. and b. above, yielded
high values of releases of radioac-
tivity.

Although a plume rise model was used
that allowed sensible  heat released
from the containment +to cause the
plume to 1lift off the ground ini-
tially (thereby reducing near plant
exposures), the model did not ac-
count for latent heat that was also
released or for internal radioactive
heating of the plume., Inclusion of
these heat sources might have re-
duced the predicted early health
effects.

Although the handling of weather
effects included the time variation
of weather stability, wind speed,
and rain, the effects of wind shear
and changes in wind direction were
not included. Also the treatment
used for rain effects may be con-
servative. The net effect of this
approach may make the model conserv-
ative with regard to the predicted
values for those consequences, such
as early health effects, property
damage, and land contamination, that
are threshold dependent.

The assumption was made that biolog-
ical effects due to radiocactive ex-
posures have effects down to . very
low doses,

The assumption that molten wuranium
dioxide falling into saturated water
had a 10% chance of causing a steam
explosion. is considered to be quite
conservative, Available experimen-
tal data indicates that steam explo-
sions do not occur in saturated
water.




7.4.2

The many aspects of the
developments
extensively discussed in the report
its
tant aspects of the methodological

" As indicated earlier in

this chap-
ter, the study probably overesti-
mates-the likelihood of accidents as
applied to the first 100 reactors to
be operated.

METHODOLOGICAL DEVELOPMENTS

methodological
have been
and
Among the more impor-
con-

and approaches

appendices.

tributions to the study are:

a.

"The
veloped -in the study include the use
- of event trees to

‘and

‘available,
©..and

‘normal

methodological approaches de-
determine poten-
tial accident sequences, including
the dependencies involved; the prop-
agation of error bands in the calcu-
lation of system failure probabili-
ties, 'probabilities of " accident
sequences and of the release of ra-
dicactivity, detailed . calculations
of radioactive release and ‘transport
in containment, and .the use of a
consequence model that includes
probabilistic distributions of
weather conditions and population
densities that are characteristic of
ex1st1ng reactor sites and - 4 plume
rise and evacuation model.

regard to component failure
data, it was féund that exist-

With
rate

" ing ‘data is sufficiently accurate to

perform -meaningful risk evaluations
especially since the  statistical
propagation of variabilities in the
quantification of system fault trees
event tree accident sequences
permitted the use of data and -their
associated uncertainties from a wide
variety of sources. General data
sources, including data from indus-
trial experience, could thus be in~
tegrated with nuclear data to obtain

~a composite, working data base which
was

used to quantify system failure
probabilities with an’ accuracy ade-

quate for risk calculations.

It was found that existing nuclear
data ‘in itsélf was not sufficiently
comprehensive nor sufficiently ‘quan-
tifiable to be used‘as a sole data
source. The nuclear data which was
however, has had a pri-
mary role in assessing-the validity
consistency of" other data

In the study, nuclear ab-
occurrence reports for 1972-
73 and certain earlier reports,
along with reactor in-plant opera-
ting experience were incorporated in
the data evaluations and assess-
ments. Error spreads associated

sources.
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‘cessful

- tree

" mode fdilures.

‘the analysis.

. pacts
“sequences and

with the data served to cover uncer-

tainties and possible variations in
the final assessed values.

pata on human factors, e.g., relia-
bility and error potential. were
found to be sparse, thus requiring
some degree of subjectivity when
assessing their contribution. The
lack of more precise data did not,
however, adversely impact the mean-

ingfulness of the final results of
the risk evaluations. The use of
error spreads also served to cover
uncertainties associated with this
data.

In general, the existing data had
about a factor of 3 to a factor of
10 or dgreater uncertainties and
lacked specificity as to failure
categorization and failure cause.
If more exact calculations are to be
performed, or if decisions are
necessary that require more exact
calculations to assess the wvalidity
of potential  system improvements,
better data 1s then required and
better data analysis needs to be
implemented. It would be wuseful" to
establish a comprehensive data col-
lection and analysis program appli-
cable to nuclear power plants.

It is clear that the heart of suc-
risk assessment and a prin-
cipal factor in determining  the
adequacy of event tree and fault
methodology 1is the proper
of potential common
“‘Considerable effort
devoted to assessing the poten-
tial-impact of common mode failures
on the study's results. It is dif-
ficult, however, to generalize on
the overall  impact of common mode
failures ‘since they were found to
have varying degrees of significance
depending on the' particular stage of
An important point to
note is that-attention to the poten-
tial for common” mode failures was
required throughout all stages of
the analyses. i

identification

was”

'
v

Slgnlflcant common - mode fallure Cim-
were found in the évent tree
in the analyses of
containment failure modes. -The com-
mon-mode considerations ©f function-
al and system interdependencies re-
sulted in significant ‘modifications
to event trees and hende in the
probability values resulting for
many of the event tree sequences.
Because of the functional and system
interdependencies, the probability




.found in the event trees.

-accident sequences re-
core melt could in many
engi-

values . for

sulting in
cases be the result of 31ngle
neered safety system failures.

On  the other hand, in.the quantifi-
cation of fault trees and: event
trees, while common -mode failures in
most cases had significant effects,
they were smaller than the effects
In -gener-
al, single system failure probabili-
ties dominated the probability of an
accident sequence and .single compo-

. nent failures in turn dominated the

-, system .probability.

“could

When this oc-
curred, common mode failures had
little impact since at most they
change multiple' independent
failures into single ‘dependent fail-

ures and these already existed.

" Human errors, because of their larg-

a .number of .cases.

- systems

i ponent failure rate data,

.the matter of human errors in-

,involving hardware

'and/or human.errors.

“the human,

er probabilities as compared to.com-
dominated
system failure probabilities in
In certain sys-
however; common mode contribu-
did enter importantly, for
example, when several failures were
attributed to a common human inter-
face. It would be useful to study
order
to be able to predict their effects
with greater precision..

the .

tems,
tions

The- conclusion that common mode
failures were found to have varying
significance in this study strongly
indicates that for proper context,
common modes and general dependency
considerations should not be iso-

lated and treated separately as has
sometimes been done, but should be
incorporated throughout all stages

of the analysis.

The analyses of englneered safety
system availabilities generally pre-
dicted system failure probabilities
to be in.the range of 107% to 10~

There were.deviations. from this gen-
eral range in. the case of a few
having. higher or lower
failure probabilities.. Generally,
there were also a numbér of differ-
ent contributions to system failure,
related causes,
test and malntenance related causes
Test and main-

{tenance and human error. contribu-
tions. were important factors in
roughly half the systems. Common

contrlbutlons, often 1nvolv1ng
also were 1mportant in a
and particularly
As already

mode

of systems,
systems.

number
in redundant

. mentloned, the collection and analy-

sis of failure rate data and the
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In addition to the
and the

further study of human errors would
be useful in improving the precision
of potential system failures proba-
bilities.

The use of fault trees in their cur-
rent state of development is time
consuming and expensive. - While they
are a useful tool in predicting the
failure probabilities of' engineered
systems, it would be useful to  sys-
tematize their application in orxder
to make thelr utilization more effi-
cient.

factors of realism

factors that still make_ the

model somewhat conservative as:discussed

earlier,

there are also a few elements

of uncertainty in the model.

a.

.seismic design requirements

- sults

As discussed in Chapter 5, the
seismic design adequacy (that is the
adequacy of the implementation of
in the
detailed plant design) was found to

be deficient in some areas. Al-
though the 1logic presented there
supports the view that seismic

. events as large or larger than those

chosen for the design basis should

not . contribute significantly to the
accident risk, it is somewhat sur-
prising that a greater degree of
confirmation of seismic design ade-
quacy could not be obtained. Part
. of this could be due to the fact
. that seismic design requirements
were relatively new at the time
these plants were designed and part

could be due to the after-the-fact
nature of the review by this study.
It would be helpful +to study this
matter  further on more recent
plants.

As already mentioned, the risk as-
sessment performed in the study is
based on two 1light water cooled
nuclear power plants. There may be
some variations in design from reac-
tor plant to plant as well as from
site to site which could potentially
affect the applicability of the re-
obtained. It would be useful
to pursue these matters further to
give . a greater degree of confidence
in the extrapolation of results to
other plants and to develop the
techniques for making -individual
site calculations. It would also be
useful . to . repeat an overall
WASH-1400 type 'risk assessment for
water reactors in about 5-10 years.

The' study could not completely cover
the risks .due to potential acts . of
sabotage because no convincing way
could be found to estimate the prob-




C

- at any target.
-gation

o consequences more

. quirements

. opment .of a consequence

~Although
- 'required to have plans-

. dents, 'the importance of
~in rereducing:

ability of acts of sabotage directed
However an investi-
of "this area has::led the
study to the conclusions. that nucle-
ar power plants are difficult to
sabotage successfully, that acts. of
sabotage are -not'expected to lead to
'severe than . the
maximum predicted by the study and

that nuclear power plants are far
less susceptible to sabotage than
most other targets. Furthermore,

improvements have recently been made
in plant security ‘and further re-
are under - -consideration.
With the implementation of .current
security measures, it appears that
the probability of successful sabo-
tage is low and further reductions
in probability can be anticipated in
the future.

The probabilistic treatment of the
various input parameters to the- con-
sequence model has not been carried
out uniformly in this study. How-
ever, parametric studies have .been
performed that establish a reason-
able basis for the estimated error
bands used in the. study. - The devel-
model _that
incorporates the additional proba-
bilistic elements that may be needed
would- be useful.

The consequence model assumed evac-
uation of population from the area
that could potentially .be affected
by + accidents in which the core
melts. It also assumed that some
warning -would be given  in advance of
the actual release of radioactivity.
nuclear plants are already
for .evacua-
in the. case of: potential acci-~-
evacuation
‘accident: consequences
that steps :-be taken: to
ensure that the communications, in-
strumentation and monitoring needed
to provide adequate evacuation warn-
ing are provided. It would also be
useful to study potential alterna-

tion

suggests

tives for achieving dose ameliora-
tion effects.
As discussed in Chapter 5, although

the potential contribution to reac-
tor accident risks due to floods and
fires do not affect the predicted
risks importantly, it would be use-
ful to perform additional analysis
to define their potential contribu-
tion to risk on a more broadly
applicable basis.

7.4.3 RESEARCH SUGGESTIONS
As indicated earlier there are some
areas in which the availability of addi-
tional data would help to determine the
degree of conservatism in the risk esti-
mates performed. The suggestions below
do not address overall safety research;
they cover only those areas that could
be of help in risk assessment studies.
1. Release of Radioactivity from Molten
Fuel. Data on radioactive releases
that would be expected to occur from
molten fuel having a small surface
to volume ratio would be of use in
-making the overall risk assessment
more realistic.

Steam Explosions. Although - data
from small scale experiments indi-
cate that molten metals and water do
not interact in an explosive way
with saturated water, the study has
pernmitted this possibility because
of  the unknowns associated with po-
tentially large scale events. Fur-
" ther experimental data would be
.useful to determine the need for
this conservatism,

- Heated Plumes. Further investiga-
tions of the effects on plume be-
havior of the various kinds of heat
sources 1in potential reactor acci-

" .dent plumes would be useful.

Risk , Assessment Development. It
would be useful to continue the
coherent development of WASH-1400
techniques  in further improving this
capability in risk assessment and in
-the performance of risk assessments.
. Fruitful :areas for further risk as-
sessment include barge mounted nu-
clear - power plants, liquid metal
fast breeder reactors, high tempera-
ture gas  cooled reactors and fuel
reproce551ng plants.

While the areas above have been suggest-
ed as potential candidates for addition-
al safety research, this research is not

regarded as urgent since the risks from
reactor accidents, as calculated in this
study, indicate them to be lower than

many others in society.

.7.5 FINAL OBSERVATIONS
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The principal insights

study . are:

gained in this

Contrary to the commonly held belief
that all nuclear power plant acci-
dents involving core melting would
surely result in severe accidents
with large public consequences, the

a.




. believed

magnitudes of the .potential conse-
quences of a core melt accident were
found to have a wide range of val-
ues. The probability is high that
the consequences would be modest
compared to other types of risks.
The likelihood of relatively severe
consequences is quite low.

The consequences of reactor acci-
dents are often smaller than many
people have believed. Previous AEC
studies have been based on unrealis-
tic assumptions and have predicted
relatively large consequences for
reactors that were much smaller than
current reactors. Consequently,
there are some who believe, -incor-
rectly, that reactor accidents can
produce consequences comparable to
that of the explosion of large
nuclear weapons. Further, there are
many in the nuclear field who have
that accidents involving
melting of the reactor core would
always lead to large consequences.
This study has shown that predic-
tions of the consequences of nuclear
power plant accidents, when per-
formed on a more realistic . as
opposed to an upper limit basis, are
smaller than previous
would have led one to believe and,
in fact, are no larger, and often
smaller, than the consequences of
other accidents to which we are
already exposed.

reactor accidents
that of many other

similar conse-
there are some. in
the public sector who will feel that
the likelihood of occurrence of
nuclear power plant accidents should
be made essentially =zero, neither
nuclear accidents nor non-nuclear
accidents of any kind can have zero
probability. We do not now, and
never have, lived 1in a risk-free

The likelihood of
is smaller than
accidents having
quences. While

predictions.
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- would be

world. Nuclear accident risks
relatively low compared to other
man-made and natural risks. .All
other - accidents, including  fires,
explosions, toxic chemical releases,
dam failures, earthguakes, hurri-
canes, and tornadoes, that have been

.are

examined in this study are more
likely to occur and can have - conse-
quences .comparable to or

greater
than nuclear accidents. .

There are many who, as a result of
this study, will advocate immediate
action to accomplish objectives such
as changing the safety design of re-~
actors to decrease the likelihood of
the events that were the principal
contributors to the risk assessment
and in setting reactor safety stand-

ards based on the use of quantita-
tive techniques. If the risks
attached to nuclear power are as
small "as- this study finds, such

actions may not be necessary, and
could potentially be self defeating.
As -already indicated, although the
use of’" quantitative techniques in
making decisions on the basis of
risk is still in 1its beginning
stages these techniques can be used
effectively as another tool in aid-
ing decision making processes. It
wise to continue their
further development to make them of
greater utility in assisting deci=-
sion making.

The question of what level of risk
from nuclear accidents should be ac-
cepted by society has not been
addressed in this study. It will
take consideration by a broader seg-
ment of society than that involved
in this study to determine what
level of nuclear power plant risks
should be acceptable. This study
should be of some help in these con-
siderations.
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TABLE 7-1 APPROXIMATE VALUES OF EARLY ILLNESS AND LATENT EFFECTS

FOR 100 REACTORS

(c)

Consequences
Latent
Cancer (b) Thyroid Genetic Effects
Chance Early Fatalities Illness'P (per yr)
Per Year Illness (per yr) (per yr)
1 in 200® <1.0 <1.0 4 <1.0
1 in 10,000 300 170 1400 25
1 in 100,000 3000 460 3500 60
1l in 1,000,000 14,000 860 6000 110
1 in 10,000,000 45,000 1500 8000 170
Normal Incidence Per Year 4 x 10° 17,000 8000 8000

(a)
(b)

(c)

This is the predicted chance per year of core melt for 100 reactors.

This rate would occur approximately in the 10 to 40 year period
after a potential accident.

This rate would apply to the first generation born after the

accident.

decreasing rates.

Subsequent generations would experience effects at

TABLE 7-2 LAND AREA AFFECTED BY POTENTIAL NUCLEAR POWER
PLANT ACCIDENTS FOR 100 REACTORS

Consequences

Relocation
Decontamination Arxea

Chance Per Year Area (Sq. Mile) (Sq. Mile)
1 in 200 <0.1 <0.1
1 in 10,000 2000 130
1 in 100,000 3200 250
1 in 1,000,000 (a) 290
1 in 10,000,000 (a) (a)

(a) No change from previously listed value.
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AN OVERVIEW OF EVENT TREE
AND FAULT TREE METHODOLOGY
AND THE HANDLING OF COMMON MODE

FAILURES -
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Addendum 1

An Overview of Event Tree and Fault Tree Methodology
and the Handling of Common Mode Failures

Section 1
Introduction
The purpose of. this addendum is to- bases for this belief and is arranged as
present an overview of the methodology follows:

used in WASH-1400 to assist the reader
in judging its inherent adequacy as well
as the adequacy of its implementation.
Much of the material presented here is
discussed briefly in the Main Report and
in its various appendices. However,
significant additional information and
interpretive analyses are also present-
ed.

There has been considerable discussion
of the capability of such methodologies
to produce reliable quantitative esti-
mates of the probability of occurrence
of system failures and of low-probabili-
ty events. Much of this discussion
appears to be based on the results of
some early efforts that produced dquite
unrealistic quantitative predictions.
Another aspect of these discussions
concerns the ability to estimate the
occurrence of low-probability events
with confidence. These ‘matters and
others are covered in this addendum.

The study believes that the results
obtained in WASH-1400 represent a
significant extension in the application
and quantification of event trees and
fault trees. The material presented in
this addendum attempts to define the
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@ Section 2 discusses the adequacy of

the overall methodology - in general
terms.

® Section 3 discusses the adequacy of
fault tree methodology in general
terms.

® Section 4 covers the handling of

potential common mode failures in the
overall risk assessment, including

the contributions made by event trees,

and fault trees.

® Section 5 discusses the completeness
- of consideration of potential reactor
accidents, covering those involving
the . reactor core as well as those
involving radioactivity stored in
other locations.

® Section 6 <covers the handling of
failure rate data in the overall risk
asgessment.

@ Section 7 presents modeling consider-
ations for event +trees and fault
trees.

® Section 8 summarizes the discussion.

-




Section 2

Adequaéy_ of the Overall Methodology

This section presents a general discus-
sion of the factors that concern some
people with respect to the adequacy of
WASH-1400 methodology and describes some
of the reasons for these concerns. ‘The
principal factors involved are: "

a. whether event tree and fault  tree
"methodology is capable of predicting
~accident and system failure proba-

bilities,

b. whether ~the capability exists to

properly ‘'define common mode (or
dependent) failures, -

c. whether all potential accident
sequences have been identified, and

d. whether adequate failure rate data

was available to quantify fault”~

trees. -

Item a, regarding the capability of
fault tree methodology to produce useful
predictions of systém failure probabili-
ties, is somewhat understandable in view
of the results of some early attempts to
quantify fault trees. In these cases,
failure to achieve useful results gener-
ally rested on one or more factors, such
as the inclusion . of only hardware
failures in the trees and the use of an
inadequate failure rate data base.
Also, in some cases, higher degrees of
precision were sought than were achiev-
able, and these efforts were classed as
being inadequate. Since the earlier
attempts, however, considerable work has
been done to improve the methodology to
overcome these deficiencies. The study
believes that the fault tree methodology
as used in WASH-1400 produced meaningful
results. Sections 3 and 4.2 discuss the
adequacy of fault tree methodology.

Items b through d suggest that the
methodoleogy used in the study might not
have been capable of producing meaning-
ful and complete descriptions of all
conceivable reactor accident sequences
or meaningful predictions of their like-
lihood of occurrence.. There appears - to
be some opinion that the lack of capa-
bility to define common mode failures
adequately will prevent the successful
identification of all accident sequeéences
as well as the quantification of fault
trees.

It is important to understand that the
Reactor Safety Study does not purport to
have included in its results contribu-
tions from all conceivable accidents and
all conceivable common modes. The im-
portant question is not whether all
contributions have been included, but
whether the significant contributions to
risk have been included. Any final risk
or probability value can be envisioned
as consisting of a large number of
contributions that must be combined.
The goal of an analysis is to include a
sufficient number of significant contri-
butions so that the results are insensi-
tive to further contributions. The
study's event tree and fault tree metho-
dology represents a systematic and
comprehensive method to help define the
significant contributions.

One of the wvital elements in ensuring
that' all significant contributions to
accidents are identified is the proper
handling of common mode failures. A
general perception of many scientists is
that the analysis of potential common
mode failures is limited principally to
considerations involving dependencies
among ~component failures within highly
redundant systems. It is thought that
the quantification of such potential
contributions, even within a single
system, cannot be done with any reason-
able degree of confidence; the idea of
coupling multiple systems together in

accident sequences appears to them to

. make the handling of common mode

failures almost impossibly difficult.

This perception seemed generally valid
to the study when the work began because
it seemed that a great many combinations
of multiple-system failures would be
potentially possible in the accident
sequences derived from event trees.
However, factors not normally considered
in previous analyses began to emerge
more clearly as the study progressed.
These factors, at least for light water
cooled nuclear- power plants of the type
now being built in the United States,
led to the following. insights' about the
risk assessments performed in the study:

‘a. There are many identifiable tightly

coupled interrelationships ‘that
exist in potential accident se-
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quences 1in these nuclear power
plants. These include interrela-
tionships among the functions to be
performed, between the functions and
among the systems provided  to
perform those functions, and the
systems themselves.l These interre-
lationships, which are explicitly
defined on the basis of engineering

knowledge and physical principles,
have the effect of reducing the
number of potentially conceivable

interactions by very large factors.

b. Many of the accident sequences
defined by event trees involved the
failure of only single systems as
"opposed to multiple systems.  Fur-
ther, the failure probabilities of
most of these systems involved only
single failure type2 contributions.
Thus, the Reactor Safety ~Study
accident analyses involved neither a
large number of highly redundant
systems nor the combinations of such
systems.

risk assessment, estimates of
high precision are not needed.
Thus, bounding and approximation
techniques of many kinds can be used
successfully to assess the potential
impacts of common mode failures. If
the results of the application ' of
such techniques do not impact within
the accuracy of the calculations,
then further analysis to define

C. In

2 .
A single
component (hardware) ‘failure, single human error, or

lSee section 2 of Appendix I for a more complete description of these

ships.

failure

contribution.

type of contribution has a probability equal to that of a single
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potential additional common modes is
not needed. Where high degrees of
precision (e.g., system reliability
design) are needed, such bounding
techniques may not be useful.

Based on the above considerations, the
propexr handling of common mode failures
throughout all stages of the analysis is
vital 1in determining the
contributors to. risk and in predicting
meaningful accident and system probabil-
ities. Furthermore, there 1is a close
relationship between the ability to
define common mode failures and the
ability to define the significant con-
tributors to , risk. To the extent that
all significant common mode failures
cannot be determined, it is not possible
to say that all significant contributors
have been defined. The definition of
accident sequences in event trees and
fault trees must therefore include
extensive consideration of potential
common mode failures.

Section 4 of this addendum discusses
common mode failures as a complete
topic, pointing out the contributions
made to their identification by event
trees, fault trees, and the statistical
techniques used in their quantification.
Section 5 examines the way in which the
study determined the accident sequences
of significance. Section 6 describes
the data base used in the quantification
of the event trees and fault trees,

interrelation-

single test and maintenance

significant

-

-



Section 3 .

Adequacy of the Fault Tree Methodology

There have been statements made in
recent years that challenged the concep-
‘tual adequacy of fault tree methodology.
One of the principal points of these
statements was that fault tree analysis
is incomplete and is unable to produce
reliable quantitative predictions of
system failure., It has been asserted
that the National Aeronautics and Space
Administration (NASA) and the aerospace
industry abandoned use of the fault tree
technique for this reason. The major
reasons cited for the supposed deficien-

cies in fault tree methodology include

the following:

a., Fault trees cannot identify all
potential causes of system failure
and hence yield underestimates of
system failure probability.

b. Fault trees are subjective because
the analyst must decide which events
are to be incorporated into the
trees and which events are to be
omitted.

c. The results of the quantification of

' fault trees cannot be relied on
because insufficient failure data

..are available.

To obtain a balanced perspective in

discussing these areas, it is instruc-

tive to review those viewpoints that
support the adequacy of fault

methodology before proceeding.l

A letter of -June 16, 1975, from the’
National Aeronau-

Administrator of the
tics and Space Administration
Chairman of the U.S. Nuclear
Commission indicates NASA's current view
of the study's methodology.2 In sum-
mary, the NASA letter states that the
event tree and fault tree ' methodology
used in the Reactor Safety Study is an
effective technique and is capable of
producing numerical assessments of value
if the data base from which failure
probabilities are determined has suffi-
cient accuracy and content that is
applicable * to the gquantification being

tO the

lThe

tree .

Regulatory .

‘achieved failure

performed. It goes on to say that,
although NASA uses similar methodology,
it does not use the numerical portion of
the analysis because of the small data
base applicable to specific NASA
projects.

Mr. A. E. Green, General Manager of the
Systems Reliability Service (SRS) in
England and coauthor of the text
Reliability Technology, has also pro-
vided hHis views of this matter3 (Ref.
1). The SRS group has been using
reliability techniques for a number of
years, and Mr. Green states that the
group has found the general methodology
to be competent, giving predictions that
are generally within a factor of 2 of
rates. In support of
this realistic prediction capability, a

graph is cited from Reliability
Technology, which shows the close agree-
ment the SRS group has so far

experienced between predicted probabili-
ties and observed system failure rates.
The letter notes that this curve shows
that, for some 50 system elements, the
ratio of observed failure rate to
predicted failure was within a factor of
4,

should be

Another comment that cited

here was contained in a letter from the
U.S. Environmental Protection Agency
(EPA) dated August 15, 1975. The letter
is. reproduced here, in part, as follows:

"Because of the significance of the
Reactor Safety Study toward establishing
the accident risk associated with nu-
clear power plants, we chose to review

the draft report of the study in two
phases., The comments from our first
phase review, an overall review of the

draft WASH-1400, were transmitted to you
by our letter of November 27, 1974. The
second phase review was® an intensive
examination of selected areas of draft
WASH-1400 to determine if there were
deficiencies in their evaluations and to
estimate the significance of the defi-
ciencies with respect to the related

procedures used in the study ‘to help ensure the completeness of fault trees and

to achieve their reliable quantification are described in section 4.2.

2

3
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This letter is appended to this addendum as Attachment 1.

Mr. Green's letter is appended to this addendum as Attachment 2.
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risk calculations in draft WASH-1400.
This effort provided a deeper apprecia-
tion of the degree of thoroughness with
which the Reactor Safety Study staff has
applied the study methodology and of the
sensitivity of the study results to
changes in individual parameters or in
single event probabilities."

. . - . .

"The results of our second phase review
have not altered our opinion that the
Reactor . Safety Study provides a forward
step in risk assessment of nuclear power
reactors, and that the study's general
methodology appears to provide a system-
atized basis for obtaining useful as-
sessments of the accident risks where
empirical or historical data are pre-
sently unavailable."

1 .
The review,

The General Accounting Office (GAO), at
the request of Congress, made a review
of reliability data on weapons and space

systems.l The conclusions of this
limited study are as follows:
"1, - Although the basic reliability

methodology is adaptable to Atomic
Energy Commission (AEC) projects, .
DOD and NASA experience has limited
usefulness in judging the validity
of AEC's reliability predictions.

2. The confidence that can be placed
on reliability predictions  is di-
rectly related to the extent of
previous testing or use of the same
or similar systems. ' '

3. Most early DOD reliability predic-
tions are goals set for the con=

which was published on pages 8 20775 and S 20776 of the Congressional

Record on December 9, 1974, is appended to this addendum as Attachment 3.

-




tractors or laboratories to achieve.

in development .and production.
Most such goals are- not initially
achieved in operations; but equip-
ment and component modifications,
training, and experience usually

" . ter,

result :in upward reliability trends .

over a period of time. :

Reliability of major
cannot . be
bécause - of the:' many variables-=
materlals, tralnlng, maintenance,
and so’ forth--that are involved."

new

‘The study interprets the GAC conclusions
not as ‘a-criticism of the« methodologies
as’' used 1in °‘WASH-1400, but rather as a
confirmation that they: can,. 'if
- correctly,  predict realistic¢.' systen
failure 'probabilities with . .reasonable
confidence. The basis for .this belief
is: that the reactor  systems -analyzed -'in
WASH-1400 are not new and unique-but are
used in-many reactors and: are composed
of components that are the ‘same.as,
simildr to, those wused in’ many
industrial applications. -~
As a‘final point, it “should be noted
that, -although the current operating
experlence with reactorsis insufficient
to: give measured values for -‘system
fallure probabilities in all ‘' -cases,

sufflclent 'system data were. ‘dvailable to .

permit checking the WASH- -1400 - predicted
failure rates- for
experience.l :In these two ‘.cases,: the
predicted and observed- failuret‘-rates
were within about a factor of 2 - of. ‘one
another. This result gives somé confi-
dence that the fault “treés and data used
in  WASH-1400 gave reasonably good
results.

T

; ; 1See Appendix II, volume I, section 1.

systems'
accurately. predicted

used.

or .
qther’

two Systems against -

discussion

-151-

view of the study that the net
the NASA let-

It is the
impact of the GAO, report,
Mr. Green's letter, and the EPA

letter is to confirm, as a matter of

intellectual conviction and experience,

that fault tree methodology can produce

meaningful results.- The preceding

discussion seems:.to confirm that = there

is . a fairly broadly held view that the

methocdology can : serve its - intended

function of realistic reliability pre-

diction and . the -limited (necessarily) -
checking of. -system failure -predictions

against field experience indicates that

reasonably realistic results were ob-

tained in the WASH-1400 implementation

of fault tree methodology.

The procedures used in the study to help
ensure the completeness of fault trees
and to achieve their reliable quantifi-
cation are described in section 4.2 of
thls addendum

The - discussion that follows in the next
several sections addresses in greater
detail the validity of the event tree/
fault tree methodology. Although the
is directed principally
toward the identification of potential
dependencies and common mode failures,
it also presents an overview that covers
the general completeness of the metho-
dology (which is closely related to the
identification of . dependencies), the
specific techniques used to help ensure
completeness, and the handling of fail-
e . data. It 1is - hoped that this
overview will provide the reader with a
better comprehension of the study's
methodology than did the widely scat-
tered discussion in the draft report.




Section 4

The Handling of Potential Common Mode Failures
in Overall Risk Assessment

As is stated in WASH-1400, the heart of
successful risk assessment and a princi-
pal factor in determining - the adequacy
of the event tree/fault tree methodology
is the proper identification of poten-
tial common mode failures. - The success-
ful definition of common : mode failures
is necessary to help ensure that all the
significant contributing = accident se-
quences have been defined and that the
probabilities of occurrence of the acci-
dent sequences have been adequately
predicted. Many of those who have
considered the problems associated with
defining low-probability events and
their likelihood of woccurrence find it
reasonable to question whether the capa-
bility exists to perform such a task,
due principally to the uncertainties
involved in the handling of common mode
failures. 1In fact, as noted in WASH-
1400,1 this was one of the major uncer-
tainties recognized from the beginning
of the study.

In the risk assessment performed  in
WASH-1400, the identification of common
mode failures was an integral part of
the construction and quantification of
event trees, of the construction and
quantification of ' fault trees, and in
the handling of failure data. Only by
considering these three elements in
concert (i.e., event trees, fault trees,
and data) can one gain the necessary
perspective concerning the validity of

lSee section 1.7 ¢ of the Main Report.

2

the handling of common mode failures and
of the overall use of the methodology in
WASH~1400.

4] EVENT TREE METHODOLOGY AND
ITS CONTRIBUTIONS TO COMMON
MODE FAILURE CONSIDERATIONS

As described extensively in Appendix I,.
an event tree begins with an initiating

event, and proceeds to define the possi-

ble outcomes of such an event. These

outcomes are determined by all the.
physically possible permutations2 encom—~

passed by the successful operation or

failure of all- the applicable systems

installed in the nuclear power plant

that can cope with_the effects of the
initiating event.3 Thus, since all ap-
plicable systems that can affect the
course of events are included, the con-
struction of each event tree encompasses
a set of potential accident sequences
that is in essence complete for that
initiating event. All the event trees
used for the PWR reactor analyzed in
WASH-1400 have, for example, encompassed
approximately 130,000 potential accident
sequences that could conceivably involve
millions of potential common modes, at
the system failure level. Clearly the
question of whether one can gquantita-
tively handle such a large number of
dependencies is extremely pertinent.

The methods used to ensure that "all physically possible permutations” of events are

included in the event tree are discussed extensively in section 2 of Appendix I.
These methods include the ordering of event tree headings in accordance with their
relationship to the «course of events involved in potential accident sequences and
the use of conservatively selected, discrete definitions of system operability

success and failure as a function of time.

3The reader is also referred to section 2 of Appendix I for a more complete -discus-
sion of the 1logic of event tree construction. It should be noted here that the
event trees used in this study differ significantly from the more conventionally
used decision trees. In general, decision trees are the representation of a process
in which the adequacy of the tree depends principally on the skill and Jjudgment of
the analyst in properly conceptualizing the area under consideration. While this
type of skill applies tc some degree in the event trees developed in WASH-1400, the

analyst 1is aided considerably because

the elements of the trees are physical

entities that exist in the nuclear power plant and the processes involved in the
tree follow engineering and physical principles. The understanding of the details
of plant design and of these physical principles aid the analyst greatly in ensuring
a proper conceptualization for the reactor event trees.




Fortunately this problem has a solution
since ‘there-. exist logical methods for
eliminating consideration of the vast
bulk of these potential accident’ se-
‘quences and - their associated depend-
encies, - .These methods are based on
detailed knowledge of the design and
engineering  principles involved in
nuclear power plants--principles that
permit © the elimination of physically
meaningless sequences from the mathemat-
ically complete trees. As a further
step, the use of probability discrimina-
tion among sequences having similar
outcomes permits the further elimination
of, those sequences that do not contri-
bute to the 1likelihood. of specific
outcomes. These techniques are de-
scribed below. v

Figures I 2-1 through I 2-8 of Appendix
‘I 'show the development of LOCA' event
trees in which the initiating event is ‘a
pipe break (PB) and in which- the” func-
tions to be' performed after the pipe
breaks are listed.l:s2 Figure 1 shows
the possible choices ©of ~success or
failure of each of the functions in-
volved 1in potential LOCA accident se-
quences. Figure 2 is the same represen-
tation, except that the ~ number of
sequences has been reduced from those
that are mathematically possible to6 en-
compass only-those that are physicallg
meaningful . on. an ‘:engineering Dbasis.

For example,  in those sequences involv-
ing core melt, ' since it is known' that
the containment will surely = fail,
choices on. success - or failure of. con-
tainment integrity have been logically
eliminated.4 . Further, where electric
power (EP) - .has failed, no choices have
been shown. for any. functions because
none can operate without electric power.
Where 'the reactor trip (RT) has failed,
no choices are shown for. emergency cool-
ing -injection .. (ECI); emergency :cooling
accumulator - (ECR), - and containment
integrity ' (CI) because the.core could
melt from the reactor trip alone. -Where

L

B ' RT €cc PARR PAHR ¢

Figure 1 Illustrative Event Tree for
LOCA Functions

Figure 2 Functional LOCA Event Tree
' showing Effects of Inter-
relationships

lFigures I 2-1 and I 2-8 are reproduced here for the convenience 6f the reader as

‘Figs. 1 and 2 respectively.

2

The reader is referred to section 2 of Appendix I for the definition of terms and

for a more complete discussion of these event trees.

St

3

A few other changes have been made, such as the aédition of electric powef (EP) to

the tree and the substitution of emergency cooling injection (ECI) and .emergency
cooling recirculating (ECR) in place of emergency core cooling (ECC). This logic is

explained in Appendix I, section 2.

4

A separate event tree to define the interrelationships among, and the probabilities
of, the various potential modes of containment failure is developed in section 2.2

of Appendix I.
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failed, the ECR choice and CI
similarly of no physical
significance because, again, the core
would melt. Where post accident heat
removal (PAHR) has failed, CI will fail
due to overpressure from core decay heat
and ECR will "fail as a result of CI
failure.

ECI -has
choices are

From this brief description of the engi-
neering basis for the elimination of
system choices, it can be seen that the
elimination of accident sequences has
not been arbitrary or judgmental, but is
based on the systematic application of
the engineering knowledge and principles

involved in the relationships among: the
various systems and functions. The re-
duction of the event tree in Fig. 1 to

that in Fig. 2 is of great importance in
the handling of common mode failures and

the ability of the methodology to
logically reduce the analysis to a
tractable size. A tree with the head-
ings in Fig. 1, showing all possible
choices of success and failure, would
have yielded 128 potential accident

sequences, involving 896 dependencies if
all sequences were considered. The
application of engineering principles to

this tree has trimmed it from 128 to 17
accident sequences and from 896
dependencies to 79 system-to-system

dependencies.

In considering the total number of event
trees involved in the overall study,2 it
can be seen that about 130,000 potential
accident sequences involving millions of
potential dependencies were screened to
arrive at a relatively small number of
remaining potential interactions ' that
were physically meaningful and needed
further investigation. This small - ‘num-
ber of interactions made it feasible to
perform meaningful analyses and quanti-
fication of the remaining accident se-
quences. The great ability of the event
trees to reduce large numbers of se-
quences and dependencies applies to
situations involving +tightly coupled
systems like the nuclear systems ana-
lyzed in the study; this conclusion may
not be broadly applicable to other tech-
nological designs.

11n the counting of dependencies, a sequence having n system choices

having n possible dependencies.

zAppendix I, sections 4 and 5.
3 . .

4The criterion was that the maximum value had to
less than the median value dominant probabilities in order to account fo

magnitude
uncertainties in the data.

~154-

A second important stage of screening
and reducing potential common modes -lies
in considering. the accident sequence
outcomes (radioactive releases) and dis=
criminating among: the sequence probabil-
ities. Accident sequences having -simi~
lar releases can be grouped together and
the -sequence probabilities added to ob-
tain the total probability for each of
the releases. For a particular release,
high-probability sequences that occur in
the grouping dominate the lower proba-
bility sequences  and also tend to
suppress the importance of any-potential

common mode effects in these lower
probability 'sequences. . In summing the
sequences to determine the probability

of that release, only those high-proba-
bility sequences need then be retained..

list of all the 150
derived from  the

Table 1
accident

shows a
sequences

‘combined  PWR large-LOCA and containment

event trees.3 These -sequences have been
grouped and arranged. in two ways:

radioactive release
by = grouping to-
that would
releases of

In columns by
categories; i.e.,
gether all sequences
result in radioactive
similar magnitude.

a,

By their likelihood of occurrence;
i.e., the sequences shown as the
dominant sequences are the ones that
dominate the probability of occur-
rence of each release category. The

. sequences designated as "other" are
of sufficiently low probability that
they do not contribute to the sum of
the dominant sequences. Bounding
techniques were used in making this

. probability discrimination; double

-and triple failures were assumed to
be single failures in obtaining
maximum values for the sequence
probabilities below the line. These
maximum values were compared to.the
dominant sequence probabilities and
were not found to impact on the
dominant probabilities.

Examination of the dominant sequences

Table 1 is the same as Table 3-4 of Appendix V.

for all PWR event trees shows that the
is taken as
be approximately two . orders ' of
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TABLE 1 PWR LARGE

1

LOCA ACCIDENT SEQUENCES vs.
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RELEASE CATEGORIES

Core melt | No core melt

.. Release Categories
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probablllty dlscrlmlnatlon technlque hasF"

reduced the approx1mately 650 accident
sequences’
of magnitude.l Thus the use of the
event . trees and probability discrimina-
tion-has .reduced  the. total
accident  sequences . of . interest from
about 130,000 to 78. To summarize,

1

See Table 2

to 78, or by’ roughly an order -

number . of _

this ~

B

which is Table 3-14 of Appendix V.

¥

s

reduction ‘was
‘elimination”
-accident”
130,000 to 650) and. (2) the
of low-probability
.. that have 51m11ar releases. to
much higher
" from 650 to 78).

.

sequences ---'(a - 'reductioén

not include sequences in which fuel .melting does not occur.
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accident

probablllty
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(a reduc

accomplished by- (1) the
“of: phy51cally ‘méaningless

from
tion

sequences
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Examination of these 78 sequences re-~
veals that they have the general form
that includes the frequency of occur~
rence of some initiating event (Pgp)
times the probability of system failures
(PsF1 X...X Pgpp) times the probability
of one of the several possible contain-
ment failure modes (Peopy). A detailed
look-at -each of the 78 sequences shows
that 48 of the sequences have the
general form of Prp X Pgp x P and 3
sequences involve single events.+
Hence, 51 sequences involve the "failure
of only a single system or a single
element; that is, at the system level,
there can be no potential common mode
failures in these sequences simply be-~
cause there is only one system per se-
guence, Potential common mode failures
between systems and their components
thus need be considered in only the
remaining 27 sequences. Examination of
Table 2 reveals that these 27 sequences
involve only six different combinations
of two-system failures; thus potential
common mode combinations between systems

had to be investigated in only
cases.

The foregoing discussion leads to the
extremely important conclusion that
accident sequences that- determine the
probability of radiocactive releases 1in
reactor accidents are dominated by
single-system failures. Furthermore, as
will be discussed in section 4.2, the
bulk of the predictions of system
failure probabilities are also deter-
mined by single failures and single

causes of failures within the individual
systems., Thus it can be concluded that
the probabilities predicted for reactor
accidents are generally dominated by
sequences having single-system failures
and single causes of failures within
systems.

step in the assignment of
the probability of occurrence

As a final
values for

lOf course
carefully
indicated
addendum.

studied.

Six .

causing a dependent containment failure; the
were extensively examined, as indicated in section 2.2 of Appendix I and in Appendix

VIII.

of the various release categories in
Table 2, it was necessary to take into
account the uncertainties and variations
in radioactive = release magnitudes for
the accident sequences. These varia-
tions are physical realities and can
result from perturbations in the physi-
cal processes (temperatures, pressures,
radioactivity removal efficiencies,
etc.) involved in the accident sequences
and in the precise timing of the various
failures involved in * the sequences.
Such variations make it possible for a
particular sequence to have some proba-
bility of being in more than one release
category.

values calculated for the ra-
diocactive release magnitudes - for the
sequences represented best estimates, it
was nécessary to assign a distribution
of -release magnitudes for each of the
sequences in - the various release cate-
gories., All accident sequences in a
particular release category were as-
signed a 10% chance of being in the
adjacent categories and 1% chance of
being in the next adjacent categories.
This  in essence was a smoothing effect,
which is discussed in greater detail in
Appendix V, section 4.1.2.

Since the

The incorporation of smoothing affected
both the consequences and the probabili-
ties associated with accident seguences.
For example, since smoothing permitted a
particular sequence to have a 10% chance
of occurring in the next highest release
category, there are some cases (as can
be seen from examination of Table 2), in
which the probability of the occurrence
of that larger release was essentially
determined by this particular seguence
and could be increased by as much as an
order of magnitude. Figure 3 illus-
trates the net effect of the smoothing
technique and shows that the proba-
bilities of occurrence of several
release categories were significantly
increased.4 It 1is interesting to note

the potential common mode failures among Py, Pgr, and Pcrpy must be
The potential common modes between P1p and Pgyp were studied as
in sections 5 and 6 of Appendix IV and as discussed in section 4.3 of this

The combination of Pyp and Pgp can potentially result in core melt, thus

resulting containment failure modes -

2There are three -single-event accident sequences in which system failures do not-

appear.

3The 27 sequences did not involve

failures per sequence.

4

any
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These involve the check valve and reactor vessel rupture cases.

combinations having more than two system

This figure is the same as Fig. V 4-1 of Appendix V.




TABLE 2 PWR DOMINANT ACCIDENT SEQUENCES vs. RELEASE CATEGORIES

RELEASE CATEGORIES " Core Melt No Core Melt
. 1 2 3 4 5 6 7 8 9
' AB-Q AB-Y AD-Q ACD-8 _ AD-3 AB-c AD-€ a-g A
1x0” it 1070 | 2x107® 1x10” 12 ax10”® 1x10™° 2x107° 2x107] 1x1074
. AF-Qt .| aB-§ .AH-Q AH-8 AHF-€ AH-€
LARGE LOCA 1x10710 axio”M! 1x1078 ~ 3x10 9 1x10710 %1078
A ACD-a _ AHF-Y _ AF-6  _ ADF-€ _
sx10” 1! 2x107 M [ 1x207® 2x1071¢
AG-a . AG-6
Cox10”tt ax167>
. - ‘ L8 - - - - -7 -6 - -
A Probabilities 2x10 9 1x10 8 1x10 7 i 1x10 8 4x10 & 3x10 3x10 1x10 5 1x10 4
S, B-a S B-Y _: S, Do _ . s.CD-B S H-B- S, DF-€ S,D-€ s,~B s _
ax107 | lax1071% | l3xio”® 11071 | lsx07? 13410719 ] "13x307® | lex1077 | laxio™?
S CcD-a S .B-§ S H-a s .D-B S.B-€ S H-€
SMALL LOCA 1ix10 1»1 tix10710 1351078 Lex1072 2x107° L3107®
s
1 S, F-a S HF-Y_ S F-8 . S HF-€_
: 1310710 | lexio™! | taxio”® laxi0720
S G-a S G-§ R
L3x10740 13x1078
- - -7 - - - - - -
5, Probabilities 3x107° 2x1078 2x10 3x1078 8x10"C 6x10™" 6x10™° 3x107° ax107*
$,B-a §.B-Y _ S_D-a _ $_DG-B_ s D-B _ $_B-€ _ S, D-£ _
2041070 | “?1x107° 29x1078 2110712 2x1078 2gx107° 9x1078
S_F-a S HF-Y_ S H-a __ . S H-B _ §,CD-€_ S H-€ _
21x107° 2x10710 Z6x1078 23x1078 2x1078 26x107®
SMALL LOCA s Ch-a_ | 5,88 4 S,F-6 S, HF-€_o
s, 2x10 4x10 1x10 1x10
S G- s_c-6
29x10710 22x1078
s, C-0 $_G-6
2x1078 29x1078
S, Probabilities 11077 w107’ m107® x10” 310”7 2x107° 2x107°
RC-a - RC-Y _ R-Q - R-€
2x10712 ax10”Ht 1x1072 1x1077
REACTOR VESSEL RF-6 ..
RUPTURE - R 1x10
RC-§ .
1x107 12
R Probabilities | 2x107% .| .1x107%%. -] 1x107° 2x10710 1x10~% 1x1078 1x1077
INTERFACING v
SYSTEMS LOCA 4 10-6
(CHECK VALVE) - v x
V Probabilities | 4x107' ax1078 ax10”" ax1078
TMLB'-q_ | TMLB'~y ™o T™L-8 T™L-€
3xio ® 1 707 | ex107® ax107 10 6x10~ 6x107%
TRANSIENT - ms'-§6 TKQ-a _8 TXQ-B -10 TKQ-€ é
EVENT - T 2x10 3x10 3x10 3x10”
TKMO-G_ TRMQ-€
. 1x10 ~ . 1x10
T Probabilities 3x10”) ax107® ax10”) w1078 ) 2077 2x107¢ 1x107>
(I) SUMMATION OF ALL ACCIDENT SEQUENCES PER RELEASE CATEGORY
MEDIAN . N
(507 VALUE) ox10”7 8x107% ax10™® 5x1077 7x10”7 6x10"° ax10”> ax10”® axzo™?
LOWER BOUND . .
(5% VALUE) ax10”8 ax10”’ 6x1077 ax10”8 2x1077 2x1078 %1073 ax10”® axto™®
UPPER BOUND ' REIPEE B s
(95% VALUE) ax1078 8x10”° ax1073 s5x107°¢ ax107® 2x107° 2x10”% ax10”4 ax10”3

Note: The probabilities for each release category for each event tree and the I for all accident sequences are the median
values of the dominant accident sequences summed by Monte Carlo simulation plus a 108 contribution from the adjacent
release category probability,
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that, with the wuse of smoothing,: the
cumulative probabilities for all core
melt release categories shown in Table 2
are principally determined by .only six
sequences.* As stated in section 4.1.2
of Appendix V, the use of smoothing
served to give greater confidence that
potential : common  modes had. . been
adequately treated and that any common
modes not thought of would not likely
affect the final release probabilities.
In fact, the six sequences listed in
footnote 1 involve only one  double
system failure (ML).

SUMMARY
The systematic and logical elimination

of physically meaningless sequences and
dependencies from the event tree that

|
J

10

5 =3
@ -
> -
$ -
(2}
[} -
g
: B
Q
>
R T
5 -
° C
[-%
& N
; =
g
4
8 wfp——
~ E
® -
< -
[8] -
8
-t -
& 1d9%““‘—‘“—“—
-
- J'

10° —- -
T ' Original category probabilities
. = =—==Smoothed category probabilities

-11
{Ix10 ! (»

has been described in this section does
much to lay to rest the typical "what if
such-and-such were to happen?" questions
that are generally encountered 'in the
consideration of potential common mode
failures. If the "what if" question
does not fall ‘'within the accident se-
quences defined in thé event tree, it is
not a meaningful question and need not
be considered further, 2 Thus the
thought process that considers the po-
tential interrelatiohships among the
very large number of potential failures
at the system and component levels and
concludes that the number of potential
common mode failures is so vast as to be
unmanageable is, in fact,. incorrect
insofar as reactors of the type covered
in this .study are concerned. The disci~
pline imposed by the event tree logic
imparts the understanding that common

i

el

1

———— e —

1

S S —

L1 IIHII

|

-10

10

Category lCategoryT(}ategory ICategory'Category ‘ Category1 Category
7 6 . B 4 3 .2 1

Figure 3 Application of Probability

Smoothing

1

s.D-g, S, H-g, SZC—B, V, TML-¢ and TMLB'-S.

2 2

1

2This 6nly' appliés to failures 6riginating within the plént; it does not apply to
failures due to ‘external forces or to acts of sabotage. These will be discussed in

section 5.
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mode . failures between components -~ in
different” systems -are of no interest
unless these components appear in sys-

tems involved in the same accident se-
quence and.- that common mode failures
between systems are of no interest un-

less these systems are involved in the

same accident -sequerice,

It is the-wview. of the .study that the de-
velopment --and use of event trees based
on detailed knowledge. of the nuclear
power plants .and of..-the engineering
principles. involved  ‘in-  the physical
processes that could potentially occur
in accident situations provided some of
the principal. insights gained in the
performance of the overall risk assess-
ment in WASH-1400.

4 2 FAULT TREE METHODOLOGY AND ITS

CONTRIBUTIONS TO COMMON MODE -

FAILURE CONS]DERATIONS :

section

As mentxonedvln wthe precedlng
and. as  discussed in section 2.3 of
Appendix I, the-accident sequences de<

fined . by the event trees provide the
fault tree analyst with the criteria for

system. failure as.  well as the context
that déescribes the . conditions under
which the . systems are required to per-
form. These criteria and contexts’,

which may vary for individual systems as
they appear in different accident se-
quences in the ‘event trees, are needed
for the constructlon of fault trees in
order to " predict the proper probabili-
tles “of system failures that enter into
the various - event tree sequences in
wh1ch they are involved. Whereas tradi-
‘tional fault tree approaches have often
con51dered only single systems, the use
of " the event trees -that define system
interrelatlonshlps 1nvolv1ng * various
combinations ° of system ’success,vand
fallureh varylng definitions Oof system
success and fallure, control system in-
terrelatlonshlps, etc., . permlts the
fault ... trees -to. be qCOnstructed with
greater attentlon to _the. applicability
of the .tree for its planned use and to
-the adequate treatment of potent1a1 con-
mon mode failures. . .

e

hadifbeen

Once an event tree combieted
and the construction of fault trees
started, common mode failures were in-

corporated into the fault trees,.
their quantlflcatlon in 51x ways:

1. The. fault trees were constructed to
meet the . criteria and context
prescribed for the systems by the

event trees; the fault trees
thus conditional fault trees.

were

and
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. The fault trees identified .compo-
nents that were common to multiple
systems appearing in an accident
-sequence.

Each fault tree was developed to an
extremely detailed component level
. in order to locate single component
failures and potential common mode
failures deep within the system.

Human failures were explicitly in-
cluded in_ the fault trees, and
dependencies -between human failures
were also included in the fault tree
quantification.

Test and maintenance contributions
were incorporated in the fault tree
quantification along with dependen-
cies involving test and maintenance.

Evaluations, including sensitivity
and bounding studies, were performed
to determine the possible impacts
from common mode failures not previ-

ously considered in the earlier
analyses.
The first five procedures listed above

for handling common mode failures repre-
sent the major areas of the fault tree
analyses performed in the study. Al-
though these are the major ways in which
it ‘is  thought that common mode failures
can be identified, and although an in-
tensive effort was made to define these
areas as completely as possible, one
cannot: -be certain that all significant
common,.mode failures would be found by
these procedures. -The sixth area encom-
passes sensitivity and bounding studies
that were performed to help check the
completeness of the common mode coverage
obtained by use- of, the earlier proce-
dures. - Each -of the -six "procedures for
handling common mode failures will be
taken up in the:discussion that follows.

1. Criteria. and.Context for Fault Trees

The flrst way. the fault trees accounted
for common modes was by incorporating
the criteria for. system failure and the
env1ronmental and tlmlng contexts im-
posed.on- the systems by the. evéent tree
accident definitions. The criteria and
context considerations are included in
the component failure definitions in the
fault tree and their subsequent quanti-
flcatlon, which are made to be dependent

on the accident sequencé '~ and accident
conditions.
An example of the consideration of the

for system failure in specific
defini-

criteria
accident sequences involved the




tion of accumulator failure for the PWR
emergency coolant injection (ECI) in the
LOCA event tree. The accumulator por-
tion of this system is so designed that
two out of the three installed accumula-
tors would have to fail to cause  ECI
failure in a particular sequence. In
some specific LOCA situations, the - rup-
ture of the primary coolant system would
negate the functioning of one accumula-

tor, and therefore only one additional
accumulator failure was required for
system failure. For these specific sit-
uations, the fault trees analyzed the
causes for only one accumulator fail-
ure.

Another example that illustrates how po-
tential dependencies due to accident
environments can influence the analysis
is found in the PWR containment spray
recirculation system. Two of the pumps
for this system were located inside the
containment. In specific accident situ-
ations, the environment in the contain-
ment was of high stress (pressure,
temperature, and radioactivity); the
dependency of the failure of the pumps
to the same adverse environment was
incorporated by using pump failure rates
applicable -to such environments and by
coupling the pump failure causes. In
the general area of human failures, when
actions were required to be performed
quickly and the operators would be under
stress due to accident conditions,
higher probabilities of human failure
were used.

The incorporation of such dependencies
had a significant impact on the con-
struction of the fault trees and in the
assessment of component and human fail-
ure rates. ’

2. Common Components in System Fault
Trees

The second way the fault trees deter-
mined common modes, by identifying
common components .in multiple systems,
is a standard output of the methodology.
For each system failure in an accident
sequence, a fault tree was constructed
showing the components and basic events
that could cause system failure. . When
the same component appeared in different

event was
to

systems, . that component or
given the same identification symbol
show the commonality..

To analyze an accident sequence, the
fault trees of all the system failures
in the sequence were combined ("anded"
together) through the fault tree metho-
dology. The Boolean analysis of the
combined fault trees then extracted the
common components and common events ap-
pearing in the different system. fault
trees, thus determining the single com-
ponents and ‘other single  events that
could cause more than one of the 'systems
in the sequence to fail.

as indicated earlier in section

the event trees were so effective
eliminating accident sequences
multiple-system failures,
only: a limited number of
remaining sequences where common compo-
nents were identified. Table-3 lists 10
of the more significant accident se-
quences that involved multiple-system
failures in which common components were
identified. Because of the large num-
ber of accident sequences that involved
only single~system failures and because
of  the other contributions found in. the
fault trees, these common components in
general had 1little effect on the pre-
dicted probability of accidents.

Since,
4.1,
in

involving
there were

3. Detail in Fault Trees

The fault trees constructed in the study
were developed to an extremely detailed
level 'in an effort to ensure that
significant common mode failures were
incorporated in the trees. Each fault
tree was constructed down to the basic
component level to determine the basic
causes of system failure; relays, wires,
wire contacts, and gaskets are examples
of the level to which the fault trees
were developed. (Major components such
as pumps, valves, diesels, etc., were of
course also included.) A representative
fault tree developed in the study con-
sisted of. roughly 300 basic component
failure causes, 700 higher faults
(intermediate between basic cause and
system failure), 1000 fault relations
(gates on the tree), and 30,000 combina-

lSection 5.6.2 of Appendix II contains a more detailed and thorough discussion of the

accumulator modeling.

2

The discussions accompanying each

fault

tree

in ‘Appendikx II contain the actual

detailed considerations used in the analysis and evaluation of each fault tree.

3A More complete discussion of this area is given in section 5 of Appéndix iV;
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TABLE 3

SIGNIFICANT ACCIDENT SEQUENCES
INVOLVING COMMON-COMPONENT
MULTIPLE-SYSTEM FAILURES

Sequence #  Common-Component Failure
PWR
ACDL =~ Storage: tank failure(a)
scDI Storage tank failure(é)‘
AHF Containment sump failure (P
SHF Containment sump failure ®
ACF Control system failure(C)
SCF Control system failure(F)
BWR
AE Coolant ingection (LPCIS)
. failure (d) -
SE Coolant ingection (LPCIS)
failure(d)
AT Coolant recirculation (LPCRS)
failure (e
‘81 Coolant recirculation (LPCRS)
_failurele
(a) These 1involve the refueling water
storage tank. See BAppendix 11,

(b)

‘tions' 5.7 and 5.9.

(c)

(a)

(e)

sections 5.4 and 5.6.3.

These involve the sump provided in
the containment to collect water
from the containment floor to make

it available for continucus recir-

culation.’ See Appendix II, sec-

These involve failures in the con-
trol. system that initiates opera-
tion of the containment spray in-
jection system and the containment
spray recirculation system. See
Appendix II, sections 5.4, 5.5, and
5.7.

These include valve and pipe rup-
tures and failures in the central
system for LPCIS. See Appendix II,
volume III, section 6.4.2.

These include 1loss of emergency
service water and valve, pump, and
pipe failures. See Appendix II,
volume III, section 6.7.
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tions of basic component failures that

would result in system failure.

The extreme detail in the fault trees
made it possible to identify single com-
ponent failures and single human fail-
ures that would cause the entire system
to fail. In addition, double failures
and higher order combinations of
failures were identified that had suf-
ficiently high dependencies or suffic-
iently high failure probabilities such
that, when combined, they acted like
single failures in causing the system to
have a high failure probability.

Because of the detail in the fault
trees, 1t was possible to identify
common causes and dependencies that were
due not only to hardware but also to
human and other causes. Examples in-
clude human calibration errors rendering
multiple sensors to be failed in the
consequence limiting control system and
accident environments causing the opera-
tion of pumps inside containment to be
dependent on the operation of contain-
ment spray recirculation system, These
dependencies contributed to the system
failure probabilities and helped to
cause the higher system failure proba-
bilities to be realized.

Some people hold the view that fault
tree methodology will inherently predict
probabilities of system failure that are
much smaller than is achieved in prac-
tice. In some past work, system failure
probabilities were often computed to be
10-8 to 10-9 and even lower. In
contrast, Tables 4 and 5 present the
distribution of unavailabilities associ-
ated with the systems analyzed in this
study. As indicated in the tables, 77%
of the PWR median ' system unavailabili-
ties lay between 10-4 and 10-1, showing
the single~failure and high-probability

contributions that were identified in
the fault trees. If one considers the
95% upper bound, to account for data
uncertainties, then 100% of the PWR
system unavailabilities were dreater
than 10-4. The relatively high unavail-
abilities predicted for most of the

systems analyzed are due to single-
component failures, single causes, and
other single type failures.

These results are important with regard
to common mode considerations. 1f the
fault trees had not been developed in
such detail, then the trees would have
included, but would not have identified,
failures that were dependent and that

were caused by more basic single
failures. In. identifying the single-
component failures, the basic causes
were thus determined and the dependen-




cies resolved. A final point can be
made about the relationship between the
dominance of system failure probabili-
ties by single failures and potential
common modes not identified by the fault
trees. Any common mode, at ' its  utmost
extreme, can change multiple failures to
a single failure. From the data base in

Appendix III, it 1is  seen that the
single-component and basic = event
probabilities (per demand) have values
between 10-6 and 10-3, with active
components having the highest values.l
Because the fault trees already have
single failures and because of the high

system probabilities already determined,
there is not a great chance that
additional common modes. will:- impact on
the results. There is thus reasonable
confidence in the stability and
insensitivity of the results obtained.

Human Error, Testing, and
Maintenance Contributions.

4.

By including human errors and test and
maintenance contributions -in the fault
trees and fault tree quantifications,

common mode failures were- covered in the
fourth and fifth ways. Human = failures
were 1included -in the fault trees and
fault tree quantifications whenever the
operator interfaced with a component or
subsystem and could cause failure.. Una-
vailabilities computed for components
that were tested or maintained . included
failure contributions due to the down-
time associated with these acts.

The inclusion of human failures and test

and’ maintenance contributions was ‘- an
important reason for the rather high
values predicted for system failure
probabilities ‘“:(about 10~4 .to 10-2).

Historically human failures and test .and
maintenance contributions were often not
included in the fault trees .and fault
tree evaluations; this was particularly
true when fault trees were constructed
at the conceptual design stage of the
system, where such information was gen-
erally not available.

From Appendix III it is seen that human
failure 'probabilities can be quite high
when compared to component failure
probabilities. For example, in certain

TABLE 4 PWR CALCULATED SYSTEM UNAVAILABILITIES (22 SYSTEMS)

Median Unavailability QM

Number of Systems

Percentage of Systems in
Each Unavailability Range

1075°< g, < 107* 5 23%
107 < o, < 1077 4 18%
1073 < Qy < 1072 10 458 | 778 (@)
1072 ¢ o, < 1077 3 143
Percentage of Systems in
Upper Bound Unavailability QU Number of Systems Each Unavailability Range
1074 < g < 1073 7 323
1073 < g < 1072 7 328 | 1008 ()
1072 < g, < 107} 8 363

(a)

lSome'sys'tems had failure probabilities higher than 10‘3 because they had human error

Percentage of systems,whose unavailability > 1077,

it

or test and maintenance contributions, which will be discussed, or because they had

a number of single-component failures.
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TABLE 5

BWR CALCULATED SYSTEM UNAVAILABILITIES

(18 SYSTEMS)

Median Unavailability QM

‘Number of Systems

Percentage of Systems in
Each Unavailability Range

1078 < o, <1077

-5 Qy < 1074

-4 1073

=3 <o, < 1072

1072 < g, < 1071

10

| A

10

In
O
A

10

IA

6%
22%
39%

16.58% | 72%(3)

16.5%

Upper Bound Unavailability Qy

Number of Systems

Percentage of Systems in
Each Unavailability Range

107 < g, < 107"
-4 -3
107% < 0y < 10
-3 -2
1073 < g < 10
-2 -1
1072 < g, < 10
-1 0
107t < g < 10

11%
39%
28%
89%(a)
11%

11%

-4

(a) Percentage of systems whose unavailability > 10 .

circumstances there is a 10~2 probabili-
ty that the_ operator will not open a
manual valve. This compares with a
10~4 probability that the valve will be
closed due to inherent component failure
or a 10~ probability that the valve
will be in a failed state due to
rupture. (The probabilities are in
units of "per demand.")

and maintenance contributions can
relatlvely .high . when
appllcable.. If- a, ‘test or maintenance
act .requires 1 hour per week in which
the compqnent .is rendered unavallable,
‘then the test - and/or"'malntenance
contribution.,  is 6 x 10-3' (which is
obtalned 51mp1y by leldlng 1 ‘"hour by
168 hours',ln the week). This test and
malntenance contrlbutlon is higher by ..

factor  of 60 than a 10-4 component-

Test
likewise. . :be

[

lTheliOTzipfbbability applies to a single operator act with no monitoring or:.

related contribution and ﬁigher by a

factor of 6000 than a rupture
contribution.
Tables 6 and 7 give a breakdown of the

various contributions that were calcu-
lated for the system failure probabili-
ties categorized as to hardware, test
and maintenance, human, and common mode,
where common mode als¢o includes human-
caused dependencies. As seen from the
wide variation in the contributions from
the given categories, it was important
that all the various categories be
considered in attempting to determine

meaningfh} . values for the. system
probabilities. The relatlvely complete
coverage of ‘all the  cdtegory, contribu-

tions gives a reasonable confidence that
the modeling . and calculatiocns were
properly performed and that common modes
were adequately covered. -

backup.

The numbers quoted in(this discussion. are approximateé, general-values,.and the reader
should refer to Appendix II for particular, applicable values. -

2The contributions are based on the point value calculations given in Appendix II.
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TABLE 6

CONTRIBUTIONS TO PWR SYSTEM UNAVAILABILITIES

Contribution (%)

Test and Human Commo? )
System Hardware Maintenance Error Modes '@

Reactor protection 65 35
Auxiliary feedwater:

0-8 hours after small LOCA 5 9 86

8-24 hours after small LOCA 100

0-8 hours without offsite power <1 56 44
Containment spray injection 14 6 80
Consequence limiting control:

Hi; single train 74 9 13 4

Hi; both trains 27 6 67

Hi-Hi; single train 61 26 13

Hi-Hi; both trains 6 2 92
Emergency coolant injection:

Accumulators 59 41

Low-pressure injection 16 23 60 1

High-pressure injection 80 19 1
Safety injection control:

Single train ' 57 42 1

Both trains 13 19 68
Containment spray recirculation 7 56 37
Containment heat removal 86 14
Low-pressure recirculation 31 1 <1 68
High-pressure recirculation 25 75
Containment leakage 100
Sodium hydroxide addition 3 77 20

(a)

5. Sensitivity Studies

In the sixth and final way of including
common mode failures, evaluations and
quantifications were performed that cov-
ered extraneous common modes and tested
the sensitivity of the calculated system
probabilities to additional common mode
impacts. Appendix IV (sections 3 and 4

in particular) describes in detail the
bounding (sensitivity) techniques and
special engineering investigations

involved in these common mode analyses.

With regard to the bounding and sensi-
tivity analyses, whenever multiple
component failures in the fault trees

were judged to be susceptible to having
common mode contributions that had not

Includes human cause contributions.
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been previously identified, then a maxi-
mum impact was assigned for the possible
common. mode contribution. With this
possible impact included, the system
failure probability was then reevaluated

to determine if any significant change
occurred. When several susceptible
combinations existed, all these
combinations were assigned  maximum
impacts.

As described in Appendix IV, the maximum
impact for common mode failures was
assigned by allowing the combination of
failures to become a single failure.
The probability of failure for the com-
bination thus becomes the probability
for a single failure. With these
single~failure probabilities used . for
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TABLE 7

CONTRIBUTIONS TO BWR SYSTEM UNAVAILABILITIES

Contribution (%)

Test and Human Common
System Hardware Maintenance Error Modes
Reactor protection 73 3 24(a)
Vapor suppression:
Large LOCA 100
Small LOCA 100
Emergency coolant injection:
Low-pressure coolant injection 17 83
Core spray injection 8 92 (a)
Autodepressurization <1 100
High-pressure coolant injection 15 85
RCICS 14 86
Containment leakage:
Large LOCCA
Drywell (>6 in.2£ 2 98
Drywell (1-4 in.*4) <1 100
Wetwell (>6 in.2) 4 96
Wetwell (1-4 in.2) <1 100
Small LOCA 100
High-pressure service water:

Required within 30 minutes 3 44 SBEZ;
Required within 25 hours 10 43 47
LPCRS and CSIS pump cooling (ESW) 100 <1 <1(a)

Secondary containment 100

Includes human cause contributions.

(a)

the combinations, the fault tree was
then reevaluated to determine the change

in the system failure probability,.l

As given in Table IV 3-1 c¢f Appendix IV,
the common mode mechanisms examined in
this sensitivity impact study were com-
mon mode failures due to (1) design de-
fects; (2) fabrication, manufacturing,
and gquality control variations; (3)
test, maintenance, and repair errors;
(4) human errors; (5) environmental var-
iations; (6) failures or degradation due
to an initiating failure; and (7)
external initiations of failure. 1In the
bounding studies performed to check the
validity of .fault tree quantitative
results, one technique used was to per-

mit all components of the same generic
type (e.g., all relays, all pumps, etc.)
in a system to be interdependent. This

analysis thus incorporated the types of
common mode effects that could
potentially be due to components having
common manufacturers, common failure
sensitivities, etc.

In addition to these sensitivity stud-
ies, which consisted essentially of
mathematical analyses, spec¢ial engineer-
ing investigations were performed on the
accident sequences to determine any re-
maining possible common modes, including
those due to external events and common
component sensitivities.

studies are
Iv. These

These special engineering
also discussed in Appendix

studies were concerned with commen mode
failures resulting in multiple systems
failing in the same accident seguence.

1The single-failure probability was obtained from the minimum of the individual

component probabilities in

Iv.

-165-

the combination, as indicated in section 3 of Appendix




sections 5 and 6 of
flywheel failures genera-
ting missiles, gas bottle explosions,
vehicle <c¢rashes, and all motor valves
failing due to manufacturing defects
were among the detailed common mode
causes examined. Components that have
common properties and are potentially
susceptible to common failure causes
were investigated with particular care
in these special engineering studies.

As described in
Appendix 1V,

In general, the sensitivity studies and
engineering investigations found no sig-
nificant impacts from the common modes
that were analyzed. This was due to the
common mode analyses that had already
been performed in the event trees and
fault trees discussed earlier. The
sensitivity studies and special engi-
neering investigations thus tended to
validate the thoroughness of the common
mode analyses that had been performed
and the insensitivity of the system and
accident sequence probabilities to any
further common mode contributions.

4.3 SUMMARY OF THE HANDLING OF
COMMON MODE FAILURE!

The preceding sections have covered the
individual contributions of event trees,
fault trees, and data in the handling of
common mode failures in the study. Ad-
ditional perspective can be gained by
considering the complete accident se-
quences needed to define overall risk to
the public. The discussion, so far, has
considered event trees that define the
frequency of occurrence of some initiat-
ing event (Pyg) and the probabilities of
various system failures (Pgp]l X ... X
Pgpn) that can potentially lead to core
melting. There are additional factors
that need to be considered in order to
define complete accident sequences:

a. Core melt, per se, does not create a
risk to the public because it occurs
inside a containment building. For
the radiocactivity that is released
from the molten fuel to be dispersed
to the environment and expose people
to radiocactivity, the containment
must fail. Appendix I, section 2,
contains a detailed description of
potential containment failure modes
(PcFM) given core melt. While it is
virtually certain that core melt

1

defined as
failure modes;
failure.

WC = weather

will cause a dependent failure of
the containment, there are several
modes in which the containment can
potentially fail, each having a dis-
tinct probability and a distinct
consequence.

b. Given the failure of the contain-
ment, the radioactivity will be
dispersed to the environs of the re-
actor in a manner determined princi-
pally by the meteorological condi-
tions existing at the time of the
accident. The meteorological condi-
tions are defined by such factors as
atmospheric stability, wind speed,
wind direction, etc. Since there is
a probability distribution of
weather conditions (Pye) that may
occur as a function of time, this
distribution must also be considered
as a part of an accident sequence.

c. Another factor that must also be
considered is the probability dis-
tribution of population (Ppp) about
reactors to take into account the
probability that varying numbers of
people may be exposed to the dis-
persed radiocactivity.

As has already been discussed, in most
cases the accident sequences involved
situations in which the failure of a
single system (following the initial
failure) caused core melt. In a few

cases, a single system failure combined
with a single component failure is
involved. There is also a wide varia-

bility in the frequency of initiating
events as well as some variability in
the failure probability of the wvarious
systems involved. Typical generalized
sequences, covering the dominant contri-
butions from the LOCA event tree and the
transient event tree in the PWR, involve
the following two illustrative formula-
tions:

P1r ¥ Pgr X Pcrm X Pyc X Ppp
(for LOCAs) (1)
and

PIE X Py X Pcp X Pcpm X Puc x Ppp

(for transients). (2)

In this section, the symbol P represents probability and the various subscripts are
follows: IE = initiating event; SF = system failure; CFM = containment
conditions;

= population density; CF = component

-



Such formulations are valid if the
definitions of occurrence of the various
events include consideration of the
dependent failures among the elements.
The discussion below is divided into two
parts, one applicable to the LOCA event
tree sequences and one applicable to the
transient event tree sequences.

LOCA
In the case of the LOCA event tree, the
initiating event is pipe rupture. The

probability that it could cause failure
of either the safety system or the con-
tainment was carefully examined, " as
indicated in Appendix IV, sections 5 and
6. No significant coupled failures of
this type were found, presumably because
specific design features are included in
reactors to prevent such dependencies.

The combination of Pyp x Pgp produces
core melt, which, as discussed earlier,
will cause a dependent failure of the
containment in one of a number of modes
(PcrM). Thus PcgMm is, in fact, a common
mode failure probability that was care-
fully defined in Appendix VIII. The
weather conditions and population densi-
ty are essentially independent of one
another and of the other factors in
equation.

It is interesting to note that formula-
tion (1) yields, for the very large con-
sequence values reported in this study,
a probability of occurrence of approxi-
mately 10~2 per reactor-year. There are
many people who have traditionally
questioned the validity of predictions
of low-probability events, and such
questions must be regarded seriously
because there have been many erroneously
small predictions of system failure
probabilities. Formulation (1), how-

ever, gives a different perspective of
the probability prediction of 10-9. For
instance, in the case of the small-~-LOCA

sequences in a PWR, the elements of this

formulation have roughly the following
values:
- -3
Pipg * 10
- -2
Pop = 10
- -1
Perm 10
P = 107t
WwC
N -2
Pop .10
1072
The preceding discussion has already
covered the principal common mode

1/‘/' ; contribution, PcyM, and indicated that

the_
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there are no other significant common
mode contributions. One might ask by
how much these values might be in error.
The value of Py is derived from pipe

rupture data accumulated from many
sources, as indicated in Appendix III,
and is not 1likely to be very far in
error. In fact, the only critical

comments received from the public sector
in this area suggest that the value used
in the study is conservatively high and
should be reduced to 10-4.

The values of Pyc and Ppp are obtained
from measured conditions 1in the real
world and are known with greater preci-
sion than the other factors in the
formulation.

The combined value of PIE X Py X Ppp is
10-6. Thus the entire engineering (ex-
cept for piping) of the plant, which
includes the safety systems and the con-
tainment, accounts for a contribution of
10-3 (Pgp x Pcpy) to the overall proba-
bility. In fact, the contribution of
system unavailability (Pgr) is about
102, and not in the range of 1079 to
10-8 or less, as obtained in some early
quantifications of system fault trees by
others. Even if the values of system
failure were grossly in error, the
probability predicted for the largest
accident would increase by a factor of
only about 100.

TRANSIENT EVENT TREE

In the case of the transient event tree,
the initiating event is the sum of the
several types of transient events re-
guiring rapid shutdown of the reactor.
It 1is 1interesting to note that the
frequency of occurrence of such events
is approximately 10 per reactor-year,
about 104 times more 1likely than the
pipe rupture of 103 per year. On the
other hand, the failure probability of
the reactor protection systems (Pgf) is
about 10~4% per demand and the failure of
safety valves (Pcp) to reseat is about
102 per demand. The large consequence
values reported in the study can be
approximated generally as follows for
transient events:

P = 10
Pep = 1074
Per © 1072
Popm  ° 107t
Puc = 107t
Ppp = 107
107°




In examining the dependencies and the
various factors among these elements, it
is noted that there is some relationship

between the 10 transients per year
requiring shutdown and the probability
of failure of the reactor protection
system (RPS). Some of these transients
involve the loss of offsite power, and
the control rods are actuated to insert
directly by the occurrence of this

event; however, the failure probability
of the RPS was not reduced because there
is low coupling between this event and
the principal causes of RPS failure.
The transient event plus failure of RPS
causes the reactor coolant system system
relief valves to lift; the data deter-
mining the rate of failure of one of
these valves to reclose includes poten-
tial dependencies involving this type of
opening event. PcrMm+ Pwc, and Ppp are
as discussed earlier in connection with
the LOCA eévent tree. ‘

contribution to
in this case is

The total
the
PgF

Pcr

engineering

10-9 probability
x Pcp = 1076, As noted earlier,
comes from measured data, and only
the Pgp value of 10~4 for the failure of
the RPS 1is obtained from a fault tree.
Using nuclear experience data of approx-
imately 2000 demands of the reactor
protection system, an approximate upper

10 demands of the trip

bound of 10-3 is obtained for the reac-
tor trip unavailability.l From this
actual experience, using .the failure
relationships as given in the sequence,
the. sequence probability can be in error
by only about a factor of 10, yielding
about 10-8 as an upper bound for the
sequence probability.

To summarize the foregoing discussion, a
number of probability factors must be
combined in typical accident sequences
to obtain the total risk probability,
and the smallness of the risk probabili-
ty comes from this process. System
failure probabilities .are only one
element in the risk formulation, and
potential common mode failures involving
systems must be examined only in those
factors that can affect the system fail-
ure probability. System failure
probabilities obtained in the study were
generally in the range of 10-4 to 10-2,
which is . consistent with available
experience and data. The sensitivity of
the total risk probability derived from
the formulations shown above .can be
bounded by using actual data or assuming
the system probability to be unity. The
limited variation in results when this
is done shows the reasonableness of the
study's methodology and final probabili-
ty values.

The upper bound estimate is obtained by using 200 reactor-years with approximately
system per reactor-year (i.e., monthly testing).

Three

failures are used fcr the upper 95% chi-sqguare confidence bound.
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Section 5

Completeness of the Consideration of Potential Accidents

discussed the completeness of
potential accident
sequences extensively 1in the following
sections of the report: chapter 3,
chapter 5 (section 5.4), and chapter 7
(section 7.1) of the Main Report and
sections 2, 3, and 5 of Appendix I. The
substance of these discussions 1is pre-
sented below.

WASH-1400
the coverage of

The analysis of potentially large reac-
tor accidents rests on the knowledge
that the bulk of the radiocactivity
generated by the fission process will be
retained in the wuranium dioxide fuel
pellets unless the fuel melts.l Fuel
melting can occur only as a result of an
imbalance between the heat being gener-
ated by the fuel and the heat being
removed from the fuel. A heat imbalance
can occur only as a result of LOCA or
transient events. LOCA and transient
events can potentially result from
internal (random or coupled) plant fail-

ures, from external forces such as
earthquakes and tornadoes, or from acts
of sabotage. Many of these factors can
potentially affect each of the various

sources of radioactivity at the plant.

The places at which fuel is located in a
nuclear power plant are the reactor

. core, the spent fuel pool, the refueling

. radioactivity.

‘pool,

2During the

operation,2 and the spent fuel shipping
cask. By far the largest amount of
radioactivity is located in the fuel in
the reactor core since it contains both
the largest accumulation of fuel and
fuel +that has had the least time for
radioactivity to decay.. The spent fuel
immediately. after a refueling
operation, has about 16% of the radioac-
tivity of the core, and on the average
has about 5%. The refueling operation,
which handles only one fuel element at a
time, involves about 0.3% of the core's
The spent fuel shipping

1

radicactivity (i.e., the waste
released as a result of accidents.
10-8 respectively of the core
large conseguences.

refueling operation,

site has
gas and liquid waste storage tanks) that could be
However, these sources are very small (10=5 and
inventory) and do not have the potential to cause

In addition to fuel, a nuclear powér plant

cask, having multiple fuel elements
(~10) that have. been ' subjected to a
longer decay time, also contains about

0.3% of the core's radioactivity.

The much larger amount of radioactivity
that resides in the core, as opposed to
other locations, is only one of the
reasons why the bulk of attention in the

safety of nuclear power plants has been
directed toward potential accidents
involving only the core. Other factors

are the potential for large releases of
energy in core power transients and the
potential for the release of the large

amounts of stored energy in the reactor
coolant system. These phenomena, as
well as other processes that may be

associated with them, not only might
cause the fuel to melt, but also may
provide a driving force to disperse the
radiocactivity released from the fuel.
The potential for fuel melting and
dispersal of radicactivity from the
other fuel 1locations 1is significantly
smaller.

In addition to examining all the places
at which fuel 1is located at a nuclear
power plant site, it is also necessary
to examine the various forces that can
act on the plant to cause release of the
radioactivity from the fuel. Fortunate-
ly, the characteristics of uranium
dioxide fuel are such that the bulk of
the radioactivity generated by the fis-
sion process remains within the fuel
pellets under normal conditions. The
only way to release large amounts of
radiocactivity is to melt the fuel.
Thus, a major factor in the safety of
nuclear power plants rests on the
prevention of fuel melting.

The two guestions that must be examined
are (1) whether the possibility even

other potential sources of

a single fuel assembly is in transit between the

reactor vessel and the spent fuel storage pool.




exists for the fuel in a particular
location to melt, given the occurrence
of potential accident conditions; and
(2) what forces might act in such a way
as to cause the fuel in a particular
location to melt. The refueling opera-
tion and the shipping cask can be
disposed of readily as candidates for
contributors to overall risk, since it
is hard to see how fuel can be made to
melt in these situations. In the re-
fueling operation, fuel elements cannot
be lifted out of the water involved 1in
the refueling process and, as long as
the element is under water, it cannot
melt. Furthermore, even if the one fuel
element involved in the refueling
operation could be exposed to air,
calculations indicate that it would
reach some equilibrium temperature (well
below the melting point) at which it
would be adequately cooled by the combi-
nation of heat radiation and convective
air flow. 1In connection with potential
shipping cask accidents,l calculations
have shown that, even in the event of
low-probability accidents that might
break the cask and cause failure of the
fuel cooling system, the fuel would not
melt. Although some fuel cladding might
be slightly damaged in such an accident,
only very small amounts of radioactivity
would be released to the environment,
This radioactivity would be the small
amount of the total fission gases pro-
duced that had migrated to the gap
between the fuel and the cladding.

Based on the foregoing considerations,
it appears that a potentially large
release of radioactivity could only
involve the fuel in the reactor core or
in the spent fuel pool. The complete
matrix of potential accidents must
therefore cover the reactor core and the
spent fuel pool as they might be
affected by the various events that
could potentially cause melting of the
fuel. These events can be classed as
internal (random or coupled) plant fail-
ures, external forces such as earth-
quakes and tornadoes, and acts of
sabotage. These will be discussed in
turn for each of the two locations of
interest.

5.1 POTENTIAL ACCIDENTS INVOLVING/
THE REACIT'OR CORE
Figure 4 shows the matrix of potential

accidents considered for the reactor
core. Line 1 shows those accidents that

lWASH—1400 only examined potential shipping

reactor sites. It did not consider transport
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1. Internal Plant LOCAs
Failures Transients

Fires and Floods

Earthquakes
Tornadoes Rivers

Floods Hurricanes

Roeactor Cores [ 2. External Forces

Aircraft Crashes Tidal Waves
Turbine Missiles
Explosions

3. Sabotage

Figure 4 Coverage of Potential
Accidents in Reactor Cores

can be initiated by internal plant
failures. Line 2 shows those external
forces that can potentially cause acci~
dents of the type shown in lines la-lc.
Line 3 shows the potential for accidents
due to sabotage.

a. PFigure 4, Line 1, 1Internal Plant
Failures

The largest part of the Reactor Safety
Study was devoted to the delineation of
potential core accidents due to internal
plant failures. The scope of this work
is necessarily limited only to the con~
sideration of imbalances between the
heat being generated by the fuel and the
heat being removed from the fuel because
only such heat imbalances have the po-
tential to cause the fuel to melt. Such
imbalances can occur in only two ways:
(1) as a result of transients in which
the core power level exceeds the
capacity of the heat removal systems to
dissipate it or (2) as a result of
LOCAs, in which the normal core cooling
water 1is lost due to a rupture in the
reactor <coolant system and the core
decay heat is not removed by the emer-
gency core cooling systems. Sections 3
and 4 of this addendum and Appendices I
through V describe in great detail the
event tree/fault tree methodology used
to investigate these classes of acci-
dents. The total probability of core
melt from these causes is predicted to
be about 5 x 10~5 per reactor-year.

cask accidents that could occur at
ation accidents.

@
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it 1is also potentially possible for
large electrical firesl originating
within the plant to fail a sufficient
number of systems within the plant to
cause a transient or a LOCA that could
cause the core to melt.2 There is
currently insufficient collected and
collated data on the results of reactor
and other industrial electrical fires to
provide a generally applicable statisti-~
cal basis for estimating the probability
of core melt as a result of fires. How~-
ever, analysis of the fairly recent fire
at the Browns Ferry plant indicates that
the likelihood of core melt due to such
a fire would be about 1.0 x 10~5 per
reactor-year and would represent about
a 20% contribution to the overall like-
lihood of core melt.

b. Figure 4, Line 2, External Forces

It is necessary to consider whether the
large forces that can be generated by
some natural and man-made phenomena can
cause any of the types of accidents
developed in line 1 of Fig. 4 by causing
the failure of the critical elements
defined by the event tree/fault tree
methodology. Thus it 1is necessary to
examine both the 1likelihood of such
external events and those portions of
the plant that can be affected by the
types of events shown on line 2 of Figq.

The general approach3 that has been
taken in the design and location of
nuclear power plants is to identify
those elements of the plant whose con-
tinued operability is needed to ensure
that the operation of the plant can be
controlled, that the fuel in each
location remains covered with water, and
that the decay heat is removed from the
fuel in each of its locations. Then the
plant is reguired to be 1located and
designed in such a way as to ensure that
the 1likelihood of failures in these
elements, due to each of the external
forces, is quite small,

1

The study's handling of two of the
external forces, aircraft impacts and
turbine missiles, is easily illustrated.
Since light planes cannot cause signifi-
cant structural damage to a nuclear
power plant, it is necessary to consider
only the potential damage that can be
caused by the larger aircraft. The
probability of large aircraft crashes is
well known, and thus it 1is relatively
straightforward to compute the likeli-~
hood that a plane will crash at a site
in such a way as to strike the plant.
Taking into account the 1location of
nuclear power plants with respect to
airports (since this distance affects
the likelihood of the crash) and the
fact that not every such crash will
cause an accident involving fuel melt-
ing, an overall probability of such an
accident has been estimated to be 10~2
to 108 per reactor-year.4 This value
would not impact significantly on the
predicted value of core melt of
5 x 10-5 per reactor-year.

Similarly, the probability of a turbine
failure resulting in the generation of
large missiles can be determined from an
analysis of reported turbine failures.
Taking into consideration the orienta-
tion of the turbine with regard to vital
plant systems or components and the
range of energies and trajectories asso-
ciated with potential turbine missiles,
the probability of striking a potential-
ly vulnerable area can be calculated.
The probability of penetrating struc-
tures and damaging critical equipment
can then be calculated from the range of
impact energies involved and the nature
and thicknesses of protective barriers.
As . noted in section 5.4.5 of the Main
Report, it has been estimated that the
highest probability of a turbine missile
penetrating the containment structure is
1.2 x 10-5 per reactor-year. Based on
an examination of the physical layout of
the - plant, the chance of such a missile
causing both a LOCA and the failure of
sufficient safety systems to cause a

Electrical fires refers to fires in which there 1is extensive enough burning of

electrical cables to cause the inoperability of installed safety features. Burning
may be initiated by electrical faults, current overloads, or external causes.

2

See chapter 5 of the Main Report for a fuller discussion of large electrical fires.

Sections 5 and 6 of Appendix IV discuss the potential effects of smaller fires.

See USNRC Regulations 10CFR50, Appendix A, General Design Criteria for Nuclear Power

Plants.

4
sion of this matter.

See Appendix III, section 6.2, and Main Report, section 5.4.4, for a fuller discus-




core melt appears to be negligibly
small.

Certain plants may be exposed to other.
external hazards that are essentially
unique to an individual site. Examples
of these include sites adjacent to
transportation routes that frequently
carry munitions or other explosives or
sites adjacent to chemical or petrochem~
ical facilities, etc. Because . such
potential hazards are unique to specific
sites, they have not been explicitly
included in this study. Their inclusion
was not considered necessary because
only a relatively small number of plants
are in locaticns where this type of con-
sideration is necessary and because such
plants are required to provide addition-
al protection to reduce the probability
of significant plant damage to a negli-
gible value.

Similar analyses can be performed to
analyze the effect of natural events
such as floods, tornadoes, or earth-
quakes. The probability of occurrence
of severe natural events can be calcu-
lated by the combination of generally
limited historical data and analytical
models. Based on a knowledge of the
design parameters of the plant, the
likelihood that a severe natural event
could cause a core melt can then be
estimated. These can be combined and
compared with the 1likelihood of core
melt determined by this study to deter-
mine if such events would have any
impact on the risk from potential reac-
tor accidents. As discussed in the Main
Report, section 5.4, analyses of the
external forces shown in line 2 of Fig.
4 indicate that external events are not
expected to have a major impact on the
risks associated with reactors.l

c. Figure 4, Line 3, Sabotage

The study concluded that, while there is
no current methodology for comprehen-
sively estimating the probability of
successful acts of sabotage, any conse-
guences produced by sabotage could not
exceed the largest predicted by the
study and would likely be much smaller.
Section 5.4.6 of the Main Report
discusses this matter in greater detail.

1

5.2 POTENTIAL ACCIDENTS INVOLVING
THE SPENT FUEL POOL

Figure 5 shows the matrix of potential
accidents considered for the spent fuel
pool. As in Fig. 5, line 1 shows those
accidents that can be initiated by
internal plant failures, 1line 2 shows
the external forces that can potentially
cause accidents of the type shown in
line 1, and line 3 shows the potential
for accidents due to sabotage.

a. Figure 5, Line 1, Internal Plant
Failures

Release o0f radiocactivity from stored
spent fuel can potentially result from
heat imbalances causing melting of
stored fuel or from mechanical damage to
the fuel assemblies causing release of
gap activity. Heat imbalances can re-
sult from loss of cooling water from the
spent fuel storage pool; loss of the
capacity to remove heat from the pool
water, which would lead to boiling away
of the pool water;2 or an increase in

Loss of Water

1. Internal Plant
Failures

Loss of Cooling

Fuel Mechanical Damage

Recriticality

Earthquakes

Tornadoes

Floods

Spent Fuel Pool 2. External Forces

Aircraft_Crashes

Turbine Missiles

E xplosions

3. Sabotage

Figure 5 Coverage of Potential
Accidents Involving the Spent
Fuel Pool

As indicated in chapter 7 of the Main Report, it would be useful to perform

additional analyses in the future to determine whether the potential risks
associated with external events can be estimated with greater precision.

2While it is indicated earlier in this section

be adequately cooled, the large number of
pool would prevent radiation of heat from the
mechanism.
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that a single fuel element in air will
closely clustered elements in the fuel
fuel from being an effective cooling



the heat generation rate in the pool
because the configuration of the fuel
had been altered into a critical array,
again leading to the boiloff of pool
water. Section 5 of Appendix I dis-
cusses the bounding analyses that were
performed to determine the potential
risk associated with these accidents.

As noted there, the potential releases
are small in comparison to the releases
associated with core melt, and the
probability of occurrence 1is approxi-

mately two orders of magnitude below
that associated with core melt.

b. Figure 5, Line 2, External Forces

As previously noted in section 5, it 1is
necessary to consider whether the forces
associated with external natural or man-
made phenomena can cause any of the
accidents developed in line 1. The
probability of severe external forces at

-173-

the plant is discussed in section 5. In
general, that discussion is applicable
to the stored spent fuel as well. In
regard to external events, the design
criteria of the spent fuel pool, the
fuel building, and the pool cooling
systems are similar to those used for
systems that protect the core. Because
of the very low probability of damage to
stored spent fuel from random internal
plant failures, external events are more
likely to initiate an accident leading
to release. The probability of failure
in this manner is still quite low,
however, and the potential releases,
even assuming melting of the total
inventory of stored fuel, are small
compared to those associated with many
of the reactor core accident sequences.
This matter is discussed in dreater
detail in Appendix I, section 5.

c. Figure 5, Line 3, Sabotage

See section 5.1l.c.




Section 6

The Handling of Failure Rate Data in Overall Risk Assessment

This section presents a summary of the
data approach used in the study as well
as its rationale. A more detailed
discussion is contained in Appendix II,
volume 1, and Appendix III, which have
been rewritten to clarify the data
treatment.

When the study initially tried to deter-
mine precise component failure rate
values and other basic failure rate data
(such as human failures) to use for the
system and event tree quantifications,
it found large uncertainties and large
variabilities in the available data.
These large variabilities existed not
only for component data but also for
human failure rates and initiating-event
probabilities (e.qg., pipe rupture
rates). The nuclear reactor data that
had been collected were neither suffi-
cient nor detailed enough to yield
accurate estimates of failure rates and
basic event probabilities; furthermore,
they showed a large variability from
plant to plant. The other available
industrial data showed similar variabil-
ity in reported failure rate values,
depending on the application and the
reporting source.

Because of the large variability in the
data, the study did not attempt to de-
termine precise data values and precise
probabilities, since these would have
been meaningless. Instead, bounds were
estimated for component and other data
to determine the range in which data

values could lie and hence give their
variability. Because of the large
spread, the failure rate data were

treated as random variables, incorporat-
ing both the physical variability and
the uncertainty associated with  the
data. Moreover, since the study's
results were to apply to a population of
approximately 100 nuclear plants, it was
important to show the possible variabil-
ity and uncertainty in this population.

1
ties but estimators.

For each failure rate, the study as-
sessed an upper bound, which would give
the pessimistic or worst case, and a
lower bound, which would give the
optimistic or best case. The range
between the lower and upper bounds would
then describe the variability that
existed in the available data for the
particular failure rate. The variabili-
ties thus obtained for each failure rate
were then propagated through the fault
tree and event tree quantifications to
give the corresponding variabilities for
the system failure probabilities and
accident sequence probabilities.

To obtain a realistic representation of
the ranges describing the possible fail-
ure rates, a wide variety of data
sources were examined. Tc be applicable
to the nuclear plant conditions that
were to be quantified, the data sources
examined had to be generally representa-
tive of industrial experience and indus-

trial environments. However, certain
Department of Defense data, obtained
under controlled test conditions, and

data
ments

representing more adverse environ-

encountered in certain plant
applications were also included to give
possible extreme values. The major
sources of the data that were examined
included the following:2'

Edison Electric Institute

rate data)

(failure

Systems
Kingdom

Reliability Service, United

Failure Rate Data (FARADA) Handbooks
published by the Fleet Missile Sys-
tems Analysis and Evaluation Group
Annex

AVCO Corporation

Ligquid Metal
(nuclear data)

Engineering Center

In statistical terminclogy, the system probabilities were thus not strict probabili-

2:Appendix III gives a complete tabulation of the 77 sources used.
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Holmes & Narver, Inc. (nuclear data)

The Chemical Engineer (Institute of
Chemical Engineers, London, England)

Nuclear Safety Information Center,
U.S. Atomic Energy Commission

Government-Industry Data Exchange
Program (GIDEP) reports

Institut fuer Reaktor Sicherheit
(Institute of Reactor Safety), West
Germany

European nuclear agencies

Institute of Electrical and Elec-
tronic Engineers

Proceedings of RISO (Denmark) con-
ferences

To serve as a final check on the ranges
obtained from the various data sources,
the 1limited data that were available
from commercial nuclear power plant op-
eration were analyzed separately and
were compared to data obtained from
other sources.l The final range assign-
ments were found to be consistent with
the commercial nuclear data.?2

With regard to assuring that common mode
failure considerations are adequately
incorporated into the assessment, it is
important to understand that the failure

rate data examined cover many causally.

related failures, such as those due to
manufacturing and construction defects,
design errors, quality control ineffi-
ciencies, environmental conditions, as
well as human and various other causes.
Furthermore, it should be noted that

both the general and the nuclear data
included failures experienced in actual
operation. Thus the failure rates used
as the data base in the study, being
principally derived from field experi-
ence, were essentially total failure
rates, and not simply "random"” failure
rates (i.e., not failure rates due only
to inherent, inexplicable component
failure). Special common mode studies
were thus needed to identify failure
causes that were already included in the
data.3

There were three exceptions to the
foregoing: potential failure causes due
to seismic 1loadings, tornado loadings,
and the potential accident environments
of high pressure, temperature, and radi-
oactivity.4 Certain nuclear components
are required to remain operational under
these conditions and are therefore
designed to accommodate stresses of this
type. Since neither nuclear nor nonnu-
clear components generally experience
these stresses, their effects are not
included 1in the data sources used to
derive failure rate data for use in the
study.

These considerations formed the basis of
the design adegqguacy task described in
Appendix X. Although NRC safety design
requirements cover consideration of
these stresses for applicable compo-
nents, no experience data are available
to test the validity of the implementa~
tion of these requirements because of
the rarity of seismic and accident

events., To ensure the adequate imple-

mentation of these ‘'special” design
requirements, a detailed examination of
the design and testing of a selected
number of components and systems was

lThe nuclear data consisted of reports of failure occurring through 1973. Additional
checks have recently been made of 1974 and 1975 data and showed no significant
changes from the analysis reported in draft WASH-1400.

2

In statistical terminology, the final assessed data ranges were found not to be

inconsistent with the commercial nuclear experience. See sections 1, 2, and 3 of
Appendix III for more detailed discussions of the actual analyses.,

3The failure causes have an implied occurrence frequency in the data sources. If the
occurrence frequency was assessed to be higher in the nuclear plant applications,
then special analyses were performed. An example is the special adverse-environment
pump failure rates determined in Appendix III. It was necessary to examine any
multiple effects from a single cause, but the single-component failure rates could
be used in the bounding techniques of Appendix IV to bound the common mode multiple

effect.

4The impact of tornado loadings did not affect the results of the study significantly
and are not discussed further here., See Appendix X for additional information.




made. The results of this examination
indicated some deficiencies in these
areas in that, while the designs were
not inadequate, they appeared to have
somewhat less design margin than might
normally be expected. These results
were used to make appropriate modifica-
tions to component failures in the fault
tree and event tree quantifications and
to estimate the probability of the fail-
ure of safety systems under seismic
loads, as indicated in section 5.4.1 of
the Main Report.

Using the data available from the
ous sources described earlier, a set of
failure rate values was obtained . for
each component failure of interest
(i.e., contained in the fault trees or
event trees). This set was then used to
construct a probability distribution
that described the variability in the
data.l With respect to the commercial
nuclear data, the variability in compo-
nent failure rate from plant to plant
was in agreement (i.e., not inconsist-
ent) with the obtained distribution.2

In applying the probability distribution
approach, ranges covering 90% of the
possible values were constructed for
each failure rate. The upper bound was
the 95th percentile of the distribution
(such that the region between the bounds

vari-

determined for each failure rate were
generally one or two orders of magnitude
in width. Within this variability, all
the various data sources were therefore
in agreement, and the rarndge thus repre-
sented the resolution- of the numbers
that could be obtained.

To account for the possibility that the

failure rates of some components could
be high and others could be 1low, the
failure rate distribution for each com-

ponent was then propagated by Monte
Carlo simulation to obtain the distribu-
tion of final -system —-and-—accident se-
quence characteristics (e.g., system
unavailabilities) that could be obtained
from the different possible failure rate
values of a component.3 The 95th and
5th percentiles of the system or acci-
dent seguence distribution then gave the
90% range for the possible characteris-
tics. These 90% final ranges thus rep-
resented the variability of the system
and accident sequence results that was
due to the wvariability in component
data. )

The above treatment of variability and
uncertainty in the data represents only
one of a possible number of ways of
handling this problem; however, this
treatment was found to be straightfor-

was 90%). ward and generally applicable. Instead
of estimating a precise value for a
The log-normal distribution was used to piece of data, the use of ranges was
obtain the specific range values for considered to be more realistic and more
each failure rate. Section 3.6 of Ap- meaningful. This method was applied to
pendix II describes the justification human error data and initiating-event
for wusing the log-normal distribution data as well as to component failure
and the general insensitivity of the data. The data distributions were prop-
results to using this distribution. (A agated to obtain the distribution and
number of different distributions were range on any final result, thus guan-
tested, but no change in final system tifying the associated variability and
results was observed.) The ranges uncertainty.
lln essence, this is analogous to treating the data as a set of samples from a

statistical population on which a
performed.

2'I‘he above description of the

simplistic. For a more thorough discussion

probability distribution

statistical and probabilistic analysis can be

application is somewhat

of the random-variable basis (and

Bayesian implications), see section 3.6 of Appendix II.

3

-176-

Section 3.6.2 of Appendix II describes the simulation procedures.
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Section 7
Meodeling Considerations for Event Trees and Fault Trees

The discussions = that follow deal with
some of the modeling concepts and con-
siderations involved in the study's use
of event trees and fault trees. This
section discusses the basic logic and
set-theory concepts of event trees and
the use of fault trees in event tree
models and presents an amplification of
the basic ideas behind event tree model-
ing and the methods of using fault trees
in conjunction with event trees.

a. Entries and States of an Event Tree

An event tree begins with a defined
accident-initiating event, Different
initiating events will produce different
event trees, and the different initiat-~
ing events must thus be cataloged and
enumerated to obtain a defined set of
accidents. -

The enumeration of initiating events 1is
obtained from basic physical considera-
tions of the nuclear reactor power-
generating process. For core melt acci-
dents, for example, the. initiating
events are determined from the classifi-
cation of the events associated with
heat generation and removal. A more
thorough discussion of the 1logic and

physics involved in determining the ini- .
tiating events defined in the study is.

given in Appendix I.

Once the initiating events are defined, -

the safety systems must be incorporated
into the event tree structure. For a
particular defined initiating event, all
the safety systems that can be wutilized
after the accident are then defined and
identified. Since a reactor has only a
specified and limited number of safety
systems, their definition and identifi-
cation are straightforward. (Appendix
I, section 2, discusses the system iden-
tification.) The safety systems that
are identified are then  structured in
the form of headings for the event tree.
This is shown in Example 1 .for +wo
safety -systems that can be involved
after the. defined initiating event has
occurred. -{In this example, the safety
systems are simply 1labeled ‘"system 1"
and "system 2.") :

Initiating Event System 1 System 2

Example 1. Event Tree Heading

Instead of directly defining and identi-
fying systems, which are associated with
hardware, the event tree headings can be
obtained by initially defining a set of
functions to be performed by the safety
systems. The functions relate to the
physical processes associated with the
system's operation, such as the function
of heat removal. The set of functions
acts as’ the initial heading of the event
tree, and safety systems are then clas-
sified according to their relationship
to these functions and subsequently sub-
stituted into the appropriate function
heading. The result will again be a
final heading consisting of the initiat-
ing event and the safety systems that
can be involved. The study performed
iterations involving event trees with
both the hardware and functicnal head-
ings to help check the adequacy of the
modeling.

Once the systems for a given initiating
event have been identified, the set of
possible failure and success states for
each system is defined and enumerated.
Careful effort is required in defining
success and failure states for the sys-
tems involved ' in the event tree to
ensure  that potential failure states are
not included in the success defini-
tions. If dichotomous (two-state) mod-
eling is employed, then one failed state
and one success state is defined for
each system; otherwise, a finite number
of discrete states 'are defined (such as
would be wused when including partial
failures). - S

Example 2 illustrates a two-state model-
ing for the systems of Example 1.

lIn areas of uncertainty, potential success states that cannot be clearly demon-
strated to be successful are assigned to the failure states.
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Initiating Event System 1 System 2
Success State | Success State
Failure State | Failure State

Example 2. System State Definitions for
System 1 and System 2

Appendix I, section 2, discusses in some
detail the definitions of system success
and failure states used in the study as
well as their rationale. Since the sys-
tem state definitions constitute one of
the most significant parts of event tree
ne thodology, certain general points will
be noted during the following discus-
sion. With regard to these definitions,
it is most important that the system
failure and success states be defined
within the context of the given initiat-
ing event and the other systems involved
with the initiating event. Stated in a
more probabilistic manner, the system
failure and success states must be de-
fined as conditional events. The con-
text and conditionality will become more
evident as the event tree methodology is
carried through.

b. Event Tree Branching Logic

In carrying out the methodology, let us
assume that the system failure states
and success states have been properly
defined, as shown in Example 2. The
system states are then finally combined
through the decision-tree branching log-
ic to obtain the various accident se-
gquences that are associated with the
given initiating event. Tree branching
simply involves connecting the states of
one system to a particular state of an-
other system. The branching is shown in
Example 3 for the two-system illustra-~-
tion.

In Example 3, the initiating event is
depicted by the initial horizontal line
and the system states are then connected
in a stepwise, branching fashion; system
success and failure states have been
denoted by S and F, respectively. The
format illustrated follows the standard
tree structure characteristic of deci-
sion tree methodology. The accident se~
quences that result from the tree struc~
ture are shown in the 1last column of
Example 3. Each branch of the tree
yields one particular accident seguence;
for example, ISjF2 denotes the accident

Initiatin Accident
Event System 1 System 2 | Sequences Q
Success State iS.S
172
Success State ()
(84 Failure State g f
Initiating Event (F2) 12

{}] Success State
S,) IF 1 S2

Failure State
(F1)

Failure State
(FZ)

IF,Fy

Example 3 Illustration of Event
Tree Branching

sequence in which the initiating event
(I) occurs, system 1 is called upon and
succeeds (S1), and system 2 is ‘called
upon but fails (F2) (i.e., system 2 is
in a failed state such that it does not
perform its defined function). For
larger event trees, this stepwise
branching would simply be continued.

c. Conditional Interpretation of an
Event Tree ' :

The event tree thus enumerates the pos-
sible accident sequences that are asso-
ciated with the given initiating event
and the systems that can be involved
after the initiating event. Returning
to the system state definitions, one
sees that the system states on a given
branch of the event tree must be defined
and interpreted under the condition that
the previous states in that branch have
occurred; that is, the states are condi-
tional on the previous states having al-
ready occurred.

As shown 1in Example 3, the success and
failure of system 1 must thus be defined
under the condition that the initiating
event has occurred. In the upper branch
of the tree corresponding to system 1
success, the success and failure of sys-
tem 2 must therefore be defined under
the conditions that the initiating event
has occurred and system 1 has succeeded.
In the lower branch corresponding to
system 1 failure, the success and the
failure of system 2 must be defined
under the conditions that the initiating
event has occurred and system 1 has
failed. The conditional definitions in
the event tree are the standard ones
used in defining and modeling any combi-
nation (intersection) of occurring

events. Q
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Because of the conditionality interpre-
tation,
in reducing the number of accident se-
guences that must be considered. For
example, in the previous illustration,
if the failure of system 1 caused system
2 to fail, or equivalently caused system
2 to be ineffective, then we would show
no choices or alternatives for system 2
on the lower branch of the event tree,
and this lower branch would simply be a
straight, horizontal 1line containing
only the failure of system 1. Instead
of considering the accident sequences

IF1S2 and IFJF2, we thus would consider
only the sequence IF].
The identification of the conditional

dependencies by the event tree methodol-
ogy is important because, not only is
the number of accident sequences logi-
cally reduced, but also system interde-~
pendencies are thereby incorporated and
therefore need not be treated in 1later
analyses. Whenever success or failure
choices are not permitted for a system,
the failure probability of that system
is effectively being set equal to unity
because of the previous events. (In the
preceding example of removing the §j
alternatives, the probabilities of the

three-event sequences IF1S are not com—
puted, but instead only the two-event
sequence IF].) Appendix I has a de-
tailed discussion of the identification
of conditional dependencies that was
done for the study's event trees because
of system relationships. Because of
this identification, many of the study's
final accident sequences consisted of
one or at most two system failures.

When timing and sequential considera-
tions are important, the system state
definitions must reflect them. For ex-
ample, in the illustrated event tree, if
there was a difference as to whether §j
failed before or after 'Sz, then two
event trees could be constructed where
S]1 is the first failure and where S2 is
the first failure (i.e., effectively
promoting the system headings). The
study used dichotomous modeling in which
one failure state and one success state
was defined for each system. Care must
be taken in these definitions in discre-
tizing the failures and in incorporating
partial failures. Appendix I discusses
these considerations.

When the system states are detailed for
their final definitions, then sufficient
information exists to define the set of
physical processes that will occur with
each accident _sequence. For example,
for each sequence the study computed the
magnitude of radioactivity release,
which then served as a source term for

the event tree has great power
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the dose and risk calculations. In
order to compute the radicactivity re-
leases, it was necessary to incorporate
the possible modes of containment fail-
ure in the event trees. This involved
defining event tree headings that cov~
ered the possible failure modes that
could occur (each failure mode effec-
tively had two states: "occurring" and
"not occurring”). The failure mode
event trees were then combined with the
system event trees to form accident
sequences leading from the initiating
events to the release of radiocactivity
from the containment.

d. The Use of Fault Trees

When the results associated with each
accident sequence have been defined, the
final task is to compute the probabili-
ties of system failure. This 1is the
place at which the fault trees enter.
Generally, data on failures at the sys-
tem level do not exist, and therefore
the system failure probabilities must be
estimated in terms of component failure
rates, which are available. Thus, the
system state definitions from the event
tree can be used as defined "top events"
of fault trees that are developed down
to the component level. In the study, a’
fault tree was constructed for each de-
fined system failure in the event trees.
Because of the conditional definition of
the system failures, the fault trees
incorporated the conditionalities (i.e.,
previous events that have occurred) into

their fault definitions and 1logic
constructions. The quantitative system
probabilities associated with the fault

tree top events were system unavailabil-
ity and system failure probability
(failure to start and failure to run).
Appendix II discusses the fault tree
methodology and presents the fault trees
that were constructed and used in the
study.

A number of factors enter into the ade-~
guacy and power of a fault tree analy-
sis, as it was used in the Reactor
Safety Study:

a. The fault tree structure itself

b. The use of competent analysts having
an intimate knowledge of the system
and modeling process

c. The process of validating and re-
checking the model and results

d. The examination of the results and
probabilities to determine their
sensitivity to possible omissions.




The fault tree serves as a logic struc-
ture in which the system is methodically
and systematically analyzed to define
those . elements that contribute to its
failure probability. A fault tree
analysis is a deductive process in which

a failure is traced back to its 'basic
causes, including hardware and design
causes, human error causes, and opera-

causes such as testing and main-
As the failure is being traced
fault tree 1logic structure
organizes the steps that need to be
- taken and the items that need to be
examined. One of the problems in a com-
plex system analysis is the ordering
problem: how to consider the various
contributions in a systematic way so as
to be thorough and comprehensive. The
fault tree structure serves as the tool

tional.
tenance.
back, the

with which the analysis can be organ-
ized, blueprinted, and programmed.
Looking at past experience, the fault

tree process was, in fact, developed and
refined to deal with such complex situa-
tions.
analysis
Missile

the Space and
Organization (SAMSO) are exam-
ples of efforts in which fault trees
were developed and utilized to handle
the complex systems confronting the ana-
lyst. Even. though it is certainly not
foolproof, the fault tree process sig-
nificantly reduces the chance of serious
omissions in its systematic and methodi-
cal analysis procedure.

performed in

Though the fault tree structure serves
to systematize the analysis, it does re-
quire a competent analyst to apply it in
a competent manner. However, this is a
requirement that applies to any field ox
endeavor (How many ccmpetent jobs are
done by incompetent people?). The Reatc-
tor Safety Study +tried to obtain the
most competent people in employing the
services of 12 skilled fault tree ana-
lysts. These fault tree analysts worked
closely with the system to gain an inti-
mate knowledge of its woxkings. De-
tailed system drawings, schematics,
physical layouts, functional operating
descriptions, and many on-site visits
were. involved in gaining the needed
knowledge. The fault tree analysts also
worked closely with experienced systems

people who had a number of years of ex-
perience 1in reactor systems, reactor
operation, and reactor safety. In addi-
ticn, the fault tree analysts had the
criteria and contexts derived from the
event tree accident seguences to guide

them the construction cf the fault

trees.

in

The Minute Man analysis and the.

To help further reduce errors, after the
fault trees were constructed, they were
checked and validated for their accuracy
by identifying the dominant failure
contributors. The fault trees were sub-
jected to a standard evaluation process
to determine not only the gquantitative

‘ probability predictions but also the im-
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portant gqualitative system information.
Such information includes, for example,

the minimal cut sets, which in essence

are listings of all the unique combina-

tions of component failures that will
cause system failure. This information
was used in checking the logic, consis-

tency, and accuracy of the fault tree.

In the Reactor Safety Study, to help
ensure against omitting important con-
tributors, -large fault trees were
constructed. For the accident sequences
described in the event trees, a repre-
sentative fault tree consisted of
several thousand components and several
thousand gates (logic structures). The
evaluation process and the minimal cut
sets were used to extract the dominant
contributors to the system failure.
Serving as an additional check, the
minimal cut sets (i.e., component combi-
nations) were then used to reconstruct
"reduced fault trees," which helped to
validate the accuracy of the larger
trees with regard to dominant contribu-
tors. Furthermore, failure reports and
incident reports filed with the AEC were
examined for failures that had occurred
in pertinent systems, and the larger
fault trees were checked to ensure that
they incorporated the types of failures
that were occurring in operational
systems.

The Incorporation of Fault Trees

into Event Trees

e.

After the fault trees have been con-
structed by standard fault tree
methodclogy, they are logically combined
according to the accident sequences
defined in the event trees. The logical
combination effectively involves con-
structing a larger "accident sequence”
fault tree from the individual system
fault trees. The fault +trees for the
individual system failures in an acci-
dent sequence are combined through an
intersection 1logic (an AND fault tree
gate] to form the event of all the
systems failing in the accident chain.
Example 4 shows the associated fault
tree construction for a given accident
sequence composed of the initiating
event (I), system 1 failure (F1), system
2 failure (F2), and system 3 success
(83). "
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In Example 4, the symbol [:) denotes
the fault tree AND gate; the event above
the gate will occur if all the lower
input events occur (an intersection
relation). The boxes labeled "System 1
Failure" and "System 2 Failure" are ‘'to
be replaced by the individual fault
trees that have been drawn for these
systems. In the example, the initiating
event is also shown as an input event to
complete the accident sequence defini-
tion.

"System 3 Success" is not shown in the
illustrated accident sequence fault tree
since it acts as an inhibiting, or re-
stricting, condition (it could be shown
by appropriate fault tree symbols). In
the fault trees for systems 1 and 2,
those shared components whose failure
would also cause system 3 to fail are
omitted since system 3 is given to have
succeeded by the accident sequence defi-
nition.

If such system successes had been
ignoted in the study's fault trees of
accident sequences, then a more conser-
vative model would have resulted (yield-
ing higher failure probabilities) since

Initiating Event

(n System 1 System 3
Failure Success IF.E.S
(F1) System 2 (33) 123
Failure
(Fﬂ
Accident
Sequence
IF,F,S
Oz:cuzrs3
L ——
Initiating System 1 System 2
Event Failure Failure

Example 4. An Accident Sequence and the
Associated Fault Tree
Construction

1

component failures could have been in-
cluded that would have caused these suc-
cessful systems to fail.

The accident sequence fault tree is thus
simply d standard fault tree, and it can
be evaluated and gquantified using stand-
ard fault tree guantitative techniques.
The component failures that are common
to the systems are handled by standard,

‘Boolean fault tree reduction techniques

(e.g., any single failures that cause
multiple systems to fail will be identi-
fied). The result of the quantitative
evaluations will be the desired accident
sequence probability that is tc be asso-
ciated with the accident results deter-
mined for that sequence. Appendix V
describes the accident sequence manipu-
lations and gquantifications that were
performed in the study.l

f. Output of the Event Tree and Fault
Tree Evaluations

The preceding discussions described the
event tree construction and gquantifica-
tion techniques used to obtain accident
sequence probabilities. The event tree
accident sequences also determined the
physical processes and their timing
involved in the various sequences. Sep~-
arate analyses (described in Appendices
v, VII, and VIII) determined the
magnitude of radioactive releases for
the various accident sequences. With a
probability and radioactive release
magnitude determined for each pertinent
accident sequence, risk calculations can
then be performed using these sets of
values as source terms. The collection
of probabilities and radioactive re-
leases for the accident sequences in the
various event trees gives the set of
data points. that serve as the basis for
determining the risk from potential nu-
clear power plant accidents. The deter-
mination of the risk and the application
of the accident sequence. probabilities
and associated radiocactive releases are
described in Appendix VI. . The signifi-
cant . results of the overall risk
analyses are presented in the Main
Report.

It should be noted that, instead of fault tree 1logic, any 'Boolean related logic

could be used to combine the system failures in the accident chain., Also, the logic
is applicable to multistate definition for the systems. The important factor is the
identification of dependencies and the component failures common to the involved

systems.

-181-




Section 8

Summary

The principal aspects of the methodology
discussed herein pertain to the use of
event trees, fault trees, and failure
rate data to provide a systematic and
logical framework for the definition and
guantification of the probability and
magnitude of radioactive releases in
potential nuclear power plant accidents.
While the use of this methodology is not
new, 1its application in WASH-1400 has
differences that are considered impor-
tant:

The event trees used in this study
differ significantly from the more
conventionally used decision trees.
In general, decision trees are the
representations of a process whose
adequacy depends principally on the
skill and judgment of the analyst in
properly conceptualizing the problem
under consideration. While this
type of skill applies to some degree
in the event trees developed in
WASH-1400, the analyst is aided very
significantly because the elements
of the trees are physical entities
that exist in the nuclear power
plant and the processes represented
in the tree follow engineering and
physical principles. The under-
standing of the details of plant
design and of these physical prin-
ciples assist the analyst greatly in
ensuring a proper conceptualization
for the reactor event trees.

statistical treatment of varia-
bilities associated with the inputs
needed in the gquantification of
system fault trees and event tree
accident sequences 1s an important
new step. The treatment of these
input data as random variables thus
included their associated variabili-
ty and uncertainty, and this enabled
the study to use a broad base of
applicable reactor and industrial
hardware failure data as well as
data associated with human errors,
testing, and maintenance.

The

The sensitivity studies performed in
connection with the quantification
of system fault trees to test for
the effects of unidentified poten-
tial common mode failures were also
important in that, among  other
things, they permitted all compo-
nents of the same generic type
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{e.g., all relays, all pumps, all
valves, etc.) to be interdependent.

d. The understanding that common mode
failures can be effectively handled
as a matter amenable to engineering
principles backed up by bounding
statistical analyses represents a
significant step forward in the
gquantitative application of event
tree and fault tree methodology.

The event trees used in the study

performed a powerful filtering function

by providing a framework that (1)

defined sets of potential accident

sequences that were in essence complete

for the initiating events involved and
(2) provided logical methods based on
knowledge of plant design and engineer-
ing principles to eliminate physically
meaningless sequences from the otherwise
complete event trees. Although the
event trees used in the analysis of the
PWR encompassed approximately 130,000
potential accident sequences, which
could have conceivably involved millions
of potential common mode failures at the
system level, elimination of physically
meaningless dependencies reduced the
number of sequences of physical signifi~-
cance to approximately 650. The use of
probability discrimination techniques
among accident sequences that would
produce similar radioactive releases
reduced the number of potentially sig-
nificant sequences from 650 to 78.
Fifty-one of these sequences involve the
failure of only a single system or a
single element. In the 27 remaining
sequences, only seven different combina-

tions of two-system failures were
involved. Therefore, of the potential
millions of system-to-system common mode
failures involved in the initially
defined 130,000 potential accident

sequences, only seven potential depend-

encies remained. Thus the event trees
provided the basis for making the
definition of potential common mode

failures amenable to realistic analysis.

The systematic and 1logical elimination
of physically meaningless sequences and
dependencies from the event trees does
much to lay to rest the typical "what if
such-and-such were to happen?" questions
that are generally encountered in the
consideration of potential common mode
failures. If the "what if" question




-

does not fall within the accident
sequences defined in the event tree, it
is not a meaningful guestion and need

not be considered further. Thus the
thought process that considers . the
potential interrelationships among the

very large number of potential failures
at the system and component levels and
concludes that the number of potential
common mode failures is so vast as to be
unmanageable 1is, 1in fact, incorrect
insofar as reactors of the type covered
in this study are concerned. The
discipline imposed by the event tree
logic imparts the understanding that
common mode failures between components
in different systems are of no interest
unless these components appear 1in
systems involved in the same accident
sequence and that common mode failures
between systems are of no interest
unless these systems are involved in the
same accident sequence.

It is the view of the study group that
the development and use of event trees
based on detailed knowledge of the
nuclear power plants and of the engi~
neering principles involved in the
physical processes that could potential-
ly occur in accident situations provided
some of the principal insights gained in
the performance of the overall risk
assessment in WASH-1400.

Several procedures were followed in
developing fault trees that were specif-
jically directed toward the identifica-
tion of potential common mode failures.

These included the construction of the
+trees to meet the criteria and contexts
prescribed by the event trees, the

identification of components common to
multiple systems, the development of the
trees to a detailed 1level to locate

1The symbol P represents probability
follows: 1IE = initiating event; SF =

and the
system failure;

single and common mode failures, and the
inclusion of human error as well as
testing and maintenance contributions.
Finally sensitivity studies were per-
formed to bound potential common mode
contributions; these caused little
change in the fault tree gquantifica-
tions. As indicated earlier, a signifi-
cant contributor to this success was the
treatment of data as random variables
and the propagation of their associated
variabilities throughout the fault tree
and accident sequence quantifications.
Finally, in the two cases where the
probability of failure of systems could
be obtained from field data, it con-

firmed the a priori predictions derived

from the system fault trees.

In regard to the ability to successfully
quantify low-probability events, the
accident sequences derived from the
event trees, when the effects of weather

and population distributions are
considered, can be generally character-
ized as follows:

P = Prp X Pgp X Popy ¥ Pyc X Pppr

that is,

1002 = 1073 x 1072 x 107t x 107% x 2072,

where P1g, Pyc, and Ppp are derived from
measured data and where the only poten-
tial common mode that exists between
Pig X Psr and PCcrM has been defined.
Thus, the total engineering contribution

to the overall probability of the
largest consequences reported in the
study amounts to 103 for the combined

failure probability of a safety system
and the containment.

various subscripts are defined as
CFM = containment failure

modes; WC = weather conditions; PD = population density; CF = component failure,
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Attachment 1

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546

OFFICE OF THE ADMINISTRATOR

JUN 18 1960

Honorable William A. Anders
Chairman

U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Dear Bill:

In accordance with your request, we brought together a group
of Reliability and Safety Management people from both
Headgquarters and from the Johnson Space Center to discuss
the Rasmussen Report on Reactor Safety with members of your
staff. Comparisons were made of techniques used, data bases
available, reliability prediction accuracies versus actual
experience, etc. The discussion produced a set of comments
with which NASA concurs and which we hope will be of value
to you in the preparation of your final draft of the Reactor
Safety Study. These comments are as follows:

1. The fault tree and event tree methodology used in the
Reactor Safety Study is an effective technique and is similar
to safety analysis methodology NASA has used.

2. This methodology is capable of producing numerical
assessments of value in making design decisions if the data
base from which probability of failures is determined has
sufficient accuracy and content.

3. NASA has not been using the numerical assessment
portion of the methodology because our data base is of small
size. This is due to the lack of repetitive missions and
changing hardware configurations. It has always been the
NASA policy to pursue hardware failures until the precise
failure mechanism is fully understood and to take immediate
corrective action to prevent failure recurrence. This cor-
rective action has created significant configuration dif-
ferences from shot to shot even within the small family of
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Attachment 1 (Continued)

vehicles which might be considered repetitive--hence, the
small data base from which to draw failure probability
information.

4., NASA is not in a position to validate the numerical
assessments in the Rasmussen Study because of the extensive
efforts such a validation process would require.

5. NASA recommends that the NRC use the output of the
study for more than just risk assessment., The identified
systems engineering alternatives can be useful in making
trade-off studies on design and operational improvements and
these could be of value.

I understand that further discussions are planned with Quality
Control personnel from both our staffs to exchange experiences
in the inspection area. Please call on us for any further
assistance we might provide.

Sincerely,

w L™

James C. Fletcher
Administrator
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Attachment 2

Headquarters:
UKAEA, Wigshaw Lane, Culcheth,
Warrington,3l.1a2r1:252i;te, WA3 4NE.
SYSTEMS RELIABIU | Y SERVICE we?;grsngr? ATEN '\/Varfington Telex : 62301

A service to industry operated by the United Kingdom Atomic Energy Authority.

Ourref: SRS/POL/5/2 Harwell Section:
AEG/27 B521, AERE. Harwell Didcot, Berkshire.
Your ref: Abingdon 4141, Ext.

Please reply to: Culcheth

Mr Saul Levine

Project Staff Director

Reactor Safety Study

Nuclear Regulatory Commission

Washington DC 20555 28 April 1975

Dear Saul

fihen I visited Washington DC in January, we had a short discussion on the
correlation between predicted reliability characteristics and field experience.

As you are aware we have been associated particularly with land based plant equip-
ment and systems involving electronics, electrical and mechanical items but excluding
structures, We have found that where we have applied gquantatitive reliability
techniques of prediction, for example, for the failure rate of equipment then there
has been reasonable agreement with field experience when it has become known. In the
majority of the cases of this type which we have studied the agreement between the
predicted and practical failure rates has been within a factor of two to one. It has
also been our experience that in assessing the reliability of systems for safety
purposes it has not always been necessary to have precise reliability data to decide
whether or not the system is adequate,

As you know the Systems Reliability Service concerns itself with applying quantified
reliability technigues in cooperation with its Aszociate liembers. For your information,
I enclose in Appendix I a current list of these Associate lieibers, A typical list of
the areas in which reliability assessments have been carried out is also enclosed in
Appendix 1I,

The results of the application of these techniques have been most encouraging and

there is a continuing and expanding demand for this type of quantified assessment,

In addition such assessments are very useful in contributing to certaln aspects of
decision making and for injecting discipline into design analysis, For your information
I give in Appendix III a list of a few references which cover some of the aspects which
I discussed with you.

Initially you may like to lock at Pages 541 to 553 of reference 7 for some overall
discussion, For some 50 system elements which we studied, the ratio of observed failure
rate to predicted failure was between 0,26 and 2.6 (Figure 13.4), The other references
of which I enclose copies should give you a little more specific information.
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Needless to say in the development of any technology such as reliability technology
we are continuously developing and investigating the methods and 1 would be
interested to have your comments,

Yours sincerely

@,/
A E Green

General Manager
National Centre of Systems Reliability

-
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Attachment 2 (Continued)

SYSTEMS RELIABHLI" Y SERVICE

A s0rvios 1o Industry operated by the United Kingdom Atomio Energy Authority

ASSOCIATE MEMBERS

As at  April 1975

Danish Atomio Energy Commisaion
Reactor Division, Oak Illidge National Laboratory, USA
Contral Eleotricity Generating Board
Seourity and Control Division of CNEN, Italy
Civil Aviation Authority
Imperial Chemical Industries Limited
Fast Reactor Design Divioion of CHEN, Italy
Junta de Energia Nuclear, Spain
Atomio Energy Board, South Africa
Commission des Communautes Europeennes, Belgium
AE & CI Limited, South Africa-
Department de Surete Nuoleaire, Cenire d'Etudes Nuoleaires de Saolay, Franoe
DRAI Project, Norway
British Gas Corporation, Newcastle upon Tyne
Forsvarets Teletekniska Laboratorium, Sweden
MOD(N)
Teochnical Research Centre, Finland (TRCF)
South of Scotland Elsctricity Board
European Space Researoh Organisation
Motor Columbus, Switzerland
United States Atomic Energy Commission
Centeo = West Germany
Shell International, The Hague
British Petroleum Company Ltd.
Laporte Industries Limited
NIRA, Genoa, Italy
Pilkington Broa. Ltd.
Nuolear Installations Inspectorate of Department of Bnergy
British Nuclear Fuels Ltd.
The Mining Research and Development Establishment of The National Coal Board
PPG Industries Inc., USA
AJi.Neo (Anealdo Mechanico Nuoleari), Genoa.
Nypro (UK) Limited.
C.As Parsons & Co.Ltd.-
Instituto Eletiroteonioo Nazionale Galileo Ferraris, Turin, Italy
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(Continued)

Nuclear reactors

High pressure die casting machines

Criticality monitoring and alarm systems

Normal and standby electrical supply and distribution systems
Chemical plant automatic protective systems

High pressure relief and protective systems

Electronic and electro~-mechanical logic sequence circuits and systems
Hazardous gas alarm systems

Medical engineering equipment

Plant measurement and control systems

Cooling water systems and thelr associated controls
Investigations of repair and maintenance characteristics
Actuator systems

Fire detection and control systems

‘Emergency electrical generating systems

Marine engine control systems

Chemical plant hazard evaluations

Plant availability studies

Boiler feed systems and sequence control systems

Electronic and control equipment evaluations.
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1.

2.

3.

4.

5.

6.

7.

APPENDIX III

EAMES, A. R. "Reliability Assessment of Protective Systems",
Nuclear Engineering, March 1966,

GRE:N, A. E. "Reliability Prediction", Institute of Mechanical
Engineers, 1969, ¢

BOURWE, A. J. "General Results of an Investigation into the
Reliability of High Pressure Die Casting Machines", S.R.S Generic

Report No, SRS/GR/S.

GREEN, A. E. "A Review of System Reliability Assessment", S.R.S
Generic Report No. SRS/GR/20.

BOURBE, A. J. "Reliability Assessment of Technological Systems",
Institution of Electrical Engineers, 19th October, 1971.

EAMES, A. R, "Principles of Reliabilityfor Nuclear Reactor Control
and Instrumentation Systems", U.K.A.E.A. Report No. SRD Rl,
September 1971,

GREEN, A, E & BOURNE, A. J. ‘'Reliability Technology', Published
by John Wiley & Sons, 1972,
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Attachment

COMPTROLLER GENERAL OF THE UNITED STATES
WASMINGTON, D.C. 20548

B-164105

The Honorable Mike Gravel
United States Senate

Dear Senator Gravel:

This is in reply to the letter of July 31, 1974, signed
by you and Senators Proxmire, Clark, Hart, and Brooke, asking
us to compare reliability predictions for defense and space
programs with actual performance and to provide some guidance
on the value of reliability predictions. Your request was
based on concern over how much confidence could be placed on
reliability predictions for nuclear power reactors, particu-
larly the possibility of catastrophic accidents.

We studied Department of Defense (DOD) and National
Aeronautics and Space Administration (NASA} documents and
other literature relating to reliability predictions, ex-
perience, and estimating methodology. We also interviewead
experts, both within and outside the Government, to ascer-
tain their views on this subject. From this limited study
we conclude that:

1. Although the basic reliability methodology is adapt-
able to Atomic Energy Commission {AEC) projects, DOD
and NASA experience has limited usefulness in judg-
"ing the validity of AEC's reliability predictions,

2. The confidence that can ‘be placed on reliability
predictions is directly related to the extent of
previous testing or use of the same or similar
systems.

3. Most early DOD reliability predictions are goals
set for the contractors or laboratories to achieve
in development and production. Most such goals are
not initially achieved in operations; but equipment
and component modifications, training, and experi-
ence usually result in upward reliability trends
over a period of time.

4. Reliability of major new systems cannot be accu-
rately predicted because of the many .variables--
materials, training, maintenance, and so forth--
that are involved.
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Outlined below are the data we developed on reliability
predictions, actual reliability, and specific systems per-
formance. )

RELIABILITY PREDICTION

Reliabjlity experts are reluctant to make absolute
predictions at the outset of new systems, mainly because so
many variables are as yet unknown or unquantifiable. On the
other hand, if the configuration is one of a well-understood
series or similar to other tried confiqurations, test and
experience data can often be extrapolated with some confi-
dence. NASA and DOD interviewees believe- that thorough test-
ing in the intended operational environment and extensive
experience data are the best guides to predicting reliability.
Predictions are made during development, but these are used
for comparison only--to choose among design alternatives,
candidate components, and so on.

puring development, reliability engineers use predic-
tive models based on component testing. To anticipate the
frequency of rare occurrences, tens of thousands of compo-
nents must be analyzed to establish failure rates and to try
to uncover some of the "unknown unknowns® that beset complex
designs. This procedure can be costly and time consuming
without producing all the answers about how a system will
perform. Even though failure rates may be established
through exhaustive testing, they are often modified by
engineering judgment. For example, a manufacturer's stress
ceiling on a critical component might be halved to temper
the uncertainty of a reliability calculation.

Because of the uncertainties and inherent limitations
in their ability to predict reliabilty, most engineers be-
-lieve that an expressed level of reliability should be a
goal rather than a confident prediction of how a new system
will perform. TReliability goals, in their view, are guides
for analyzing designs, selecting and testing critical compo-~
nents, providing for redundancies, choosing backup parts,
and deciding on failure-avoidance measures.

Some officials look on contract-specified reliability
figures as optimistic possibilities rather than supportable
figures. One official termed contract-scvecified reliabpil-
1ty numbers as “"window dressing.” Another expert said that
accurate predictions may be unpopular or politically unaccept-
able. A recent Air Force report states that:

2
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"%+ ® ® yhere a manufacturer is interested in
having his equipment look good he can, and will,
select some of the more optimistic data he can
find or generate, to use in his reliability
predictions. Thus reliability predictions, for
several reasons, tend to be generally optimistic
by a factor of two to six, but sometimes for sub-
stantially greater factors.”

ACTUAL RELIABILITY

Actual reliability in operations is affected by many
variables. For example, changes in humidity, temperature,
vibration, and shock cause problems in electronic systems,
Human error, "wear-out," shipping, handling, and various
maintenance practices are other causes of system failure.
(NASA found that an intensive “"people motivation" program
improved overall reliability.)

Many problems are due to design "unknowns®” not predict-
able or quantifiable during development. For example, one
NASA official told us that six redundant components had
failed on one system. If such a contingency could have
been anticipated, the design would have been changed or
further redundancy or backup parts added.

Reporting of actual reliability data is sometimes in-
adeguate so that predictions versus achieved performance
for systems and subsystems can be misleading. A recent
Defense Advance Research Projects Agency report stated
about defense systems:

"There is no routine field-reliability reporting
system in DOD that can provide meaningful feed-
back to producer commands and to manufacturers

on the field reliability of electronic subsystems.
Existing maintenance data collection systems ® * *
do not perform this function adequately. Moreover,
there is considerable confusion in the terms used
to describe reliability * ® *, Thus field infor-
matior is ambiquous at best."

NASA, on the other hand, with its "one shot" systems
gets quick notice of failures, although the causes may not
be readily ascertainable.
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MAJOR SYSTEMS RELIABILITY DATA

The information on reliability of various defense and
space systems shown below was developed by DOD, NASA, and
other sources. We did not verify their accuracy, nor did we
attempt to define what was meant by system reliability in
each case. The data, therefore, is useful only for compar-
ing initial estimates with later experience--system by system.

Selected Acquisition Reports (SARs)

These documents are published periodically by DOD to
report technical schedules and cost information on certain
major weapon systems. Nomenclature in the SARs varies; for
example, the criteria for missile system performance are
variously "system reliability,” “in-flight reliability,”
*preflight reliability," "developmental prototype reliabil-
ity," or '"production prototype reliability." They are seldom
defined. Combat reliability, which is usually a fraction of
laboratory or test range levels, is not shown.
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Blectronic subsystems

Electronic subsystems apparently present the most
reliability problems. A recent Defense Science Board re-
port presented the following data on the specified versus
actual mean time between failures (MTBF) (hours) of aircraft
radar subsystems.

Specified Achieved
MTBF MTBF
Alrcraft (note a) (note a)
P-4B 10 _ 4
A-6A 75 8
F-4C 10 9
F-111 A/E 140 35
F-4D 10 10
A-7 A/B 90 30
A-7 D/E 250 12
F-4E 18 10
F-111D 193 less than 1
F-4J 20 5

a/ Approximate figures.

NASA systems

NASA experts believe that "absolute" reliability numbers
are misleading and that the time required to develop them is
better spent on critical-component reliability analyses. It
does make predictions during development to compare design
alternatives and to evaluate components. NASA's reliability
experience to 1974 can best be illustrated by its history of
launch successes, which average about 85 percent. Only in
small samplings, it will be -noted, is 100-percent reliability
achieved.
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NASA Launch Vehicle Performance
Success
Vehicle Total Successes percentage

Mercury Blue Scout -1 0 0
Juno II 10 4 40
Jupiter C 1 0 0
Thor-Able 5 3 60
vanguard 4 1 25
Atlas-Able 3 0 0
Atlas 11 9 82
Thor 2 2 100
Little Joe 7 7 100
Little Joe 1I 5 4 80
Scout X 1 0 0
Scout 57 51 89
Redstone 5 5 100
Thor-Delta 99 90 91
Thor-Agena 13 12 92
Atlas-Agena 26 20 77
Atlas-Centauer 32 26 81
Saturn I 10 10 100
Titan II 12 12 100
Atlas X-259 2 2 100
Gemini (Atlas-

Agena Target) 6 4 67
Saturn IB 8 8 100
Saturn V A3 A2 92

Total 333 282 85

As far as we could learn during this brief review, DOD
and NASA officials can offer little guidance as to how very
rare failures or catastrophic accidents to systems can be
anticipated, avoided, or predicted. Failure rates for most
engineered systems cover a very wide range. According to
several reliability experts, simple mechanisms (ordnance
fuzes) or systems liable to incur human losses have failure
rates of 1 in 1,000 to 1 in 100,000 occurrences,

NASA goes to extraordinary lengths--reliability cost
is hardly an object--to prevent disasters in manned space
vehicles and has the singular advantage of vehicle occupants
prepared to make onboard repairs. Still, three astronauts
were lost in one vehicle., The Soviets suffered similar losses

6

-197-




Attachment 3 (Continued)

B-164105

in other attempts. No one can tell if and when such cata-
strophic failures will be repeated.

If you have any further questions on these matters, we
shall be glad to discuss them with you and your staff,

-»

Sincerely yours,
. 24

Doie (7]

Comptroller General
of the United States
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