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Section 1 1 

G3 Mroduction 

.= 

9 The Reactor Safety Study was sponsore 
by the U. S. Atom$c' Energy Commission 
to estimate- the public risks that-.could 
be involved in potential accidents in 
commercial nuclear power plants of the 
type now in use. It was performed under 
the' independent direction of Professor 
Norman C. Rasmussen of the Massachusetts 
Institute of Technology. The risks had 
to be estimated, -rather %hag measured, 
because although there are about,50 such 
plants now operating, there ha,ve*been no 
nuc,lear accidents to date resulting in 
sighificant releases-of radioactivity in 
U . S .  commercial nuclear power plants. 
Many of the methods used to develop 
these estimates are based on those that 
were developed by the Department of 
Defense and the National Aeronautics and 
Space Administration in the last 10 
years and are coming into increasing 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 nonynuclear risks to which our 
society and-its, individuals are already 
exposed. This information# may be of 
help in determi<ning 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- 

8 nuclear accidents.-, Thejconsequences 
-.are predicted to be smaller than 
people have been led to -believe. by 

. previous -studies which deliberately 
- maximized estimates of th-ese conse- . quences. 

_ .  , -. 1 ( 1  
. .  

$ 1  .I: * 

. '. I 1 '  - ,  I .  

I ,_  - -  
. 1 I ' . i  _ _  
?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. 

and Results 

b. The likelihood of reactor accidents 
is much smaller than that of many 
non-nuclear accidents having similar 
consequences. All non-nuclear acci- 
dents examined in this study, in- 
cluding fires, explosions, toxic 
chemical releases, dam failures, 
airplane crashes, earthquakes, 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 less likely to 
cause comparable large dollar value 
accidents than other sources. Prop- 

' . - ; ! ' . . ; *  . . . .  ':: 

. I  

'The. fatalities shown in Fi-gs. 1-1 and 
1-2 for the 100 nuclear, -plants are 
those that would be predicted to occur 
within a short period of time after the 
,potential reactor accident. +-This was 
done to provide a consi,stent comparison 
to the nonynuclear events which also 
cause fatalities in the same time 
frame. As in potential: nuclear acci- 
dents, there also exist possibilities 
for injuries and longer,.$teg health 
'effects from non-nuclear -accidents. 
Data or predictions of this type are 
not available €or non-nuclear events 
and so comparisons cannot easily be 
made. 

-1- 
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. FIGURE i,i . Frequency of 'Fatalities: due' to'kan- 
Caus.ed Events , ,  
. . .  

i .. a , . . .  . 
Notei:' 1. Fatalities d j e  to auto accidents are ndt shown &cause data are 

not'available. Au to  accidents cauk'about 50,000 fatalities per year. 

represented by factors o f  114 and 4 on consequence magnitudes and 
by factors o f  115 and 5 d n  probabiliiies. 

3. For natural and man caused occurrences the uncertainty i n  prob- 
ability o f  largest recorded consequence magnitude IS estimated to be 
represented by  factors of 1/20 and 5. Smaller magnitudes have less 

. I ' , P.,'Approximate uncertainties for  nuclear events are estimated t o  be 

' 

. r ;  
. .  . ~ . ,  . . . uncertainty. ' . '.: I . 

a -  . :  ' ! : . .  . .  .. . , ,.. 
L . .  . "  . . . : - . 2  , . .  

e r t y  ;damage i s  ' a s s o c i a t e d  with t h r e e  
i -*' ~ teffec%s: 

1. t h e  c o s t  f r e l o c a t i n g  people 
away from contaminated a r e a s ,  

2 . r  t h e  decontamination of land t o  
+* 

- J - I  

. 3 .: t h e  7 c o s t  'of ensu r ing  t h a t  people 
,' exposed". t o  p o t e n t i a l  

of  YSdioactiviCy i n  food 
. c.. r s u p p l i e s .  I 

I n  addi'fion to, t h e  'overal'l r i s k  inform&- 
t i o n - i n  Figs.' 1-1 throuGh r-3, it is 
u s e f u l  t b  conskder- t he ' ' r i sk  t o  individu-  
a l s  of being f a t a l l y  i n j u r e d  by v a r i o u s  
types  of acciiderits .+ The 'Bulk of - t h e  ,in'- 
foimation shown 'in' Table 1-1 is + talken 
from th6  1973 ‘Statistical ?Abstracts  )of 
t h e  U.S. and a p p l i e s  t o  t h e  yea r  1969, 

- 1  2 ,  - 5  _. 

. '- .,- ,:*,  ..( I: '.,"> 
- . . 4  . .. 10 I I I , 1 

.,. -, . ' 3 .  

.. . 

: i 

..? 1. 

. ,  
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Fa ta l  it ies 

FIGURE 1-2 Frequency of Fatalities due' to Natural 
:Events I , :  ' : - 1  

-, ( r  i i  

Notes ,-1, For natural and man caus urrences the uncg tamty  m prob . 
1 ability o f  largest recorded consequence magnitude IS emmated to 

be represented by  factors o f  1/20 and 5 Smaller.6agnitudes have 

$ 8  
..less uncertainty , - 

8 ~ 2 Approximate uncertalntles for  nuclear events are estimated to be 
reprerentid by  factors o f  114 and 4 O n  consequence magnltuder 

' ,7 and by factor;of 115 and 5 on p robab l l l tm  ' 

t h e  l a t e s t  y e a r  f o r  which t h e s e  d a t a  
w e r e  t a b u l a t e d  when t h i s  s tudy  w a s  
performed. The . p r e d i c t e d  nuc lea r  
acc iden t  r i s k s  a r e  very smahl compared 
t o  o t h e r  p o s s i b l e .  causes  of f a t a l  
i n j u r i e s .  

I n  a d d i t i o n  t o  f a t a  t i e s  and. p rope r ty  
damage, a numb-er of  o t h e r . h e a l t h \ e f f e c t s  
could be caused dby-  nuc lea r  acc iden t s .  
These i n c l u d e  i n j u r i e s  -and 4 Zong-term 

f e c t s  :sucE-as cancers';: g e n e t i c  
and t h y r o i d  gland illness. The 

e a r l y  ' i l l n e s s  expected i n  p o t e n t i a l  . ac- 
cide'nts would be abouf -10 t i m e s  a s  I r a r g e  
as t h e  f a t a l i t i e s  shown i n  Figs;, l--C and 
1-2 ;  f o r  comparison t h e r e  are 8 m i l l i o n  
i n j u r i e s  caused annua l ly  by o t h e r  acc i -  
den t s .  The number of  cases  of g e n e t i c  
e f f e c t s  and long-term ance r  f a t a l i t i e s  
i s  p r e d i c t e d  t o  be s m a l l e r  + - than t h e  
normal incidence1 ra te  \:os - these  d i s e a s e s .  
Even f o r  a largeiiacciden'f, the ,  sma.11 in -  
creases 'h  t h e s e ' d i s e a s e s  would be d i f -  
f i c u l t  t o .  detectL'from t h e  'normal, i n c i -  
dence r a t e .  4 .  

, 6 : ~. 

* i  .- 
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FIGUREI-3 Frequency of Property Damage due to 
i .I Natural and Man-Caused Events 

Nates 1.  Property damage due to auto accidents i s  not included because data 
are not available for low probability events. Auto accidents cause 
about 515 billion damage each year. 

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

3. For natural and man caured 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. 

Property Damage (Dollars) 

TABLE 1-1 AVERAGE RISK OF FATALITY BY VARIOUS CAUSES 

I n d i v i d u a l  Chance 
Accident  Type T o t a l  N u m b e r  p e r  Year 

Motor Vehicle  55 , 791 1 i n  4 , 0 0 0  
F a l l s  1 7  , 827 1 i n  1 0 , 0 0 0  
F i r e s  and H o t  Substances 7,451 1 i n  25,000 
Drowning 6 , 181 1 i n  3 0 , 0 0 0  
Firearms 2 , 309 1 i n  100,000 
A i r  T r a v e l  1,778 1 i n  1 0 0 , 0 0 0  
F a l l i n g  Objects 1 , 2 7 1  1 i n  1 6 0 , 0 0 0  
E l e c t r o c u t i o n  1,148 1 i n  1 6 0 , 0 0 0  
Lightn ing  1 6 0  1 i n  2 , 0 0 0 , 0 0 0  
Tornadoes 9 1  1 i n  2 , 5 0 0 , 0 0 0  
Hurr icanes 93 1 i n  2 , 5 0 0 , 0 0 0  
A l l  Accidents  111,992 1 i n  1 , 6 0 0  
Nuclear Reactor Accidents  
(100 p l a n t s )  - 1 i n  5 , 0 0 0 , 0 0 0 , 0 0 0  

Thyroid i l l n e s s e s  t h a t  might r e s u l t  from 
a l a r g e  a c c i d e n t  are mainly t h e  forma- 
t i o n  of nodules  on t h e  t h y r o i d  gland; 
t h e s e  can be treated by medical proce- 
dures  and r a r e l y  lead t o  ser ious  conse- 
quences. For  m o s t  a c c i d e n t s ,  t h e  number 
of nodules caused would be s m a l l  com- 
pared t o  t h e i r  normal inc idence  rate.  
The number t h a t  might be produced i n  
very u n l i k e l y  accidents would be about  
equal t o  t h e i r  normal occurrence  i n  t h e  
exposed populat ion.  These would be 

observed dur ing  a per iod  of 1 0  t o  4 0  
y e a r s  fo l lowing  t h e  a c c i d e n t .  

While t h e  s tudy  h a s  presented  t h e  esti-  
mated r i s k s  from n u c l e a r  power p l a n t  
a c c i d e n t s  and compared them wi th  o t h e r  
r i s k s  t h a t  e x i s t  i n  o u r  s o c i e t y ,  it has 
made no judgment on t h e  a c c e p t a b i l i t y  of 
n u c l e a r  r i s k s .  The judgment as t o  what 
l eve l  of  r i s k  i s  a c c e p t a b l e  should be 
made by a broader  segment of  s o c i e t y  
than t h a t  involved i n  t h i s  s tudy.  

-3- 
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, Section 2 I /  

* -  I 

Questions and Answers About the Study . .  

This  s e c t i o n  o f  t h e  summary p r e s e n t s  which i s  needed both t o  cool t h e  f u e l  
more information about  t h e  d e t a i l s  of and t o  maintain t h e  f i s s i o n  cha in  
t h e  study. t han  w a s  covered i n  t h e  in t ro - '  r e a c t i o n .  
duct ion.  I t  i s  p resen ted  i n  q u e s t i o n  
and answer format f o r  ease of r e fe rence .  The- h e a t  r e l e a s e d  i n  t h e  uranium by t h e  

I 1  f i s s i o n  process  h e a t s  t h e  w a t e r  and 
2 .1  WHO D I D  THIS .STUDY AND HOW MUCH I' - forms steam; t h e  steam t u r n s  a t u r b i n e  

EFFORT WAS INVOLVED? t o  generate-  e l e c t r i c i t y .  S i m i l a r l y ,  
I .  c o a l  aiid o i l  p l a n t s  g e n e r a t e  e l e c t r i c i t y  

The s tudy  w a s  done p r i n c i p a l l y  a t  t h e  using- f o s s i l  f u e l  t o  b o i l  water. 
Atomic:Energy-Commission headquar t e r s  by - 
a J g r o u p  of  s c i e n t i s t s  and eng inee r s  who Today's nuc lea r  power p l a n t s  are ve ry  
had t h e  s k i l l s  needed t o  c a r r y  o u t  t h e  l a r g e .  ' A  t y p i c a l  p l a n t  has  an electri-  
s t u d y ' s  t a sks .  They came- from a va r i e ty !  cal  c a p a c i t y  of 1 , 0 0 0 , 0 0 0  k i l o w a t t s ,  o r  
of o r g a n i z a t i o n s ,  i nc lud ing  t h e  AEC, t h e  1 , 0 0 0  megawatts. Th i s  i s  enough elec- 
n a t i o n a l  laboratories, p r i v a t e  l abora to -  t r i c i t y  f o r  a c i t y  of about  f i v e  hundred 
ries, and u n i v e r s i t i e s .  ,About 1 0  people  thousand people.- 
w e r e  AEC employees. The Director of t h e  
s tudy  d w a s  P ro fes so r  Norman C. Rasmussen 2.3 CAN A NUCLEAR POWER PLANT EXPLODE 

of t h e  Massachusetts I n s t i t u t e  of Tech- 
nology, who served as an AEC c o n s u l t a n t  No. * I t  i s  impossible  f o r  nuc lea r  power 
du r ing  .the course of t h e  study. -The p l a n t s ' t o  explode l i k e  a nuc lea r  weapon. 
S t a f  E Director:  who had t h e  day-to-day The l a w s  of  physics  do not  permit  t h i s  
r e s p o n s i b i l i t y  f o r  the". p r o j e c t  w a s .  because t h e  f u e l  c o n t a i n s  on ly  a smakl 
Mr. Saul. Levine of t h e  AEC. The s tudy  f r a c f i o n  (3-5%) o f '  t h e  s p e c i a l  t ype  of 
w a s  ' s t a r t e d  i n  t h e  summer of 1972  ,and u r a n i m -  ( c a l l e d  uranium-235) t h a t  must  
took t h r e e  y e a r s  t o  complete. A t o t a l  be used i n  weapons. 
of 80 people , .  v a r i o u s  c o n s u l t a n t s ,  70  
man-years of e f f o r t ,  and about f o u r  mi-1- 
l i o n  d o l l a r s  w e r e  involved.  2 . 4  HOW I S  R I S K  DEFINED? 

2.2 WHAT K I N D  OF NUCLEAR POWER PLANTS The i d e a  of r i s k  invo lves  both t h e  l i k e -  
ARE COVERED BY THE STUDY? l ihood and consequences of an even t .  

Thus, t o  estimate t h e  r i s k  .involved i n  
The s tudy  cons ide red  l a r g e  power reac- d r i v i n g  an automobile,  one would need t o  
t o r s  of t h e  p r e s s u r i z e d  w a t e r  and boi l ;  know t h e  l i k e l i h o o d  of an a c c i d e n t  i n  
ing  water type being used i n  t h e  U.S. which,.  f o r  example, an i n d i v i d u a l  could 
t6day. Reactors  of t he  p r e s e n t  .genera- be 1) i n j u r e d  o r  2 )  k i l l e d .  Thus t h e r e  

'are all-  water cooled,  $id t h e r e f o r e  a r e .  two d i f f e r e n t  consequences, i n j u r y  
s tudy  41 imi t ed  i t s e l f  -to t h i s '  type.  o r  f a t a l i t y ,  .each wi th  i t s  own l i k e l i -  

Although high temperature gas  ,cooled and hood. For  i n j u r y ,  an i n d i v i d u a l ' s  
l i h u i d  metal f a s t  b reede r  r e a c t o r  de- chance p e r  year  i s  about  onel in  130 and 

n s  * are now under develodment , reac- f o r  f a t a l i t y ,  :c-it i s  about one i n  4000. 
tprs' of: . t h i ' s  type 'are not' 'expected t o  This  type of d a t a  concerns t h e  r i s k  t o  
ha+e"&ny s i g n i f i c a n t  r o l e  i n  U.'S. i n d i v i d u a l s  and can a f f e c t  a t t i t u d e s  and 
t r i y ;  power production'  i n  t h i s  decade; hab5ts  t h a t  i n d i v i d u a l s  h a v e ,  -toward 

of t h e  Department of  N u c l e a r  Engineering LIKE AN ATOM BOMB? 9 .  

5 < -  7 

elec- 

d r i v i n g  : .. 
k : -  

thus ' they we're_ 3 .  n o t  considered!' _ .  . 
Nuclear power p l a n t s  produce e l e c t r i c i t y  
by t h e  f i s s i o n i n g  ( o r  s p l i t t i n g )  of  
uraniuq'atoms. The nuc lea r  r e a c t o r  f u e 1 -  
i n  *which t h e  uranium atoms f i s s i o n  i s  i n  
a laTge' s teel '  v e s s e l .  The reactor f u e l  
c o n s i s t s  of about 100  tons:  of uranium. 
The '-uranium ' 'is insi .de- metal rods about  
.1:;/2 i nch  i n  diameter  and about  1 2  f e e t  
long. .'These rods are formed i n t o  < f u e l  
bundles o f d a b o u t  50-200 rods each. Each 
l e a c t o r  c o n t a i n s  s e v e r a l  hundred bun- 
d l e s .  The v e s s e l  is f i l l e d  with water,  

-5- 

However, from an o v e r a l l - s o c i e t a l  view- 
p o i n t ,  d i f f e r e n t  t y p e s  o f  d a t a  are of 
i n t e r e s t .  Here, 1.5 - . m i l l i o n . ,  i n j u r i e s  
per year ,  and 55,0OO-,fatali t ies p e r  year  
due t o  automobile , a c c i d e n t s .  Fepresent  
t h e  kind o f - i n f o r m a t i o n - t h a t  might be of  
use i n  making d e c i s i o n s  on highway and 
au tomobi l e - sa fe ty .  _ & -  - 

The same type of l o g i c  a p p l i e s  to  reac- 
t o r s .  From t h e  viewpoint  of a person 
l i v i n g  i n  t h e  g e n e r a l  v i c i n i t y  of a 



i n  any one year i n  a r e a c t o r  a c c i d e n t  i s  
one chance i n  5 b i l l i o n ,  and t h e  l i k e l i -  
hood of being in]  ured i n  ,f anyi'one year  . i n  
a r e a c t o r  a c c i d e n t  i s  one chance i n  
75 ,000 ,000 .  

r e a c t o r ,  t h e  l i k e l i h o o d  of being k i l l e d '  L . i - .  - , t i a l  r a d i o a c t i v e  r e l e a s e s  might occur 
- a n d  has  i d e n t i f i e d  those t h a t  determine /7 

t h e  r i s k s .  This  involved d e f i n i n g  t h e  
>-:'ways . i n  which the. ,fuel i n  the  core  could 

m e l t  and t h e  ways i n  which systems t o  
c o n t r o l  t h e  release of r a d i o a c t i v i t y  
could f a i l .  

~ 

Y '  I<,..+ l ~ : . A :  r ' .  . i - ' G  , 
2.5 WHAT:CAUSES THE'RISKS ASSOCIATED ?,;,. 

WITH NUCLEAR POWER PLANT ACCIDENTS?: 

The r i s k s  from nuc lea r  power planits,, api7 

due t o  the  r a d i o a c t  he; 
f i s s i o n ,  process,. on: 

amounts o f :  t h i s  ,rad:ipactivity n- 
t r o l l e d  cond i t ions .  I I n  , the* -,ev$nt :;of 
h igh ly  u n l i k e l y  a c c i d e n t s ,  l a r g e r  
amounts:of r a d i o a c t i v i t y  cou l  
l ea sed -  1 r and Id1 c a u s e ,  s i g n i f i k a n t  
r isks. ,  c .+,-* 

nuc lea r  power p l a  t.9 

, , 1; * J i .1*1' i'' 1 
, * - ,  . 

The fragments ,,of, t h e  +uranium- +tom t h a t  
remain a f t e r  it f i s s i o n s .  . are radigac-  
t i v e  . These r a d i o a c t i v e  atoms are 
c a l l e d ,  f4 s s ionL  products .  They d i s i n t e 7  
g r a t e  f u r t h e r  with the. release of 
nuc lea r  r a d i a t i o n s .  Many of them decay 
away :qu ick ly ,  i n  a matter of minutes 0-r, 
hours  , t o  non-radioact ive fbrrns .. O t h e r s  
decay 5 away more . s lowly  and, r e q u i r e '  
months,, and i n  a few c a s e s ,  many ye-a-r-sy 
t o  decay. The f i s s i o n  p roduc t s  a_ccumu-t 
l a t i n g  i n  t h e  f u e l  ,. rods.T( i nc lude  

gases  l i k e  krypton and xenon, and s o l i d s  
l i k e  cesium and s t ront ium. 

4 " < c  * , 
2.6 HOW CAN RADIOACTIVITY BE RELEASED? 

The = \ on ly  way - t h a t  pot-entiaply ' l a r g e  
&mounts of r a d i o a c t i v i t y  could be re- 
l eased l ,  i s '  by me l t ing  ' t he  fue1, in  t h e  
r e a c t o E ' c o r e .  The f u e l  t h a t  i s  removed 
from a -  r e a c t o r  a f t e r  use and s t o r e d  a t  
f h e ' p l a n t  s i t e  a l s o  1 c o n t a i n s  consider-  
a b l e  amounts o f " r a d i o a c t i v i t y .  However, 
a c c i d e n t a l  rele'ases from' such used f u e l  
w e r e  found - t o  be q u i t e  u n l i k e l y - a n d  
small 'compared t o  p o t e n t i a l  releases of 
r a d i o a c t i v i t y  from t h e  f i n  t h e  reac- 
t o r  core.  

T h e ' s a f e t y  des ign  df r e a c t o r s  i nc ludes  a 
series of systems t o  p reven t  t h e '  over- 
hea t ing  of f u e l  and t o  c o n t r o l  p o t e n t i a l  

r a d i o a c t i v i t y  from i the  f u e l .  
p o t e n t i a l  a c c i d e n t a l  release 

of  r a d i o a c t i v i t y  _ -  t o - t h e  >environment t o  
occur ,  - t h e r e  Jmust be' a series of sequen- 
t i a l  failures'that-woul'd'cause t h e  , f u e l  
t o  ove rhea t  and-?reIease i t s  1 r a d i o a c t i v i -  
t y .  There would a l s o  have t o  be f a i l -  
u r e s  i n  t h e  systems designed to.remove 
and con ta in  the  r a d i o a c t i v i t y .  

The sfudy has  'examined a very l a r g e  num' 
be r  of p o t e n t i a l  pa ths  by which poten' 

gases and s o l i d s .  Included are i i 

- .  - - 8 -  

. .  I ,  

- ,  1 f t .  

. , -  

. I  &.I i ,  - 3 -  7. I f ' ) ' .  . 
' r ,  1 ,- J ,(, -. - < t  ' , , ? .  

2.7: HOWdMIGHT A CORE MELT ACCIDENT 
- .  

OCCUR?$ L , r l l ,  

It i s  s i g n i f i c a n t  t h a t  some 200  
r eac to r -yea r s  of  commercialrFoperati  
r e a c t o r s  of t h e  type considered-  , i n  
r e p o r t  t h e r e  have been no flAel m e  
acc iden t s .  To m e l t -  the.- fue l ,  r e q u i r e s  a 
f a i l u r e  i n -  $ t h e  cooling. system o r >  t h e  
occur rence .  of: a heat1 imbalance *r, that  
would al low r t h e  f u e l -  t o  h e a t  up- t o  i t s f  
m e l t i n g t p o i n t  o u t  5,00O0F. ,: ' 

To, those'  unf 
i s t i c s _ o f . r e a c t o r s ,  it might :seem t h a t  
a l l  t h a t  i s  r e q u i r e d  . t o  prevent  fluel- 
from ove rhea t ing  i s ' a  system t o  promptly 
s t o p , '  o r  s h u t  down, t h e  f i s s i o n  p rocess .  
a t .  t h e  f i r s t  's ign of t r o u b l e .  A1,though.l 
reactors-: have j such s y s t e m s ,  t hey  alone 
are n o t  enough s i n c e  I $ the i ,  r a d i o a c t i v e .  
decay ' of 3 f i s s i o n  fragments i n  the rfuel 
con t inues  t o  gene ra t e .  h e a t  .(caliled .decay 
hea t ) '  ! t h a t  m u s t  I be removed even a f t e r  
t h e  < f i s s i o n  process  s tops .  . Thus,r redun-. 
d a n t  decay h e a t  removal systems:are a l s o  
provided i i n  r e a c t o r s .  I n  a d d i t i o n , :  
emergency c o r e  coo l ing  systems -(ECCS)l 
a r e  provided t o  cope wi th  a series of  
p o t e n t i a l  b u t  u n l i k e l y  a c c i d e n t s ,  caused 
by r u p t u r e s  An, and loss of. c o o l a n t  
from, t h e  normal coo l ing  system. 

The Reactor Sa fe ty  Study h a s  de f ined  GW) 
broad types  of s i t u a t i o n s  t h a t  might p 
t e n t i a l l y  l ead  t o  a melt ing o f .  t h e  r e a  
t o r  co re :  t h e  loss-of-coolant,accident 
(LOCA) and t r > a n s i e n t s .  I n  t h e  e v e n t .  o f  
a po ten t , i a l  loss of c o o l a n t ,  t h e  n o v a 1  

ter, would be: % l o s t  from , , the 
ystems and c o r e  mel*ting would 
ed by ,the use of t h e ,  eme,rgenEy 

core coo l ipg  system (ECCS) . Howeye5, 
mel t ing could occur  i n  a loss of cookant 
i f  t h e  ECCS were t o  f a i l  t o  ope ra t e .  

7 . e-* e l  : I ?  - * -  5' 

. -  v .& (~ < .  T "  r -  

* > & <  2 8 

t . .  
,< ,+ 

The term " t r a n s i e n t "  r e f e r s  t o ,  an 
of ,'a number of c o n d i t i o n s  whichdcould 
o c c u r . i n  a p l a n t  and would, r e q u i r e  ; t h e  
r e a c t o r .  t o ,  b e .  s h u t  down. -Following 
shutdown,<the decay h e a t  removal systems 
would o p e r a t e  to -  keep ,, , t h e  . core-  from 
overheat ing.  C e r t a i n  I f a i l u s e s - . i n  e i ther  
t h e  shutdown Y o r  t h e  ,decay. h e a t  remoya: 
sys,tems .also have - t h e  p o t e n t i a l  to,,cau_sg 
me l t ing  o f , t h e  core ."  - 1  . - 5 :  *: ' , L f j  
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2.8 WHAT' FEATURES ' A h  PROgIDED I N  " 

WACTORS TO COPE WITH :A C O V  ,MELT 
ACCIDENT? . 3 2 ,  L 

1 1  

Nuclear power p l a n t s  hav'e' numerpus sys-' - 
d t o  p r e v e n t '  -core ' melt ing.  
' there.  are; inherent:  p h y s i c a l  

d addi"t ipa1 ' -  fea$ur&s.  t h a t  
ay t o  'repave' 'and' conta'in t h e  

r a d i o T c t i v i t y  r e l e a s e d  om t h e  'molten 
fuel-  should core, m e 1  ng occur.  A l -  

gh" there are * _  f e a t  s provided t o  
t h e  c o n t a i y e n t  b u i l d i n g  from- being 

d F a g e d  f o r  some - t i m e -  a f t e r  t h e  core- ' 
m e l . t s , ,  t h e  containment would u l t i m a t e l y  
f a i l ,  caus ing  a Tele'ase ' o f  r a d i o a k t i v i -  

3 ., 
ty;. - J f  T 

. .I - , * r * : : ? ? ,  > i -  . 
6 . .  + 

+ .  
I -  

An e s s e n t i a l l y  l e a k t i g h t '  containment 
b u i l d i n g  , is  ,.prpvided t o  , preyent- t h e  - 
i n - i t i a l  d i s p e r s i o n  of t h e  a i r b o r n e  ra: 
d i_oac t iv i ty  in.to t h e  environment. A l -  

e containment would f a i l  in-', 
t h e  c o r e ,  were t o  m e l t ,  u n t i l , :  
, t h e  radioact iv_i tyl  r e l e a s e d  , 

from t h e  fue l ,  would- be depo.sited'by' 
naturalL processes- on t h e  surfaces: ins'ide 
t h e  containment.  :- I?:.: a d d i t i p k ,  p l a n t s  
arbe provided wi th  systems t o  :contain and 
t r a p  +he-. rgdioact- ivi?ty re lea9ed  w i t h i n  
t h e  conta>nment .bui lding.  These systems, 
i n c l u d e  such t h i n g s  as water s p r a y s  and 
pools  t o  wash r a d i o a c t i v i t y  o u t  of t h e  
b u i l d i n g  ._atmosphere- and f i l t e r s  t o  + t r a p .  
r a d i o a c t i v e  -particle.s,  p r  o r  t o  t h e i r ?  ?e-, 
lease. -Since t h e  nco-nt+a nment ,:buildings 
a r e .  made e s s e n - t i a l l y  , l e a k t i g h t , , r ,  th-e 
r a d i o a c t i v i t y  , i s  co+ntai+ned. as tlong as 
t h e  -bui ld ing  remains i n t a c t .  -j Even. . i f  , 
t h e  b u i l d i n g  w e r e  t o  have :s$zabl,e 1-eaks , 7 

large,  ,poun,ts,,o.f t h e  radioa_ct<vity- w,o,uldi 
l i -kely 5 be-; <removed I by t h e  sysdte 

te r - ior ,  -surfac-es of - the  
b u i l d j n g  .by. natura4-process-es.- ~ . 

- - c  L.?, 

Even though t h e  containment b u i l d i n g  
t o  remain i n t a c t  f o r  

wing a core'melt',- even- 

und b'elow: Forlowing 
t h i s ,  much of the' r a d i o a c t i v e  mater ia l  
would %e t rapped  ,i*n t h e  soit:.*howe'ver, a 
s m a l - l '  Bmour?t would' escape t o '  t h e  >*surface 
a i d  be re ledsed .  Almost a l l  'of --the' non- 
gaseous '  SAd'ioactivit? would b$ teapped 
i n  t h e  s o i l .  

ac8cidents  i n  which ,the , containment 
bui'lding would, f a i l  :by ,overpressur iza-  
t i on$  o r  by missiles- *c rea t ed  by t h e  

a c c i d e n t ;  Such a c c i d e n t s  a r e  ,less l i k e -  
l y  ,but could release. a l a r g e r  amount of  
airborn'l? r a d i o a c t i v i t y  and have m o r e .  
s e r i o u s  consequences. The- consequences 
of'tdese less l i k e l y '  a c c i d e n t s  have been 
included i n  t h e  s t u d y ' s  r e s u l t s  shown i n  
Figs.  1-1 through 1L3.- 

2.9 HOW M I G H T  THE LOSS-OF-COOLANT ACCI-  
DENT LEAD TO A CORE MELT? 

Loss of  c o o l a n t  a c c i d e n t s  a r e  p o s t u l a t e d  
t o  r e s u l t  from f a i l u r e s  i n  t h e  normal 
reactor cool ing, ,water  system, and p l a n t s ,  
a reLdes igned  . t o  cope wi th  such f a i l u r e s .  
The water i n  t h e - r e a c t o r  c o o l i n g  systems 
i s  a t , ?  very high p r e s s u r e  (between 50  
t o  100 t i m e s  t h e  p r e s s u r e  i n  a c a r  t i r e )  
and if 'a r u p t u r e  w e r e  t o  :occur  i n  t h e  
p i p e s ,  pumps, v a l v e s ,  o r  v e s s e l s  t h a t  
c o n t a i n  it , then-,a "blowout" would hap- 
pen. : In  t h i s  case : s o m e  of t h e  water  
would f l a s h  t b  steam and 6low o u t  of t h e  
hole .  This  Zrould be s e r i o u s  s i n c e  t h e  
f u e l  could m e l t  i f  a d d i t i o n a l  c o o l i n g  
w e r e  n o t  suppl ied  i n  a r a t h e r  s h o r t  
t i m e .  

< r  

1' 

The loss of  normal c p o l i n g  i n  t h e  e v e n t  
of a LOCA would s t o p  t h e  cha in  r e a c t i o n ,  
so t h a t  t h e  amount of h e a t  produced 
would drop very r a p i d l y  t o  a few p e r c e n t  
of - i t s  o p e r a t i n g  l e v e l .  However, a f t e r  
t h i s  sudden drop  t h e  amount of h e a t  
beingr , produced would decrease  much more 
s lowly and would. be c o n t r o l l e d  by t h e  
decay of t h e  r a d i o a c t i v i t y  i n  khe  f u e l .  
Although t h i s l d e c r e a s e  i n  h e a t  genera- 
t i o n $  i s  h e l p f u l ,  it would n o t i b e  enough 
t o  prevent  t h e  f u e l  from mel t ing  u n l e s s  
a d d i t i o n a l  cool ing  w e r e  suppl ied .  To 
deal w i t h  t h i s  s i t u a t i o n ,  r e a c t o r s  have 
emergency c o r e  cool ing  systems (ECCS) 
whose f u n c t i o n  i s  t o  provide c o o l i n g  f o r  
j u s t  such eve?,ts. Fhes 
pumps, p i p e s ,  v a l v e s ,  and 
which are capable  of d e a l i  
of  v a r i o u s  s i zes .  They a r e  a l s o  

i. : . 

s i v e  f a i l u r e - o f  t h e  l a r g e  p r e s s u r e  ves- 
se l  t h a t  c o n t a i n s  t h e  core .  However, 
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t he  accumulated expe r i ence  with p r e s s u r e  
v e s s e l s  i n d i c a t e s  t h a t  t h e  c h a n c e ,  of 
such a < f a i l u r e  is s m a l l .  I n  f a c t  t h e  
s tudy  found t h a t  t h e + l i k e l i h o o d  ,of pres:, 
sur,e * v e s s e l  fa i lure , -was :so s m a l l  t h a t  it 
d i d  not :contr ibute  , t o  t h e  o v e r a l l , .  ri.+ 
from r e a c t o r  acc iden t s .  - -  

I ,  ’ 
$ 3  

2 .10 HOW MIGHT A REACTOR TRANSIENT LEAD 
I .  

TO A CORE MELT? 
i 

_ I  > t -  I ,  

The tern?’ “ r e a k t o r  t r a n s i e n t ”  r e f e r s  t0”a 
number of even t s  t h a t  r e q u i r e  the’reac- .  
t o r  t o  be shut‘ down. These range,  from 
normal shutdown f o r  such t h i n g s  as re-‘  
f u e l i n g  t o  such unplanned --but ““‘expected 
e v e n t s  loss of power“io t h e  p l a n t  
from theas’ u t i l i t y ’  t r ansmiss ion  l i n e s :  
The r e a c t o r  i s  deskgned t o  cope with 
unplanned t r a n s i e n t s .  by au tomat i ca l ly  
s h u t t i n g  down. Following s h u t d o h  , - 
coo l ing  sys t ems ,  would be ope ra t ed  t o  
remove t h e  h e a t  produced by t h e  radioac-  
t i v i t y  in ‘  t h e  f u e l .  There are s e v e r a l  
d i f f e r e n t  coo l ing  systems capable  of re- 
moving t h i s  h e a t ,  b u t  i f  they a l l  should 
f a i l ,  t h e  h e a t  being produced would be 
s u f f i c i e n t  t o  e v e n t u a l l y  b o i l  away a l l  
t h e  coo l ing  water and m e l t  t h e ; c o r e .  

I n  a d d i t i o n  t o  t h e  above pathway t o  c o r e  
m e l t , :  it i s  also p o s s i b l e  t o  p o s t u l a t e .  
c o r e  m e l t  r e s u l t i n g  from t h e  f a i l u r e  of 
t h e  r e a c t o r  shutdown systems fol lowing,  a 
t r a n s i e n t  event .  I n  t h i s  case it would 
be p o s s i b l e  f o r  t h e  amounts of  h e a t  
gene ra t ed  to  be such t h a t  t h e  a v a i l a b l e  
coo l ing  systems might n o t  cope w i t h  it 
and c o r e  m e l t  could r e s u l t .  

t r .  

2.11 HOW LIKELY IS A CORE MELT 
ACCIDENT? - 

The Reactor S a f e t y  Study c a r e f u l l y  exam- 
ined t h e  v a r i o u s  p a t h s  lead‘i‘ng t o  c o r e  
m e l t .  Using methods developed i n  r e c e n t  
y e a r s  f o r  e s t i m a t i n g  t h e  l i k e l i h o o d  of 
such a c c i d e n t s ,  a p r o b a b i l i t y  of occur- 
rence w a s  detepnined f o r  each core m e l t  
a c c i d e n t  i d e n t i f i e d .  These p r o b a b i l i -  
ties w e r e  combined t o  o b t a i n  t h e  t o t a l  
p r o b a b i l i t y  of me l t ing  the core.  The 
va lue  ob ta ined  was about  onef’ -in 2 0 , 0 0 0  
p e r  r e a c t o r  p e r - y e a r .  With -100 r e a c t o r s  
o p e r a t i n g ,  as is a n t i c i p a t e d  f o r  t h e  
U . S .  by about.  1980,  t h i s  means , t ha t  t h e  
chance f o r  one such accident .  i s  one i n  
200 per” year.  

2.12 WHAT I S  THE-NATURE OF THE HEALTH ‘ 
EFFECTS THAT A CORE MELT ACCIDENT 
MIGHT PRODUCE? - 

‘ 4  

It  is  p o s s i b l e  fo-r a p o t e n t i a l  c o r e  m e l t  
a c c i d e n t  t o  re’lease‘e6ough r a d i o a c t i v i t y  
so t h a t  ,some f a t a l i t i e s ’  might occur 
wi th in  a Ahort - t i m e ‘ $  jabout  one y e a r )  

c i d e n t .  . Other people may be 
a d i a t i o n  , l e v e l s  which: would 

produce obse rvab le  ef fec.ts which would 
r e q u i r e  medical a t t e n t i o n  bu t  frpm whjch 
theyt  would recover!. In  a d d i t i o n ,  somf? 
people niay receiv’e‘+even lower exposures ,  
which would produce no, n o t i c e a b l e  e f -  
f e c t s  b u t  might i n c r e a s e  t h e  , i n c i d e n c e  
of  c e r t a i n  d i s e a s e s  over  a per iod‘  of  
many years .  The observable  e f f e c t s  
which occur s h o r t l y  a f t e r  t h e  a c c i d e n t  
are c a l l e d  e a r l y ,  o r  a c u t e ,  effects.  

The d e l a y e d , ‘ o r  latent‘ ,  e f f e c t s  of r a d i -  -J 

a t i o n  exposure’could cause some i n c r e a s e  
i n  t h e  i n c i d e n c e ’  of d i s e a s e s  such’as  
cance r ,  g e n e t i c  e f f e c t s ,  ’and t h y r o i d  
gland i l l n e s s e s  ‘in t h e  exposed popula- 2 

t i o n .  I? g e n e r a l  ” these e f f e c t s  would 
appear a s  an’ i n c r e a s e ’  i n  t h e s e  dilseases 
over  a 10-- to  50 year  pe r iod  fol lowing 
the  exposure. SUCK effects  may be d i f -  
f i c u l t  t o  not ice .  be’cause t h e  i n c r e a s e  is 
expected t o  ‘be  s m a l l  ‘compared t o  t h e  
normal ’incidence rate of t h e s e  d i s e a s e s .  

The‘ -st.udy has e s t ima ted  t h e  inc reased  
inc idence  of p o t e n t i a l l y  ’fatal cance r s  
over  th‘e 50 -years fol lowing an a c c i d e n t .  
The number‘ of l a t e n t  ’ .cancer  f a t a l i t i e s  
arre p r e d i c t e d  t o  be r e l a t i v e l y  s m a l l  
compared t o  t h e i r  normal incidence.  
Thyroid i l l n e s s  r e f e r s  mainly t o  . s m a l l  
lumps, o r  nodules ,  on t h e  t h y r o i d  gland: 
The nodules are t r e a t e d  by’medical pro- 
cedures  t h a t  somet‘imes i n v o l v e ’  s imple 
su rge ry ,  and t h e s e  are u n l i k e l y  t o  l e a d  
t o  s e r i o u s  consequences. Medication may 
a l s o  be needed t o  supplement t h e  gland 
func t ion .  

Radiat ion -is recognized’ as one of t h e  
f a c t o r s ,  - t h a t  can produce g e n e t i c  e f f e c t s  
which _ , a p p e a r  as d e f e c t s  i-n a subseJquent 
gene ra t ion .  From tlie- t o t a l  popu la t ion  
exposure caused bys t h e  acciden, t ,  t h e  
e x p e c t e d - i n c r e a s e  i n  g e n e t i c  e f f e c t s .  i n  
subsequent g e n e r a t i o n s  can be  e s t ima ted .  
These e f fec ts  , a r e a p r e d i c t e d  t o  be 
compared t o  t h e i r  normal - .  i nc idence  rate. 

a r  
, , I  .. 

, .  
. I  

I 

s m a l l ,  

2,13 WHAT A R e  THE MOST LIKELY CONSE- 
QUENCES OF A CORE MELT ACCIDENT? 

1: 

A s  s t a t e d ,  t h e  ‘ p r o b a b i l i t y  of a core’ 
m e l t  a c c i d e n t  i s  on t h e  average one i n  
2O;OOO p e r  r e a c t o r  p e r  year.  The most 
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, , l i k e l y  consequences of such an a c c i d e n t  
are given below., ~ 

1 I [--  , 

MOST LIKELY CONSEQUENCES OF A 
I _ _  CORE MELT ACCIDENT 
I Consequences 
I 

F a t a l i t i e s  <1 
t 

, In ju r i e s . .  , , <1 
, .. 

Laten t  Fa ta i i t i es  pe r  year  <1 

<1 

<1 

i 

I Genet ic  Defects  pe r  year  

1 Thyroid Nodules pe r  year  
I 
i ...- . 

<$1,000,000 (a )  - -  
{ Property,tDamage , 

( a ) T h i s  does no t  i nc lude  damage t h a t  
might occur  t o  t h e  p l a n t  o r  c o s t s  f o r  
r e p l a c i n g  the 'power  gene ra t ion  l o s t  _ _ _ _  by such damage. 

2 . 1 4  HOW DOES THE AVERAGE ANNUAL RISK 
FROM NUCLEAR ACCIDENTS COMPARE . 
TO OTHER COMMON RISKS? 

Con-sihe,ring t h e  15- m i l l i o n  people who 
l i v e  w i t h i p  25 miles"of curr ,ent  or- plan- 
ned U.S. reac.tor s j tes ,  and based on 

a c c i a e n t . > r a t e s  i n  t h e  Y.S., t h e  
numbers - of  f a t a l i t i e s  and- i n j u -  

ries expected from va r ious  sou rces  are 
shown i n  t h e  t a b l e  below. 

.-. .- I _ -  

- ANNUAL FATALITIES AND INJURIES 
I EXPECTED AMONG THE 15 MILLION PEOPLE - f  

, - L I V I N G  W I T H I N  25 MILES OF U . S .  8 
+ - -  - REACTOR SITES 

, Acdident Type F a t a l i t i e s  

I 

* ,' 
Automobile 3 ~ 4,200 - 

I F a l l s  1,500 75,000 
1. , .  1 

F i r e  :560 ' 2 2 , 0 0 0  

, E l e c t r o c u t i o n  *' 90 -- . 
I 

i L 

. 8 J '  I 
1 _. . _ L  . - -  - -  L - - -  L ibh tn ing '  I 

. ?  . 20 
t .  ',, * 

'1 

2.15 WHAT"1S THE NUMBER OF 'FATALITIES 
AND-INJURIES EXPECTED A'S, A'RESULT 

' OF A ,CORE MELT. ACCIDEN 

c o r e  m e l t  a c c i d e n t  -is s i m  A 
o t h e r  t ypes  of major a c c i d e n t s  such a s  
f i r e s ,  exp los ions ,  dam f a i l u r e s ,  e tc . ,  

i n  t h a t  a wide range of consequences is 
p o s s i b l e  depending on t h e  e x a c t  condi- 
t i o n s  under which -the a c c i d e n t  - occurs .  
I n  t h e  case of a c o r e  m e l t ,  t h e  conse- 
quences would depend mainly on t h r e e  
f a c t o r s :  t h e  amount o f  r a d i o a c t i v i t y  
releasea: t h e  way it i s  d i s p e r s e d  by t h e  
p r e v a i l i n g  weather c o n d i t i o n s ,  and t h e  
number o f  people exposed t o  t h e  r ad ia -  
t i o n .  With t h e s e  t h r e e  f a c t o r s  known, 
it i s  p o s s i b l e  t o  make a reasonable  
estimate of  t h e  consequences. 

The s tudy c a l c u l a t e d  t h e  h e a l t h  effects  
and t h e  p r o b a b i l i t y  of  occurrence f o r  
1 4 0 , 0 0 0  p o s s i b l e  combinations of radio-  
a c t i v e  release magnitude, weather type,  
and popu la t ion  exposed. The p r o b a b i l i t y  

, of a given release w a s  determined from a 
+. - I c a r e f u l  examination of t h e  p r o b a b i l i t y  

of  v a r i o u s  r e a c t o r  system f a i l u r e s .  The 
p r o b a b i l i t y  o f  va r ious  weather condi- 
t i o n s  w a s  obtained from weather d a t a  
c o l l e c t e d  a t  many r e a c t o r  s i tes .  The 
p r o b a b i l i t y  of va r ious  numbers of people  
being exposed w a s  ob ta ined '  from -U.S. 
census d a t a  f o r  c u r r e n t  and planned U.S.  
r e a c t o r  sites. These thousands of com- 
p u t a t i o n s  w e r e  c a r r i e d  o u t  w i t h  t h e  a i d  
of a l a r g e  d i g i t a l  computer. 

These r e s u l t s  showed t h a t  t h e  p r o b a b i l i -  
t y  of  an a c c i d e n t  r e s u l t i n g  i n  1 0  o r  
m o r e . f a t a 1 i t i e s . i s  p r e d i c t e d  t o  be about  
1 i n  3,000,000 p e r  p l a n t  p e r  year .  The 
p r o b a b i l i t y  of 1 0 0  or  more f a t a l i t i e s  is 
p r e d i c t e d  t o  be about 1 i n  10,000,000, 
and for;1000aor more, 1 i n  100 ,000 ,000 .  
The l a r g e s t - v a l u e  r e p o r t e d  i n  t h e  s tudy  
w a s  3300 f a t a l i t i e s ,  with a p r o b a b i l i t y  
of about one i n  a b i l l i o n .  

The above estimates are de r ived  from a 
consequence model which inc ludes  s t a t i s -  
t i c a l  c a l c u l a t i o n s  t o  d e s c r i b e  evacua- 
t i o n s  o f  people o u t  of the- p a t h  of 
a i r b o r n e  r a d i o a c t i v i t y .  This  evacuat ion 
model w a s  developed f r o m  da t a -  d e s c r i b i n g  
evacua t ions  t h a t  have been . performed 
dur ing  non-nuclear events .  

I f  i ~ i o u p  of 1 0 0  k i m i ' l a g  p l an  
cons ide red ,  then t h e .  chance ' of an acci- 
d e n t  caus ing  10  o r  more f a t a l i t i e s  i s  1 
i n  30,000 pe r  year.  For ,acci-dents  in- 
volving 1000  o r  more f a t a l i t i e s  t h e  
number is 1 i n  1,000,O.OO p e ' r y e a r .  In- 
t e r e s t i n g l y ,  t h i s  va co inc ides  with 
t h e  p r o b a b i l i f y  t h a t  m e t e o r .  would 
s t r i k e  a U.S. I populat ion , c e n t e r  . and 
cause 1000 f a t a l i t i e s . .  , "  1 
The t a b l e  shown below can be used t o  
compare t h e  l i k e l i h o o d  of  a nuc lea r  
a c c i d e n t  t o  non-nuclear a c c i d e n t s  t h a t  
could cause t h e  same consequences. 

.-. 

' '. 

,,-, 
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I , 11 -71 - 1  I t 4  J J  . ,  
These,- ' include man-caused ,as , w e i l .  a s  
n a t u r a l  events .  ,Many of t h e s e  probabi l -  
i t i e s  are obta ined  from h i s t o r i c a l  
r e c o r d s ,  b u t  o t h e r s  a r e  so sma 
such 'event  has  - eve r  been obs 
t h e  l a t t e r  cases- t h e  $ r o b & 2 l i t y '  has 
been c a l c u l a t e d  using techniques ' s imi l& 
t o  those 'used  f o r  t h e  n u c l e a r ' p l a n t .  ! _, 

'1 i I 8 , * ->,  I 

In '  regard  . t o  i n j u r i e s .  ,from p o t e n t i a l  
n u c l e a r  Jpower p l a n t  accidents-;  .+the. num- 
b e r  of i n j u r i e s  t h a t  wouldr require,medi; 
c a l  a t t e n t i o n  s h o r t l y  a f t e r  an a c c i d e n t  
i s  about  1 0  t i m e s  l a r g e r  than  t h e  number 

I 
1 '2.. 

E m ,  HEALTH EFFECTS? . - 2 . u . 3  

* >  1 -  5 1 .  

- t  

2.16  WHATJIS THE MAGNITUDE OF THE LATENT, 

I I- . 
As'%*with t h e  short- term e f f e c t s , +  t h e * i n -  
c idence  '.of " la tent  c a n c e r s ,  t r e a t a b l e  
l a t e n t  t h y r o i d  , i l l nes s ,  and 1 g e n e t i c  
e f f e c t s  would vary  wi th  t h e  exact 

m i l l i o n  oAf* occurr ing .  The t 
shows t h e  normal inc idence  r a t e .  

-8  I . I ,  
< 

1 ,T 

I n  t h e s e  a c c i d e n t s i - o n l y  t h e  i n d u c t i o n  
of. t h y r o i d -  nodules ,  would be observabae; 

710- 

I N C I D E N C E  PER YEAR OF LATENT HEALTH EFFECTS 
FOLLOWING A POTENTIAL .REACTOR ACCIDENT 

H e a i t h .  

(per yea; 

L a t e n t  
Cancers  

Thyroi-d' 
I l l n e s s  

G e n e t i c  
E f f e c t s  

1 

Chance p e r  
Reactor per -  - - 

Yl 

One i 
2 0 , 0 0 0 ~ a ) .  

L 
. <  

One i n  
1,000,000 (a) 

A 170 

1400 

25 

1 . :. ! 

No-rma 1 ( ) 
I n c i d e n c e  

-. ~ Rate . 
i n - ,  

"Exposed 
P o p u l a t i o n  
(per .cyear)  

17, 000" 

8000 
I I .'.I ! 

I 8000 

* f  ( a ) T h e  r a t e s  due t o  reactor a c c i d e n t s * a r e ; '  -' 

temporary and would d e c r e a s e  w i t h , t i m e :  
-The b u l k  o f  t h e  cancers -  acd  thy-roid ~ - ___  - 
modules would o c c u r  o v e r  a few decades  

' and t h e y g e n e t i c ,  e f f e c f s  would ,  be s i g -  
I c .  n i f - i c a n t l y  reduced  i n  f i v e  genera t ions . -  

(b) T h i s  i s  t h k  norma'l i n c i d e n c e '  t h a t  yould  
be  e x p e c t e d  f o r  a"popu1at ion 'of 
10,000,000 people  who might  r e c e i v e  
some exposure  i f i  a v e r y  l a r g e  a c c i d e n t c $  I- 
ov'er t h e  t i m e  p e r i o d + - t h a t  t h e  p o t e n t i a l . ,  . 

t r e a c t p r  a c c i d e n t + - e f f e c t s  -might o c c u r .  1 * 



2.17-. WHAT TYPE OF..PROPERTY DAMAGE MIGHT 
A CORE' MELT A-CCIDENT i PRODUCE? 

, i'... . 1 :  i -' 
A nuc lea r  a c c i d e n t  would cause no physi-  
-tal, damage, ,to p rope r ty -  beyond t h e  p l a n t  
. s i t e  b u t  may contaminate it wi th  radio-  
a c t i v i t y .  A t  high l eve l s  of  contamina- 
t i o n ,  people  would have t o  be r e l o c a t e d  
fFom the+*r homes u n t i l  dec.ontamination 
p f o c e d q ~ e s ' .  perm$>ted t h e i r  return-. A t  
Level's Jdwgr, ;than t h i s  ,+ 

o be. requiAr,ed, b u t ,  people would 
0' continu$,.t$ l i v ?  i$ t h e ,  a r ea .  

The ate, r equ , i r ing  decontamination would 
i n y l v e  a few hu 
s,qGare m i l e s .  Th 
t h i s  "l$&gerv is a r e  
farm produce t'o 
>kdio"acti-ity. l nges  
c h k n  'small. Fagms: 
have t h e i r  produke 
produce above a s a f e  l e v e l  could n o t  be 
used. 1 n -  , 
f) - 5 . 7  i - I .- . 0 - : I  

.i i' 1.1 ' .. I _  

The -*core m e 1  c c i d e n t  hairing a s l i k e l i -  
hood of:'one i n  20 ,000*  pe r  pl'ant pe r  .year 
would most' l i k e l y  ' r e s u l t '  i n  l i t t l e  or- no 
contamination-. . The r p r o b a b i l i t y L -  of  .an 
a c c i d e n t +  i t h a t .  r e q u i r e s  r e l o c a t i o n  of 120 
squa re  < m i l e s  is.. one i n  1-100,OOO p e r  
r e a c t o r '  -- p e r a d  yea r  .* ' 7  Eighty pe r  c e n t  of  
bll core '  mel t '*accidents  u l d  be expect-  
edlA.-to.- be-, less r s e v e r  han t h i s .  . The 
l a r g e s t  accudent- might- q u i r e  re3oca- 
# t i o n  from 290 squa re  i les.  I n  *.an 
a c c i d e n t  such las - t h i s  , a g r i c u l t u r a l  
p r o d u c t s , . u p a r t i c u l a r f y  milk,  would have 
t o  be monitored f o r  a month o r  two,-over  
an area about  50 t i m e s  l a r g e r  u n t i l  t h e  

ea ,.$ deco5pqi:n 

- .  

As wi th  t h e  o t h e r  consequences; ' the* c&t 
would depend upon t h e  exact circum- 
s t a n c e s  of t h e  acc iden t .  The c o s t  cal- 
c u l a t e d  by t h e  Reactor S a f e t y  Study 
included t h e  c o s t  of  moving and housing 
t h e  people t h a t  w e r e  r e l o c a t e d ,  t h e  c o s t  
caused by d e n i a l  of  land use and t h e  
c o s t  a s s o c i a t e d  with t h e  d e n i a l  of use 
of  r ep roduc ib le  assets such as dwell ings 
and f a c t o r i e s ,  and c o s t s  a s s o c i a t e d  with 
t h e  cleanup of contaminated p rope r ty .  
The c o r e  m e l t  a c c i d e n t  having a l i k e l i -  
hood of one i n  20 ,000  pe r  r e a c t o r  p e r  
yea r  would most l i k e l y  cause p rope r ty  
damage of less than $1 ,000 ,000 .  The 
chance of an a c c i d e n t  causing 
$150,000,000 damage would be about one 
i n  1 0 0 , 0 0 0  p e r  r e a c t o r  p e r  year .  The 
p r o b a b i l i t y  would be about one i n  

.1,,000,000 per. p l a n t  pe r .  yea r  of caus ing  
damage of about one b i l l i o n  d o l l a r s .  
The-maximum value,would be p r e d i c t e d  t o  
be . abou t  1 4  b i l l i o n  d o l l a r s ,  with a 
p r o b a b i l i t y  of  , *  about  o n e ,  i n  
1,000,000.,000 p e r  p l a n t  p e r  year .  

.$his -property dam-age r i s k  from nuc lea r  
a c c i d e n t s  cambe .  compared t o  o t h e r  r i s k s  
i n  s e y e r a l  ways. .The. l a r g e s t  man-caused 
e v e n t s  t h a t  have ,occurred ' a r e , - f i r e s .  I n  
-recent.- y e a r s  t h e r e  have been an average 
of thLee f i r e s  w i th  damage in-  excess  of 
1 0 ,  m i l l i o n  d o l l a r s  every yea r .  About 
once every two y e a r s  t h e r e  .is c -  a f i r e  

damage i n  t h e  50 to -100  m i l l i o n  
d o l l a r  range. There have been f o u r  hur- 
r i c a n e s  i n  t h e  l a s t  1 0  y g a r s ,  which 
caused damage i n  <he range 'of 0;5 'to 5 
b i l l i o n  dol lars . '  Recent earthquake es- 
timates sugges t  ' t h a t  a one b i l l i o n  
d o l l a r '  earthqu_ake can be expected i n  t h e  
U:S. about once every 50 yea r s .  

A .*"c"ompariso,n- o'f t h e  I p r eced ing  , c o s t s  
stidws t h a t ,  a l though a s e v e f e  r e a c t o r  
a c c i d e n t  would'be' very c o s t l y ,  t h e  c o s t s  
would .be , w i t h i n  t h e  range of  otheF 

$ious: &ccident's e*xperie'&ed kiy s o c i e t y  
d ' t h e  p,robab,ilicy of  such a nuc lea r  

a6g iden t  i s  e s t ima ted  t o  be smaller than 
t l iac 'of t h e  othek even t s .  

2.19 cWHAT WILL BE THE CHANCE OF, A 
'REACTOR +MELTDOWN I N  THE YEAR 
:2000 IF' HAVE -1000 REACTORS 
-,OPERATFNG? 

might be'D-tempted' t o  t a k e  t h e  pe r  
probabiJit9 '  of a pp$tYcular reac- 

t o r  ..pcq$dent' and m u l t i p l y  'it by 1 0 0 0  t o  
estimate t h e  ch'$nce of  an a c c i d e n t ,  i n  
t h e  year  2000 .  This  i s  n o t  a v a l i d  
c a l c u l a t i o n ,  howeyer,.,because .it assumes 
t h a t  f h e  r e a c t o r s , - t o  be b u i l t  -during t h e  
next  25 y e a r s  w i l l  be t h e  s a m e  as those 

Experience wi th  

.1 ! A  

- -* 

'I . 
- -  

..+- . A .* 1 - # . .  , . F I *  

shows t h a t ,  as more u n i t s  a r e  b u i l t  and 
more experience i s  gained,  t h e  o v e r a l l  
s a f e t y  r eco rd  improves i n  t e r m s  of fewer 
a c c i d e n t s  o c c u r r i n g  p e r  u n i t .  There a r e  
changes i n  p l a n t s  now being cons t ruc t ed  
+ h a t  appear  t o  be improved as compared 
t o  t h e  p l a n t s  analyzed i n  t h e  s tudy.  

2 .20  HOW DO WE KNOW THAT THE STUDY HAS 
INCLUDED ALL ACCIDENTS I N  THE 
ANALYSIS? 

The s tudy devoted a l a r g e  amount of i t s  
e f f o r t  t o  ensu r ing  t h a t  it covered those  
p o t e n t i a l  a c c i d e n t s  of importance t o  
determining t h e  p u b l i c  r i s k .  I t  r e l i e d  
heav i ly  on over  20 y e a r s  of experience 
t h a t  e x i s t s  i n  t h e  i d e n t i f i c a t i o n  and 
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. a n a l y s i s  of1 p o t e n f i a l  r e a c t o r  acc iden t s .  
I t - a l s o  went 'considerably beyond earlier 
ana lyses  t h a t  have been performed. by 
cons ide r ing  la l a r g e  number of  p o t e n t i a l  
f a i l u r e s  t h a t  ihad never b e f o r e  been 
analyzed. For example, t h e  f a i l u r e  .of 
r e a c t o r  systems t h a t  can l e a d  t o  c o r e  
m e l t  and t h e  f a i l u r e  o f  systems t h a t  
a f f e c t  t h e  consequences of- core'"me1t 
have been analyzed. The.consequenc-es of  
t h e  f a i l u r e  of  t h e  massive s teel  r e a c t o r  
v e s s e l  and of  t h e  containment w e r e  con- 
s i d e r e d  f o r  Qhe f i r s t  t i m e .  The l i k e l i -  
hood t h a t  L v a r i o u s  e x t e r n a l  f o r c e s  such 
as ear thquakes,  f l oods ,  and fornadoes 
could cause  -accidentsf  w a s  a l s o  analyzed. 

I n  additi-on t h e r e  a r e  f u r t h F r  ' f a c t o r s  
t h a t  g i v e  , a  high degree of  confidence 
t h a t  t h e ' i m p o r t a n t  and s iGr i i f i can t  acci- 
d e n t s  a f f e c t i n g  r,isk have heen included.  

t h e  i d e n t i f i c a t i o n  o f . a l l  
u rces  o f  r a d i o a c t i v i t y  ' lo -  

c a t e d  a t  nuc lea r  power p l a n t s ,  2 )  t h e  
f a c t  t h a t  a l a r g e  release of  r a d i o a c t i v -  
i t y  can dccur.-only i f  t h e  reactor' f u e l  
w e r e  to- ' m e l < t ,  and 3)  knowledge of t h e  
p h y s i c a l  phenomena which c a n ' c a u s e -  f u e l  
t o  m e l t .  Th i s  type of approach l e d  t o  
the sc reen ing  of thousands of-. p o t e n t f a l  
a c c i d e n t  p a t h s  t o  i d e n t i f y  +thos:e t$at 
would e s s e n t i a l l y  determine t h e  p u b l i c  
r i s k .  

While t h e r e  is  no way of  proving t h a t  
a l l  p o s s i b l e  a c c i d e n t  sequences which 
c o n t r i b u t e  ~ t o  p u b l i c  r i s k  have been 
considered i n  t h e  s tudy ,  t h e  sys t ema t i c  
approach ?sed i n  i d e n t i f y i n g  p o s s i b l e  
a c c i d e n t  sequences makes it u n l i k e l y  
th 'a t  an a c c i d e n t  w a s  overlooked which 

'would s i g n i f i c a n t l y  change t h e  o v e r a l l  
r i s k .  

I - 

2 . 2 1  -*WHAT TECHNIQUES WERE USED IN 
PERFORMING THE STUDY? 

Methodologies 'developed over  t h e  p a s t  10 
y e a r s  by t h e  Depqrtment of  Defense and 

t h e  Nat ional '  Aeronaut ics  and Space Ad- 
m i n i s t r a t i o n  w e r e  used i n  t h e  study. As 
used i n  t h i s  s tudy ,  t h e s e  techniques,  
c a l l e d  even t  trees. and f a u l t  trees, 
helped ~ t o ' d e f i n e  p o t e n t i a l  a c c i d e n t  
p a t h s ,  and thei ' r  1iKelihood of occur- 
rence.  

An even t  tree d-efines an i n i t i a l  f , a i l u re  
w i t h i n  t h e  p l a n t .  I I t  then  examines t h e  
course o f  eve$$s whi fol low as d e t e r -  
mined by t h e  o p e r a t i  o r  f a i l u r e ,  of  
va r ious  , Aystems ' t h a t  are I provided t o  
p reven t  tFe core '  'from me l t ing  and t o  
prevent . -  t h e " r e 1 e a s e  of r a d i o a c t i v i t y  ' to 
t h e  'environment. Even: trees w e r e ,  *used 
i n  t h i s  s tudy  $0 d e f i n e  thousands of  
p o t e n t i a l ' a c c i d e n t  pa ths  which we,re ' ex, 
amined ' t o  d e t e r n i i n e - t h e i r  l i k e l i h o o d  o,f 
occurrence and t h e  ahount of rpdioact ivl ;  
i , ty  t h a t  they m' 

. ! I * ,  - : ' -  < I  

F a u l t  trees w e r e  used t o  determine t h e  
l i k e l i h o o d  of  f a i l u r e  of t h e  va r ious  
systems i d e n t i f i e d  i n  t h e  even t  tree 
a c c i d e n t  pa ths .  - - X  f a u l t  tree s t a r t s  
wi th  t h e  d e f i n i t i o n  . o f  an . undes i r ed  
even t ,  , ' .such as t h e  f a i l u r e )  of- a system 
t o  o p e r a t e ,  and then  determines-, .using 
eng inee r ing  - a n d  m a t h e m a t i c a l  l o g i c ,  the 
ways - . i n  which- t h e  system can f a i l .  
Using da ta  .*covering 1) t h e  f a i l u r e  of 
components such as. pumps, p ipes  and 
v a l v e s , .  2 ) .  t h e  l i k e l i h o o d  of o p e r a t o r  
e r r o r s ,  and 3 ) , t h e  - l ikel ihood of mainte- 
nancea e r r o r s  , r  it i s - , p o s s i b l e  t o  e s t i m a t e  
the,  l i k e l i h o o d  of  system f a i l u r e ,  even 
where no d a t a  on t o t a l  system f a i l u r e  
e x i s t .  

The l i k e l i h o o d  and t h e  s i z e  of radioac-  
t i v e  releases from p o t e n t i a l  a c c i d e n t  
p a t h s  w e r e  used i n  combination w i t h  t h e  
l i k e l i h o o d  o f  va r ious  weather c o n d i t i o n s  
and popu la t ion  d i s t r i b u t i o n s  i n  t h e  vi-  
c i n i t y  o f  t h e  r e a c t o r  t o  c a l c u l a t e  t h e  
consequences of  t h e  v a r i o u s  p o t e n t i a l  
a c c i d e n t s .  

, ,  
1 <  
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This - is  t h e  f i n a l  r e p p r t  - -of- t h e -  ;,Reactor Sa fe ty  St'udy "An 
Assessment of- Accident Risks :in U s S  b ~ r c i a l f N l ? c l e a r , , p o w e r  I 

P l a n t s ,  I' 'prepared under' e'- d i r e c t i o n r J  - ' P ro fes so r "  Norman c. " 

Rasmussen o f '  ' t h e  -Massachuset ts  In s t i t u t ; '  03 Tgchnology. The 
work, o r i g i n a l l y  ' s p o n s o r e d ' b y ' t h e  U.S: Atomic Energy -'C6mmission; 
w a s  cznple%d'under  pe spons?rship-bf  the'U.S. Nuc lea r  Regulato- 
r y  Commisslon whi8h camel into-being on-JYnuary- 19; 1975.  

A d r a f t  r e p o r t  was 'publ ished ifi August Bf ' ,1974-  arid'was'c'+uiated 
to 'obtain-comments from a w i d e ' v a r i e t y - o f  people  and organiza-  
t i o n s :  Comments 'were r eques t ed '  from o t h e r ' a g e n c i e s - o f  thel 'f eder-  
a 1  government, environmental  groups,  groups c r i t i c a l  >of nu_clear 
power, lawyers " r e p r e s e n t i n g  environmen'tal groups an'd i n d u s t r y ,  
and i n d u s t r i a l  o r g a n i z a t i o n s  r e p r e s e n t i n g  r e a c t o r  manufacturers ,  
a r c h i t e c t  eng inee r ing '  f i rms  and e lec t r ic  u f i l i t i e s  ._ In a z d i t i o n  
t o  t h i s  d i s t r i b u t i o n ,  * many'requests '  f o r '  t he .  :eport,'-were r ece ived  
from' o t h e r  individuals-'and'organizations. A t o t a l  o f  about  9 0  
le t ters  o f  comment were r ece ived  whichv were verys h e l p f u l  i n  t h e  
p r e p a r a t i o n  ' o f  t h i s  f i n a l  report . ,  A y w  Appen%x X I  h a s  been 
added t o  t h e  r e p o r t '  t o  i n d i c a t e  the' ' s'tudy 's-  responses  t o  t h e  
comments r ece ived  and t h e  r e s u l t i n g  changes made i n  t h e  f i n a l  
r e p o r t .  

I L .  * . I  . * e >  s(. 

* .  " "  '-- . . . . .  de- 
i' 1 The Reactor ^ S a f e t y  Study'was performed, as' desc r ibed  i n  Chapter 

1, by an ad  hoc group o f . p e o p l e  i n i t i a l l y  assembled by t h e  Atomic. 
Energy' Commission' to  do"an independent assessment  of p o t e n t i a l '  
a c c i d e n t  r i s k s  i n  U.S. commercia1 n u c l e a r  power plants: .  When t h e  
U. S. Nuclear- Regulatory 
t h e  work cbntinueld' unde 
t h e '  i n  depe nden t" n a t u r e  .o f. t h e  s t u d y  group. 

- I  

. -  
1. \I - - 

mmission w a s  c r e a t e d  in'"Jan?lary o f  1975 I 

t s  huspice? w i t h  rene,yed-Ee-emphasis on . c 

The"study group'wishes  to thank a those who %ont r ibu ted  t o  t h e  
suppor t  o f - t h e  e f f o r t  'and t h e ' t e c  o r k ' a s  6e;l a s  t h o s e  who 
commented on the d r a f t  r e p o r t '  to- he1 rove tse q u a l i t y  of the 
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f i n a l  . . . . . . . . . . . . . .  version.  L i ;, ) I  

c -  
i. 

. ,  c r; tc. 8 - ^ ' A  L 1. P r . - 
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1.1 &T&DUCTLON '- .. _ .  

L _I 'i L A  

h n u c l e a r  power p l a n t s  have 
advantage's -over f o s s i l  p l a n t s  i n  most. 
a r e a s  o f  e n v i r o n m n t a l  -. e f f e c t s  and * i n  
t h e  *cost o f  e l e c t r i c i t y ,  t h e y  have some 
p o t e n t i a l  f o r  a c c i d e n t s  wi th  : l a r g e r  

consequences than f o s s i l - f u e l e d  
While - t h e  s a f e t y  o f  nud lea r  

p l a n t s  has  been much d i scussed  i n  
n u c l e a r  c i rc les  f o r  more than  twenty 
ye-ars,  '.it has  only-  r e c e n t l y  a t t r a c t e d  
wider  i n t e r e s t .  Much confusion exists 
i n  t h i s  a r e a  p r i n c i p a l l y  because t h e  
publ-ished r e s u l t s  o f  e a r l y -  s t_udies l  have ,  
been wide ly  misunderstood a n d  because no 
r e c e n t  assessment  o f  r e a c t o r  r i s k s  h a s  
been made. The p r i n c i p a l  purpose o f  
t h i s  s t u d y  i s  t o  assess -  . the  r i s k s  . t o  t h e  
pub l i c  from p o t e n t i a l  acc iden t s '  i n  nu- 
c l e a r  power p l a n t s  of t h e  type  be ing  
b u i l t  i n  the' Unite-d S t a t e s  today.,. .It i s  
in t ended  t h a t  t h e  . - 'present  s t u d y  w i l l  
produce a more rea l i s t ic  assessment  of  
t h e s e  r i s k s  than  h a s  been provided i n  
ear-LYer wo-rk; it *may also h e l p  t o  d i s p e l  
some o f  t h e  e x i s  t i n  g . con-f usion. 

It i s  impor tan t  to  understand t h a t  t h e  
e a F l i e F  . s t u d i e s  .o f  nuc r power p l a n t ,  
a c c i d e n t s  w e r e  perfo'r i t h  o b j e c t i v e s  
o t h e r  'than--re a 1 is  t i c  assessment  i n  
mind. T h e  AEg's major e a r l y  study,, 
publ-ished .in 1957,- w a s  performed, by- 
Brookhaven Na t iona l  Laboratory (BNL): aqd 
was e n t i t l e d  "Theore t i ca l  . P o s s i b i J i t i e s  
and Consequences a'jor 'Accidents i n  
Large EJug-Leaq Power P1 
objectiye. was ,to* provide  a 
the* upper ' l i m i t  t o  t h e  cons 
m i g h t  6e invol*veLd,-ii'n such a c c i d e n t s  i n  
order -  t o  h e l p  t h e  *Congress ensure  +hat,  
l e g i s l a t i o n  be ing  cons idered  t o  provide'  
government indemnif jca t ion  o f  t h e  p u b l i c  
would I be  adequate.  I t  is  o f - i ? n t e r e s t  

o f  t h e  BNL s tudy ,  on ly  
1 m i l i t a r y  power-:plants 

e x i s t e d  and no  commercial n u c l s a r  power 
n o p e r a t i o n ,  a l though some 
es igned  and cons t ruc t ed .  
t echniques  f o r  p r e d i c t i n g  

t h e  l i k e l i h o o d  of f a i l u r e  o f  engineered  

1 .  Chapter 1 
- .  Q I , - '  

' 
- Objectives and Organization of the Feactor Safety Study 

3 - 5 ,  

'WASH 1250, Chapter  6, summarized. some 
of t h i s  e a r l y  work,. 

systems had n o t  been w e l l  developed. 
C lea r ly ,  even i f  t h e  r e l i a b i l i t y  
techniques  needed f o r  r i s k  assessment  
had been a v a i l a b l e ,  t h e  eng inee r ing  
informat ion  needed t o  draw meaningful 
conclus ions  about  t h e  p r o b a b i l i t y  o f  
a c c i d e n t s  i n  f u t u r e  p l a n t s  d i d  n o t  
e x i s t .  

F o r  ' t h e s e  reasons , -  t h e  1957 e f f o r t  
devoted l i t t l e  a t t e n t i o n  t o  t h e  proba- 
b i l i t y  o f  occurrence o f  acc iden t s .  In  
t h e  p a s t  1 0  years ,  t h e  development o f  
r e l i a b i l i t y  techniques  has  progressed  
cons iderably .  F u r t h e r ,  a s  a r e s u l t  o f  
t h e  . i n c r e a s e d  use of commercial n u c l e a r  
power p l a n t s  i n  t h e  l a s t  decade, a w e l l -  
developed approach t o  t h e  s a f e t y  des ign  
o f  water-cooled r e a c t o r s  and s p e c i f i c  
eng inee r ing  des igns  needed t o  implement 
a q u a n t i t a t i v e  approach t o  r i s k  
assessment  now ex i s t s .  

1.2 OBJECTFES OF THE REACTORlSAFETY 
STUDY , 

A t  t h e  s t a r t  o f  t h e  Reactor  Sa fe ty  Study 
i n  t h e  summer o f  1 9 7 2 ,  t h e r e  was consid-  
e r a b l e  u n c e r t a i n t y  about  t h e - a p p l i c a b i l -  
i t y  o f  r e l i a b i l i t y  techniques  t o  quan t i -  
t a t i v e  r i s k  'assessment and- -abodt t h e  
a b i l i t y  of  -.thGse thchniques  t o  achieve 
c r e d i b l e  e s t i m a t e s  o f  t h e  occurrence  o f  
e v e n t s  o f  low p r o b a b i l i t y .  Experience 
had i n d i c a t e d  t h a t  . app l i ca t ion  o f  t h e s e  
techniques  g e n e r a l l y  l e d  t o  estimates o f  
f a i l u r e  o f  engineered  systems t h a t  w e r e  
so s m a l l  as to c o n t r a d i c t  common 
exper ience ;  Much o f  t h e  u n c e r t a i n t y  
t h a t  - ejcis ted i s  e x h i b i t e d  i n  t h e  
s t a t emen t  of o b j e c t i v e s  given t o  the  
Reactor  S a f e t y  . Study by t h e  Atomic 
Energy Commission on August 4 ,  ,1972:: 

I .  - I  - . -  
"The p r i n c i p a l  o b j e c t i v e .  o f  t h  
to  try, t o  reach-some meaningful -concluT 
s i o n s  about  t h e  r i s k s  o f  n u c l e a r  
a c c i d e n t s  u s ing  c u r r e n t  tecl$ology. .- It  
i s  recognized,  however, t h a t  t h e  p r e s e n t  
s ta te  o f  knowledge probably w i l l  n o t  
permi t  a ,complete  a n a l y s i s .  o f  low- 
p r o b a b i l i t y  a c c i d e n t s  i n  nuc lea r  p l a n t s  
w i th  t h e  p r e c i s i o n  t h a t  would be  d e s i r a -  
b l e .  Where t h i s  i s  t h e  case ,  t h e  s tudy  
w i l l  cons ide r  t h e  u n c e r t a i n t y  i n  p re sen t  
knowledge and t h e  consequent range i n  
t h e  p r e d i c t i o n s ,  a s  w e l l  a s  d e l i n e a t i n g  
ou t s t and ing  problems. In  t h i s  way, any 

-1- 



u n c e r t a i n t i e s  i n  t h e  r e s u l t s  o f  t h i s  I ass igned Sau l  Levine a s  P r o j e c t  S t a f f  
s t u d y  can be p l aced  i n  pe r spec t ive .  
Thus, a l though  t h e  r e s u l t s  o f , t h i s  
of n e c e s s i t y ' , w i l l  be imprecise '  i'h 
a s p e c t s ,  t h e  s tudy  n e v e r t h e l e s s  w i l l  
provide an important  f i r s t  s t e p  i n  t h e  
de ve lopmen t o f q u a n t i t a t i v e  r i s k  an a ly -  
s is  mgthods. a i - : ,  

- ,  - 1 ' 3  c .  < 
A s  'Iconfidence- within'  t h e -  s t u  
grew i n  t h e  a b i l l i t y  t o - a c h i e v e  a *r.mean- 
i n g f u l ,  r i s k .  t a s s e s s ' m h t ,  t h e  Reactor  
Safety.  Study 'added'  # t h e  cqfollowing 'more 
s p e c i f i c  o b j e c t i v e s  under . i t s  o r ig ina l l ,  

- ,  broadly s t a t e d  c h a r t e r :  ._ 'r 

a. Perform a q u a n t i t a t i v e  assessment o f  
2 t h e  r i s k  t o  . t he .  p u b l i c  f rom'+.reactor  

acc iden t s :  T h i s .  r equ i r e s ;  analysles 
d i r e c t e d -  toward- determining bo th  t h e  
p r o b a b i l i t i e s  'and -the c 
o f  such accidents. .  c 

_ .  I .  
. -. 

- r  2 

b. Pe r fo rmi ra  more r e a l i s t i c  assessme 
ass opposed) t o  t h e  "conserwat ively-  
o r i e n t e d "  s a f e t y  . approachr taken i n  
p rev ious  s t u d i e s  o f  t h i s  ,type- and 
t h e  8 l i c e n s i n g .  p rocess  f o r  

- J ' ,  ~ . ..?_I - 
- power p l a n t s .  - _  

c. Develop t h e  methodological ap- 
proaches needed t o  , p,qrfor 
a s s e s s d e n t s  add g a i n  %n un 
i n g  of  t h e i r  l i m i t a t i o n s .  ' 

d. , I d e n t i f y  . a r eas  , in.. ,-which f u t u r e  
s a f e t y  r e s e a r c h  might be fruifXulAy 
d i r e c t e d .  T .L r *  / _ I  

, -  . .  , . >  'j.: ::'"':.'?.' . : 2 , ; . , ,  :!r _ _  .!. "., .::-: ~, 3.i 
e ._ ., Provide ani indepen $ check.lof, : t h e  
. . . e f f e c t i v e n e s s <  : .o f  t h e  -?Teactor ,safe$y 

prac. t ices .  ' of .,. . i n d u s t 9  : .. ,and-  , . ' ,the 
,government, . 1 . *, 

D i r e c t o r .  I n  a d d i t i o n ,  one par t - t ime 
and se-ven.; f ull-.t$me ~ p a r F i c i p a n t s  w e r e  

One p a r t i c i p a n t  w a s  from 
t h e  o p e r a t i o n a l  s i d e  o f  t h e  AEC t o  
a s s i s t  i n  mat ters  i n v o l v i n g  design and 
t h e  o t h e r s ,  on loan  from t h e  A E C ' s  
r e g u l a t o r y  s t a f f  , were : techni 'cal-safety '  
s p e c i a l i s t s  w i t h  d e t a i l e d  knowledge of  
r e a c t o r  p l a n t s .  Add i t iona l  p a r t i c i p a n t s  
were, furncshed + by c o n t r a c t o r s  - *and 
n a t i o n a l  -2 l a b o r a t o r i e s  to72 f u l f i l l  .. t h e  
s p e c i a l i z e d  t e c h n i c a l ,  +-needs, o f  
s tudy.   some of: t h e  prganizat- ion 
the>r-.f i e l d  o f  e x p e r t i s e  w e r e :  - j L t - : 5  

t ; s ' a .  1 i . ' . 3  I ,--rc 
a. ree ana1ysis.i I ;  

.i l ic'2-.,. . .  I :  -".i :""*I >f, 

' -%c employees. 

9.) c-.Aeroje t Nuclear Company-,Data, col-l'ec-1 
l>s-:tion,. f a u l t =  tree and, even t  tree 

.. .rri 
f .-<;.Oak Ridge - - !National- L a b o r a t o q -  

' "i , 

Systems eng inee r ing  a n a l y s i s .  F t ,- 

g,, Teknekron-Technical e d i t i n g .  
1 '  ~ 1 > I  , # . - , , ,  

h .' Hanford Ehgineekl'ng ' & "  ,Developm&'nt' 
- ' \I Laboratory-Consequence mode4ing. " -  ' 

' *.' (3 :I i I .  J - - J  

n 

by t h e  a&ve 0-rgdnization-s w a s '  
ed) a lmost  e n t i r e l y  .af AEC He'ad- 
s under the '  -direjction ,of ' D r .  

/- '1 

4. * -Ic - I  
a i d  M r .  Lk 

I :* ..l 

In- ' a d d i t i o n ,  work'_ was con-tracted t o '  
e r  - organ iza t ion?  ' not'f ' ' located tat' 
d c p a r t e r s .  However;' 'it Wis direcAed 

cons ide rab le  de*ta"il- -by t h e  'RFactor' 
I -- r - - 2  c . 

Safety,  Study. Inclbded were": . _  1 I 

I 1 .  , n J 
- . - . I  A 2 

b., Ba t t e l l e  Pac i f ic  firNorthwest- -Labors? 
_'. - to ry -Rad ioac t iv i ty  *: . release,? ' and: 

c. Oak Ridge Na t iona l  Laboratory- 
R a d i o a c t i v i t y  release and t r a n s p o r t ;  
s a f e t y  design r a t i o n a l e .  .-----... 
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e.- F r a n k l i n  I n s t i t u t e  Research Labora- 
2 - tories-Desi'gi adequacy. 
* 3  .,- * < a : .  

f ;:'--University- . 'of  C a l i f o r n i a ,  . LOS 

A r  

Angeles-Other r i s k s .  

g. Lawrence Livermore Laboratory- 
.Me t e o  ro loq ica 1 mode 1 i n  q . 

h. Brookhaven N a t i o n a l  Laboratory- 
I Health e f t e c t s .  . . . . _ . . .  . '  

i-. O a k  Ridge" *Associated U n i v e r s i t i e s -  
. Heal th  e f f e c t s .  - ' 

Other  c o n t r a c t s  involved  s m a l l  c o n s u l t -  
i n g  e f f o r t ' s  a t <  Massachuset ts  I n s t i t u t e  
o f  Technology and N a t i o n a l  Oceanic- and 
Atmospheric Adminis t ra t ion on plume r i se  
modeling, S t a n f o r d  Research I n s t i t u t e  on 
p r o b a b i l i t y  . t heo ry ,  and I n s t i t u t e ;  o f  
System Sc ien ie s .  on - f au l t -  tree a n a l y s i s .  

I n  a d d i t i o n ,  t o  t h o s e  - l i s t e d  above, a 
group o f  c o n s u l t a n t s  .provided, a s s i s t a n c e  
i n  t h e  h e a l t h  effects  area. The c o n s t i -  
t u t i o n  ;of t h i s  . group i s - d e s c r i b e d  i n  
Appendix V I .  " - -  r -  * 

1:4 ORGANIZATION OF .THE REPORT 

h i s  r e p o r t  'is organ-ized a s  'follows: 

Ch ap te  r 1 -In t r o d u c t  ion.  

_, I i'l ' L 

- d t  . &  ~ - .  

I .* . - 1 8  . J r  . I  . \  

Chapter  2*-Basicl Concegts o f  ,Risk.  D i s -  
c u s s e s  v a f i o u s  concepts  

, ' involved i n  r i sk -  assessment,  
- * - A  1 - 1  - I  cover ing  t h e  - p r o b a b i l i t i e s :  and 
- > r = consequences', o f  , a c c i d e n t s ,  _ _  societal  and i n d i v i d u a l  r i?ks ,  

a t t i t u d e s  ~ toward r i s k  :, and 
q u a n t i t a t  ive,fmea_sures o f  r i s k .  . _  

A ,  , - ,  $ _ I  

.-Chapter 3-The Nature  =- o f  t .  Nuclear _ _  P o w e r  
C' !+  ' .- ., P l a n t .  Accidents..  , - r - I d e n t i f i e s  

r a d i o a c t i v i t y  i n  ithe qorq : and 
elsewhere i n  t h e  n u c l e a r  power 
p l a n t  a s  a source  of p o t e n t i a l  

1, r i s k  and d e s c r i b e s  w?ys i n  
& * , '  " -  - _. - weich 4Ehis r a d i o a c t i v i t t y  c o u l d  

be>+rele&s$d. to.  become a poten-  
t i a l  r i s k  t o  t h e  publ ic .  -- ~ - ir-br.29 L I  f *:x: 1 . .  

-"and 'I+ i n  de'terhinLng ' t h e i r  
p r o b a b i l i t y  o f .dc&rrence  and 
t h e  a s s o c i a t e d  releases o f  
r a d i o a c t i v i t y .  Descr ibes  de- 

t, .and e v a l u a t j o n ,  & o f  
rees;- and a c c i d e n t  
, t h e  use o f  f a u l t  

+ :- tree? t o , p r e d i c t  p r o b a b i l i t i e s  
I -  *!J 3 '  - , o f .  e v e n t  occur rence  and o f  

system f a i l u r e s ,  and t h e  de- 

. velopment of a model t o  
calculate t h e  consequences of 
a c c i d e n t s .  
- r  

Chapter  5 i R i a c t o r -  -Accident  Risks.  P r e -  
s e n t s  t h e  e s t i m a t e d  a u a n t i t a -  

'1 t i v e  - r i s k s  associated wi th  
rea 'ctbr a c c i d e n t s .  The re- 

* s u l t s - L ' o f  ' t h e  major e f f o r t  
involved  i n  t h e  s t u d y  are 
given i n '  t h i s  chapter .  

7 

Chapter- 6 -Comparison o f Risks.  P r e s e n t s  
a compi la t ion  o f  non-nuclear 
r i s k s  and a comparison w i t h  
t h e  nuc lear?  , r e a c t o r  r i s k  
developed i i i - t h i s -  s tudy .  Non- 

, n u c l e a r  r i s k s  inc_lude. , o t h e r  
.. t e c h n o l o g i c a l  - r isks  a n d ,  t h o s e  

due. t o  n-atural phenomena. 
.- 

Chapter  7 -Conclusions and- .Re commenda- 
t i o n s .  - Summarizes the3 evalua-  

. _  I t i o n  o f ' r i s k s ,  remarks on t h e  
va l id . i t y r  and l i m i t a t i o n s  o f  
t h i s  s t u d y ,  d i s c u s s e s  areas 
where f u r t h e r  i n v e s t i g a t i o n  
would b e  a p p r o p r i a t e ,  and 
p r e s e n t s  t h e  p r i n c i p a l  i n -  
s i g h t s  ga ined  i n  t h e  s t u d y .  

Addendum I-Anloverview o f  Event Tre-e and 
Fault,. Tree M e  thodology and 
t h e  Handling o f  Common Mode 
F a i l u r e s .  P r e s e n t s  an aver- 
view and d i s c u s s i o n  o f  t h e  
i p p a c t  o f  t h e , e v e n t  trees and 
f a u l t  t r e e s , - a n d  f a i l u r e  d a t a  
i n  t h e  def  init iop,and q u a n t i -  
f i c a t i o n .  o f  - a c c i d e n t -  se- 
quences. The h a n d l i n g  o f  po- 

I _  t e n t i a l  common mode f a i l u r e s  
i s  emphasized. 

1.5 TECHNICAL APPENDICES 
. .  ' , -  

1 . . L' - _  
reFort h a s  t e n  

appendices whi& document -i'n considera-  
b l e  d e t a i l  t h e .  t echnica l .  :-.workr, done. i n  
connection..  w i th .  t h e  study.. ~Thfs amount 

.of sde_taih i s  .p re sentedy fgr. :two. !-.re as'on s . 
The 1 f i r s t  i s  ..to docmnt+: the  <work done, 
e s p e c i a l l y -  because many areas - 0-fi 4 t h e  
studs,,: ,such a s t e v e n t  t . q u a n t i  f i c  a- 
t i o m i p f  f a u l t  t rees ,  : c b,ut ion-s , . due 
t o  . common -mode * f a  s,- and t h e  
consequence model, s e n t  some 
e x t e n s i o n  of t h e  tec 

.wjth I . r e l i a b i l i t y :  ana 
-assessment,-' ",The+ --set 
i n t e r e s t e d  - r e a d e r s  - 
detai.1 .to enable  $hem t o  make,a c r i t i c a l  
review q f  t h e  s tudy .  ~ T *  e l e v e n t h  
.appendix documents t h e  s t u d y ' s  r e a c t i o n  



t o  the .: comments - received:on t h e  d r a f t  
r e p o r t .  The. appendices i n v o l v e d  are: 

~ ' I  

Appendix I-Accident D e f i n i t i o n  and U s e  
, o f  Event Trees .  .I 

4 ,  

. _ -  
This  appendix c o n t a i n s  a d e s c r i p t i o n  
o f  even t ,  t ree ,methodology as  used i n  
t h e  s tudy  and i t s  r o l e  as t h e  p r i n c i -  
p a l ,  t o o l  i n  d e f i n i n g  complex a c c i d e n t  
sequences.  I t  a l s o  con tp ins  a d i s -  
cuss ion  o f  t h e  p o t e n t i a l  a c c i d e n t s  
exp lo red  i n  t h e  s t u d y  and p r e s e n t s  

. t h e  e v e n t  trees- used. See Chapker 3 .  
r -  ' 

. -  

L '  

Appendix 11-Fault  Trees. 
, s i ,  1 . 

Methodologies . used ' i n  c o n s t r u c t i n g  
and q u a n t i t a t i v e l y  a s s e s s i n g  f a u l t  
trees are pre 'sented along w i t h  t h e  
r e s u l t s  o f  t h e  q u a n t i f i c a t i o n  o f  t h e  
f a u l t .  trees -used i n  t h i s  study.,  In- 

- e  d i v i d u a l  r e p o r t s  d e s c r i b i n g  t h e  f a u l t  
, t ree  e v a l u a t i o n  o f  . t h e  p l a n t  systems 
analyzed are a l s o  p re sen ted .  See 
Chapter 4 .  

Appendix- 1II:Failure D a t a .  

This  appendix con%ains a compendium 
o f  d a t a  s o u r c e s  and d a t a  used i n  t h e  
q u a n t i t a t i v e  e v a l u a t i o n  o f  f a u l t  

- trees and even t  trees. See Chapter 

. .. . _ .  . 
Appendix IV-Common Mode F a i l u r e s .  

The t echn iques  used i n  t h e  s tudy  t o  
analyze t h e  p o s s i b l e  c o n t r i b u t i o n s  o f  
common pode f a i l u r e ' s  t o  o v e r a l l  r i s k  
assessment a re  summarized. See Chap- 
ter  4 .  

Appendix V-Quan t i t a t ive  R e s u l t s  o f  A c c i -  
d e n t  Sequences. 

7 .  

The p r o b a b i l i t i e s  o f  occur rence  com- 
bined w i t h  t h e  r a d i o a c t i v e  releases 
f o r  t h e  a c c i d e n t s  d e f i n e d  i n  Appendix 
I ' a r e  presented.  Also i nc luded  i s  
t h e  orderi 'ng o f  'accident  sequences t o  

. - i d e n t i f y  those  sequences t h a t  are  the 
major con t ' r i bu to r s  t o  t h e  varcous 
s i z e s  o f  releases. See Ql'apter 5. 

Appendix VI-Calculat ions o f  Reactor Ac-  
' c i d e n t  Consequences. 

The moder used f o r '  p r e d i c t i n g  t h e  
' d i s p e r s i o n  o f  r a d i o a c t i v i t y  i n  - t h e  

environment i s  p resen ted ,  t o g e t h e r  

w i t h  t h e  models f o r  p r e d i c t i n g  t h e  
r e s u l t s  o f  t h i s  d i s p e r s i o n  in: t e r m s  
o f  f a t a l i t i e s ,  i n j u r i e s ,  long' t e r m  
h e a l t h  e f f e c t s ,  and p rope r ty  damage. 
See Chapter 5. 

e >  I ' 1  

Appendix V I I - R e l e a s e  .of Rad ioac t iv i ty  i n  
Re  a c t o r  Accidents. 

The f a c t o r s  a f f e c t i n g  t h e  magnitude 
o f  t h e  release o f  r a d i o a c t i v i t y  from 
f u e l  under- v a r i o u s  cond i t ions  d e t e r -  
mined by t h e  a c c i d e n t  sequences a r e  
p re sen ted ,  a s  are t h e  t r a n s p o r t  and 
removal mechanisms t h a t  a f f e c t  t h e  

, releases of r a d i o a c t i v i t y  from t h e  
f a c i l i t y :  See Chapter 5. , 

Appendix VIII-Physical  Processes  . in  R e -  
a c t o r  Meltdown ,Accidents. 

The v a r i o u s  ' engineered s a f e t y  f e a t u r e  
i n t e r a c t i o n s  as defined. by t h e  acci- 
d e n t  sequences are . descr ibed.  In- 
c l u d e d - a r e  p r e d i c t i o n s  o f  c o r e  and 
containment behavior ,  a long with 
times o f  f u e l  mel t ing,  t i m e s  and 
modes o f  containment f a i l u r e ,  and the 
i n t e r a c t i o n s  o f  molten f u e l  and' clad- 
d i n g  y i t h  water and ,concrete.  See 
Chapters  3 and 4 .  

Appendix IX-Safety Design Ra t iona le  f o r  
Nuclear Power P l a n t s .  

- A. , d i s c u s s i o n  o f  t h e  s a f e t y  des ign  
1 ra t t ionale  c u r r e n t l y  used f o r  p r e s s u r -  
f $zed and b o i l i n g  water reactors i s  

.t presented.  I t  i n c l u d e s  a d i s c u s s i o n  
o f  t h e  b a r r i e r s  t o  t h e  release o f  ra- 
d i o a c t i v i t y  and t h e i r  design bases ,  a 
d i s c u s s i o n  o f  p o t e n t i a l  a c c i d e n t  i n i -  
t i a t o r s  i n  n u c l e a r  power p l a n t s ,  and 
t h e  f e a t u r e s  provided t o  m i t i g a t e  t h e  
e f f e c t s  o f  t h e s e  a c c i d e n t  i n i t i a t o r s .  

Appen'gx X-Safety Design Adequacy o f  Nu- 
clear Power . . P l a n  ts. 

A s t u d y  o f  t h e  e x t e n t  t o  which s a f e t y  
design requirements  i n  , . r ega rd  ~ , t o  
seismic and a c c i d e n t  environments 
have been f u l f i l l e d  i n  t h e  a c t u a l  
eng inee r ing  d e s i g n  of t h e  p l a n t s .  
See Chapter  5 .  

Appendix XI-Analysis * o'f"Comments on t h e  
Dra f t  WASH-1400 Report. 

T h i s -  appendix c o n t a i n s  a d i s c u s s i o n  
o f  t h e  comments r e c e i v e d  as  a r e s u l t  
of  t h e  d r a f t  r e p o r t .  



1.6 IREACTOR SAFETY STUDY! FLOW CHART 

Figure  1-1 i s  a s i m p l i f i e d  f1ow;chart o f  
t h e  work' done i n  tlie1,'ReacCor S a f e t y  
Study. 1 The f irst  -s tep-  i n  t h e  :work- was 
to1 define- .  t hose  f a i l u r e s "  -in' -n+uclear 
power p l a n t s  t h a t  could  l e a d  -to ; p o t e n -  
t i a l  r i s k s  t o  t h e  pub l i c .  This  involved  
de termintng  the.  l o c a t i o n s  and s i z e s  o f  
a l l '  sou rces  of rad ioac t iv i ' ty  i n  t h e  
p l a n t  and then , ,de-scribing t h e  va r ious  
combinations ,of equipment  and h,uman 
f a i  1 ure s . t h a t  could  p o t e n t i a l l y  ..:cause 
t h e  r e l e a s e  o f  some - por t ion , ,  o f  t h i s  
r a d i o a c t i v j t y .  "he . co+ ina t ions  o f  
f a i l u r e s  invol.ved i n  . t h e  p o t e n t i a l  
r e l e a p e  o f .  r a d i o a c t i v j t y  a r e  c a l l e d  
a c c i d e n t  sequences and w e r e  p r i n c i p a l l y  
d e t e r m i m a  by e v e n t  tree:s ('&pendix -1) 
and by t h e .  . ana lyses  a s s o c i a t e d  ,with 
molten c o r e  b'ehavior (Appendix - V . I I I ~  ._ . 
The-' s econd '  s t e p  i n  th ' is  s tbdy  was t h e  
es,kimation o f  $he p r o b a b i l i t y  o f  occur- 
rence  o f ,  t h e  a c c i d e n t  s e q  
amounts and types'. o f  
r e l e a s e d  by t h e s e  seq 
trees and f a i l u r e  d a t a  (Appendices I1 
and 111), t o g e t h e r  w i th  c o m n  mode 
f a i l u r e  i n v e s t i g a t i o n s  (Appendix { I V )  , 
are 1 used .to. estimate the .  f a i l u r e  proba- 
b i l i t i e s .  I C  Analys is  of, exper imenta l  d a t a  
and : . fue l  c o n d i t i o n s  (Appendices V I 1  and 
VIM) providedi e s t ima ted  r e l e a s e s  o f  
r a d i o a c t i v i t y ; *  Appendkx V p r e s e n t s  t h e  
compklafion. o f  . p r o b a b i l i t i e s  and rad io-  
a c t i v e .  r e l e a s e s .  forp a c c i d e n t  s'equences. 

The" n e x t  ? t e p  involve,d . the use 0.f a 
p r 0 , b a b i l i s t i c  mode,l t o  c a l c u l a t e , .  t h e  
dispers-ion of r a d i q a c t i v i t y  i n  t h e  envi -  
ronment. This  model (A@pendix V I ) ,  a l s o  
include's t h e  f a c t o r s .  ,necessary  . t o  
compute, he 'a l th  e f f e c t s .  and . p r o p e r t y  
damage ,due. ,  t o  t h e  d i s p e r s i o n  o f  
r a d i o a c t i v i t y  . 2 

The' f i n a l  s t e p  covered -the? o v e r a l l  
assessment  of t h e  n u c l e a r  acc iden t  risks 
(Chapter  5) and a comparison of t h e s e  

a r  r i s k s  duellto n a t u r a l  
o t h e r  t echno log ie s  

, - .  I .  - 

. .  

. "  
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1.7 FACTORS THAT CONTRIBUTED - 
I SIGNIFICANTLY .IN PERFORMING- THE 

~ 3 r ? .  

' STUDY ., 1 

As4 , i n d i c a t e d  e a r l i e r ,  - t he re  was i n i t i a l -  
l y  some doubt  t h a t  a meaningful r i s k  
assessment could  be made; however, a s  
t h e  'work proceeded, .confidence 'grew i n  
t h e  : a b i l i t y .  eo make-a meaningful r i s k  

I 'A T ?  . I .  . 1 . &.-. 
r .  

, .  
1 

, 1De;ailed-flow c h a r t s  a r e  p re sen ted  i n  
Chapter  4 .  

assessment.  The p r i n c i p a l  f a c t o r s  t h a t  
c o n t r i b u t e d  t o  t h i s  change a r e  d i scussed  
below: .. ' 

a. The s t u d y  was s t a r t e d  wi th  t h e  i d e a  
s t a n d a r d  f a u l t  tree 
a s  t h e  p r i n c i p a l  t o o l  

- f o r  developing both- .  t h e  a c c i d e n t  
sequences and t h e i r  . p r o b a b i l i t i e s .  
It soon became . a p p a r e n t  t h a t  t h i s  

- approach was n o t  adequate f o r  t h e  
j e n t i r e  t a sk .  While w e l l  s u i t e d  t o  

p r e d i c t i n g  . p r o b a b i l i t i e s  of f a i l u r e  
. f o r  engineered  systems,  , i t  i s  n o t  

w e l l  1 ,adapted t o  !de f in ing  acc iden t  
sequences t h a t  involve-, t h e  complex 
i n t e r r e l a t i o n s h i p s  among engineered  
s a f e t y  systems i n  n u c l e a r  power 
p l a n t s .  Thus,- i n  o r d e r  f o r  t h e  
s tudy  t o  proceed,  it was necessary  
t o  u s e .  a method t h a t  cou ld  f u l f i l l  
t h i s -  need. The use o f  e v e n t  trees, 
d i scussed  i n  d e t a i l  i n  Appendix I 

. and i n  Addendum I t o  t h e  Main Report  
r e so lved  t h i s  problem. 

The.quest ion o f  t h e  adequacy o f  d a t a  
p e r t i n e n t  to. equipment f a i l u r e s  and 
human e r r o r s -  a l s o  r ep resen ted  a 

. - p o t e n t i a l  s tumbling b lock  f o r  t h e  
s tudy .  Many people  view t h e  l ack  o f  
p r e c i s i o n  i n  f a i l u r e  r a t e  d a t a  a s  
one o f  t h e  p i t f a l l s  o f  q u a n t i t a t i v e  
r e l i a b i l i t y ,  a n a l y s i s .  They also 

: extend  t h i s  view t o  r i s k  -assessment  
wi thout  recogniz ing  an impor tan t  
d i f f e r e n c e  between t h e  two. . In 
r e l i a b i l i t y  a n a l y s i s  , one i s  gener- 
a l l y  i n t e r e s t e d  i n  p r e d i c t i n g  a 
p a r t i c u l a r  level of r e l i a b i l i t y  w i t h  
a . r e l a t i v e l y  h i g h  degree ,  o f  
accuracy.  -One i s  a l s o  i n t e r e s t e d  i n  
i -dent i fying d i f f e r e n c e s  i n  t h e  
r e l i a b i l i t y  o f  a l t e r n a t e  des igns .  

+ -  This  g e n e r a l l y  - r e q u i r e s  . ana lyses  
t h a t  have sma l l  e r r o r s ,  ( f o r  example, 

- 1 less than  a f a c t o r  of t h r e e ) .  In 
r i s k  assessment  one - c a n  -accept 

- .whatever  l e v e l ,  of accuracy i s  
- _ I  o b t a i n a b l e  from a v a i l a b l e  d a t a  and 

then  examine t h e  r e s u l t s  t o  see i f  
- they. are'.. meaningful.  I n  f a c t ,  f o r  

-small p r o b a b i l i t i e - s  such a s  t h o s e  
p r o j e c t e d  fo r .  n u c l e a r  a c c i d e n t s ,  - r a t h e r  l a r g e  e r r o r s  -(a f a c t o r  o f  1 0  

~. . o r  1 gore) can o f t e n  - be t o l e r a t e d  
~ :without  m a t e r i a l l y  reduci-ng I t h e  
_ j  use fu lness  o r  v a l i d i t y  - ,of, .  t h e  . r e s u l t . .  Since r_isk,% assessment  ~ can 

t o l e r a t e  l a r g e  e r r o r -  bands i n  i t s  
q u a n t i t a t i v e  re s u l t  s , t h e  dependence 
o f  t h i s  s t u d y  on p r e c i s e  v a l u e s - o f  
f a i l u r e  r a t e  d a t a  was g r e a t l y  

2- reduced. .  A l s o ,  t h e  a v a i l a b i l i t y  o f  
* f many sources  o f .  d a t a  forir- t h e  - t ypes  

o f -  components used i n ,  n u c l e a r  p l a n t s  
and t h e  conf i rmat ion  of  some o f  
t hese  d a t a  with a v a i l a b l e  n u c l e a r  

J , .  
b. 



. component d a t a  d i d  much t o  - r e s o l v e .  
, t h i s .  i s s u e .  rThe,:data base  a n d - i t s  

use i n  t h e  s t u d y  a r e  discussed-  i n  
Appendix 111. 

1 3 '  . . ?  t _  7. *'I , ,.* 
c. .- The most uncertain '  area;  Yn t h e  'study 

$x:re ' lated.  - t o  whether, po tenk ia l :  common 
L' mode. f a i l u r e s ,  o r  dependent ‘failures, 

.be iproperly i d e n t i f i e d .  1 . The 
ch takeni'f rom.1 t h e  beginning o f  

- *  t he  study, w-as t o - c o n s i d e r  t h e  depen- 
denc ie s  invo lved  i n  t h e  .: 

' accident ' .  uences I.Ipossible i n  a 
r e a c t o r  andi t h e  number1 o f  components 
involved ' , ; in  a l l  o f  t h e  systems i n  

. t h e s e  sequences,  = t h e  number. o f  
i n t e r a c t i o n s  t h a t  ' might have to be 
examined f o r  p o t e n t i a l  icommon mode . ~ f a i lu re s . " i s eems  'at! i n i t i a l d t g l a n c e  t o  
b e  : beyond * *  any r e a l s i s t k a l l y  
o b t a i n a b l e  c a p a b i l  

- it: .is b e l i e  
performed i n  
comb i n  a t  ion methods i n v o l v i n g  

. e v e n t  ' trees ;' f a u l t  tree s , P  mathemat i- 
- ca l  1 tekhniques 4 and eng inee r ing  

s t u d i e s , '  el iminate 'd - +  t h e  vas t  
m a j o r i t y  o f  p o t e n t i a l  i n t e r a c t i o n s  

-. a s - " n o t  s i ignif icant '  and has  examined 
t h e  remainder.  i n  s u f f i c i e n t  d e t a i l  
t o  d e f i n e  bommon mode cont-ributions 

- where 1 t hey  yare importint. '? A 
+ complete d i s c u s s i o n  of'icommontmode 

f a i l u r e s  i s  contained-  i n  Addendum I 
t o  .the Main Report  and i n  Appendix 
IV. . 2 

I I +  ' -  
d. A A - review i o f  p r e v i o u s l y  performed 

estimates of  t h e  l i k e l i h o o d  o f  
. f a i l u r e  *.I o f ' -  engineered systems 
reveals t h a t  t h e y  g e n e r a l l y  pre-dict- - e d  - p r o b a b i l i t i e s  t h a t  w e r e  ' q u i t e  
smal.1 compared t o  ~ rea l  1 experience.  
I f  . 'te'chniques used i n  such p rev ious  
estimates had been f o l l o w e d  i n  - * t h i s  

' , ;predictions of t h e  l i k e l i h o o d  
e a c t o r  a c c i d e n t s  and' & s t e m  
res would have been so s m a l l  a s  

determined, # l a r g e  'scale e f f o r t  w a s  
made i n  t h i s  s t u d y  Yo I fe-nsure ' t h a t  

.* t h e  technTques* used would produce 
meaningful e'stimates. To accomplish 
t h i s , -  purpose,? t h e  s i g n i f i c a n t  

' - a  dependenci-es between f a i l u r e s  w e r e  
c a r e f u l l y '  cons ide red  by  a combina- 

-' t i o n ' o f  enginee-r'ing and, mathematical  

t o  be equall-y unbelievable-. A 

& r  
i 2.. . - -, S L . 8  

I S  I , p i  

' r  

i J :- 
'In I a . s i m p l i f i e d .  way, o m n  . mode 
fa i lures  can. be- thought?  o f  as- m u l t i p l e  
f a i l u r e  s ,cause y a*. s-ingle:L e v e n t  o r  
f a i l u r e ,  e.g.. t h e  same'environmental 

. !  i 

techniqgesr.*:'i..'Some me'asure'.."o.ft, . , the 
' s u c c e s s  achieved by t h i s  e f f o r t ,  as  

.' , lindL,caite.d :in.: Appendix :Ix,..;is i t h a t  - . ,estimat,ed,>syCtem f a i l u r e  - ,  pyobabi1.i.:. 
- . t i e s  ... clo.sel-y. matched. experiende . d a t a  

1 .->.rdoes :)-not$ .necessar . i ly  zesul:t, iri. :an! 
*-. G:. a c c i d e n t  -J.- -haviing. -, large:  - rLpub l i c ,  
-.. ' consequences.. c>:, , :-Indeed,: ::-in ' the  
.- ..' > I .un.li.keIy. event>khat-.  a co,re *; wezel:. t o  
-1 -  ' . .me . l t ,  t h e r e  .I j c i s : .  :a -.:.spec.teum'.r , o f -  

-possbb*e acc i fden t s  t h a t  can- :occu~.;,: ., 

b., ' '  For t h e  most l i k e l y  cour se9 - f  
foll'owing t h e  me l t ing  of a -co 

<' number of  f a t a l i t i e s  expec' 
much' s m a l l e r  than- those  t h a t  
l y  occur  i n  accid'ents such as"f'ires, 

;- exp los ibns  an'd c r a s h e s  0-f ,a c o ~ e z -  
c ia1 jeG airplane' .  I n  a d d t t i o n ,  t h e '  
l i k e l i h o o d  of c o r e  m e l t  i s  
calcula_ted t o  be much s m a l l e r  t 
any of , the above*. 

1 -  r 

- i  

c. .Previpus ana lyses  of t h e  consequen- . ces, of- r e a c t o r  a c c i d e n t s  have 
g e n e r a l l y  emphasized those  , t h a t  
could occur  under c o n d i t i o n s  of poor 
atmosph'eric d i s p e r s i o n '  and \ in  
l o c a t i o n s  invtolving- r e l a t i v e l y  :I h igh 
popu la t ion  d e n s i t i e s .  I n  a c t u a l i t y ,  
t h e r e  are wide v a r i e t i e s  o f .  we'ather 
c o n d i t i o n s  and popu la t ion  dens i t i e - s  
where r e a c t o r s  , are , l oca t ed .  - <'-When 
a p p r o p r i a t e  I .  f r equenc ie s )  o f -  occur- 
r ence  are ,- ' -assigned '- t o  weather 

, c o n d i t i o n s  and popu la t ion  d e n s i t i e s ,  
t h e s e  can cause p o t e n t i a l  a c c i d e n t  
consequences t o  i n c r e a s e  by 100-.to 
1 0 0 0  t i m e s ;  however, t h e  p r o b a b i l i t y  
of L~ such ?acc iden t s  could dec rease  by 
g e n e r a l l y  similar f a c t o r s .  l.., ' 



1.9 LIMITATIONS IN THE STUDY 

As i n d i c a t e d  ear l ier ,  t h i s  s tudy  cove r s  
on ly  l i g h t  water cooled nuc lea r  power 
p l a n t s  o f  t h e  type now coming i n t o  
ope ra t ion .  I t  i s  understood t h a t  f u t u r e  
s t u d i e s  by t h e  AEC w i l l  cover  r i s k  
assessment of advanced r e a c t o r s  such as 
high temperature  gas  cooled r e a c t o r s  and 
l i q u i d  m e t a l  f a s t  b reede r  r e a c t o r s .  

Two p l a n t s  w e r e  used as t h e  b a s i s  f o r  
t h e  s tudy ,  a PWR and a BWR. The p l a n t s  
chosen were t h e  PWR Surry Power S t a t i o n ,  
Unit  1, 788 Megawatts e lec t r ica l  
c a p a c i t y ,  and t h e  BWR Peach Bottom 
Atomic Power S t a t i o n ,  Unit  11, 1065 
Megawatts e lec t r ica l  capac i ty .  The 
b a s i s  f o r  t h e i r  s e l e c t i o n  w a s  t h a t  they 
were t h e  l a r g e s t  p l a n t s  of each type 
t h a t  w e r e  about t o  s t a r t  ope ra t ion .  A 
q u e s t i o n  which must be considered i s  t h e  
appsicabi l - i ty '  of  the' ' r e s u l t s  ob ta ined  
f o r  t h e s e  p l a n t s  t o  nuc lea r  power, p l a n t s  
gene ra l ly .  C e r t a i n l y  t h e  d i f f e r e n c e s  i n  
des ign  betwgen '*various p l a n t s  make t h i s  
an a p p r o p r i a t e  ques t ion .  I t  is  t h e  
s t u d y ' s  -understanding t h a t  a d d i t i o n a l  
work w i l l  be done i n  t h e  f u t u r e  t o  
determine t h e  a p p l i c a b i l i t y  of t h e  s tudy  
r e s u l t s  t o  water power r e a c t o r s  a s  a 
class. Howeve:r, t h e  fol lowing f a c t o r s  
i n d i c a t e  . g h a t  , t he  s tudy r e s u l t s ,  when 
e x t r a p o l a t e d  t o  1 0 0  nuc lea r  power 
p l a n t s ,  as .has been done i n  t h i s  s tudy ,  
w i l l  tend t o  ove res t ima te ,  r a t h e r  than 
und,erestimate t h e  r i s k .  Of t h e  l a r g e  
commercial nuc lea r  poqer. p l a n t s  c u r r e n t -  
l y  o p e r a t i n g ,  t h e  two p l a n t s  covered i n  
t h e  s tudy r e p r e s e n t  t h e  24th and 34th t o  
come i n t o  operation.1.  The i r  . ,designs, 
w e r e  s t a r t e d  i n  1966. 'The 100th p l a n t  
expected t o  commence o p e r a t i o n  had i t s  
des ign  s t a r t e d  i n  1971. I n  t h e  yea r s  
b e t w e e n  1966 and 1 9 7 1 ,  s i g n i f i c a n t  
improvements w e r e  made i n  t h e  A E C ' s  
s a f e t y  des ign  requirements  and t h e i r  
implementation and i n  t he  a p p l i c a b l e  
codes and s t anda rds  used i n  t h e  des ign  
of nuc lea r  power p l a n t s .  I t  has  a l r e a d y  
been observed i n  o t h e r  t echno log ie s  such 
a s  automobiles and a i r p l a n e s  t h a t  s a f e t y  
has  g e n e r a l l y  improved w i t h  t h e  passage 
of  t i m e . 2  Much of t h i s  improvement i s  

'These numbers exclude p l a n t s  w i t h  
c a p a c i t i e s  less than 4 0 0  megawatts 
e lectr ical .  

'See Chapter 2 f o r  d a t a  on t h e  s a f e t y  
r eco rd  of a i r p l a n e s  and automobiles.  

due t o  cont inued a t t e n t i o n  t o  improved 
s a f e t y .  Because of t h e  e x i s t i n g  record 
of improved s a f e t y  requirements i n  
nuclear  power p l a n t s ,  it i s  no t  
unreasonable t o  assume t h a t  t h e  s a f e t y  
of  nuc lea r  power p l a n t s  w i l l  cont inue t o  
improve. This  assumed improvement 
depends s t r o n g l y  on t h e  con t inu ing  
e x i s t e n c e  of competent and w e l l  
supported r e g u l a t o r y  and r e a c t o r  s a f e t y  
r e s e a r c h  programs and reasonably 
conse rva t ive  e x t r a p o l a t i o n  of c u r r e n t  
p r a c t i c e .  I f  t h e  s a f e t y  of nuc lea r  
power p l a n t s  con t inues  t o  improve wi th  
t i m e  then it would n o t  be a p p r o p r i a t e  t o  
e x t r a p o l a t e  t h e  r e s u l t s  of t h i s  s tudy 
beyond 1 0 0  r e a c t o r s  and about 5 yea r s  
s i n c e  t h e  e x t r a p o l a t i o n  would y i e l d  
u n r e a l i s t i c a l l y  high values .  

. .  

. -  

.. < . 
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The ques t ion  of t h e  e f f e c t  of  sabotage 
on nuc lea r  power p l a n t s  should be 
mentioned. The s tudy w a s  r equss t ed  '.-by 

I* many sources  t o  examine t h i s ,  qu,estion; 
however; *. it .could-  not,,, ,be , ,completely 
covered,  because no convincing Way could 
be found t o  estimate t h e  p r o b a b i l i t y  of 
a c t s - o f  sabotage d i r e c t e d  a t  any t a r g e t .  
However, t h e  s tudy b e l i e v e s  t h a t  nuc lea r  
power p l a n t s  would be d i f f i c u l t  t o  
sabotage i n  t h e  sense of c r e a t i n g  an 
a c c i d e n t  w i t h  l a r g e  p u b l i c  consequences, 
c l e a r l y  cont inuing p recau t ions .  m u s t  be 
taken t o  minimize t h i s  p o t e n t i a l .  Some 
measures are a l r e a d y  $p rov ided  .and i m -  
provements are underway. ,_  I t  i s  
understood t h a t  t h e  NRC i s  contemplating 
f u r t h e r  improvements i n  t h e  securi-ty of 
nuc lea r  power p l a n t s .  

This  r e p o r t  provides  cons ide rab le  back- 
ground f o r  ga in ing  an understanding of 
t h e  concepts involved i n  r i s k  assessment 
and of  t h e  elements involved i n  nuc lea r  
power p l a n t  s a f e t y .  The r e s u l t s  of t h e  
s tudy of nuc lea r  r e a c t o r  a c c i d e n t  r i s k s  
are p resen ted  and compared wi th  r i s k s  
due t o  n a t u r a l  phenomena and o t h e r  
t echno log ie s  i n  our s o c i e t y  i n  o r d e r  t o  
provide p e r s p e c t i v e  on low p r o b a b i l i t y  
r i s k s .  A l a r g e  amount of information 
has  been developed i n  conducting t h e  
s tudy and most of it i s  presented i n  
t h i s  r e p o r t  and i t s  appendices.  I t  i s  
expected t h a t  t h i s  information w i l l  be 
of u s e  i n  making t h e  controversy about 
r e a c t o r  s a f e t y  more o b j e c t i v e .  Obvious- 
l y ,  t h e  q u e s t i o n  of  t h e  a c c e p t a b i l i t y  of 
nuc lea r  a c c i d e n t  r i s k s  r e q u i r e s  a much 
broader s o c i a l  judgment t h a t  t r anscends  
the  scope of t h e  Reactor Sa fe ty  Study. 



. . .  
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Chapter 2 r. -... 

1 ,  Basic Concepts of Risk 
. J  

L 

) 8 -  

- ,  
Information about  r i s k s  t o  A s .  a q u a n t i t a t i y e  example of t h e  u s e  of  

' h e a l t h  'ahd s a f e t y  has 'been c o l  such an equation., i n  1 9 7 1  about 
many y e a r s  and provide? a g e n e r a l  i n d i -  1 5 , 0 0 0 , 0 0 0  a u t o "  a c c i d e n t s  occurred i n  
, c a t i o n  o f  t h e  r i s k s  normally- encountered_ the U.S., and one i n  300 a c c i d e n t s  re- 
i n  o u r  s o c i e t y .  , However, much 1,ess + s u l t e d  i n  a - f a _ t a l i t y .  Thus, t h e  

mation i s  a v a i l a b l e  on lowc - s o c i e t a l  r i s k  o f  dea th - f rom a u t o  acci- 
b i l i t y  r i s k s  wi th  p o t e n t i a l l y  h i g h .  den'ts can ,be approximately c a l c u l a t e d  

.consequences such a s  those t h a t  might * -  . as : 1, 

a r i s e  from n u c l e a r  power p l a n t  a-ccident's 
c 

, o r  o t h e r  sources .  I n  t he  p a s t ,  very 
: l i t t l e  e f f o r t  has  been devoted t o  
e s t i m a t i n g  t h e  p r o b a b i l i t y  o f  such r i s k s  
;as they  a f f e c t  ou r  s o c i e t y .  F u r t h e r ,  i n  
,most p r i o r  s t u d i e s  o f  p o t e n t i a l  l a r g e  
, nuc lea r  r e a c t o r  a c c i d e n t s ,  t h e  a n a l y s i s  
o f  consequences h a s  been .done on .an 
.upper l i m i t  b a s i s .  This  type - .of 
!approach i s  n o t  s u i t a b l e  f o r  ' p l a c i n g  
s u c h  r i s k s  i n  proper  p e r s p e c t i v e  w i t h  
r e s p e c t  t o .  t h e  more common r i s k s  
encountered by s o c i e t y .  The. purpose .of 
t h i s  c h a p t e r  i s  t o  d e f i n e  enough o f *  t h e  
elements  c o n t r i b u t i n g  t o  r i s k  t o  make it 
easier t o  understand t h e  r i s k  assess- 
ments p r e s e n t e d  i n  l a t e r  chap te r s .  

2.1 MEASUREMENT OF RISK ' i- . 
1 

Risk i s  a a ' c o m o n l y  used word t h a t  can 
convey a v a r i e t y  of  meanings t o  d i f f e r -  
e n t  people.  . A d i c t i o n a r y  d e f i n i t i o n .  i s  
" t h e  p o s s i b i l i t y  of l o s s  or i n j u r y  t o  
people  and property" .  I 'In t h i s  s t u d y  
estimates. are- made o f  p o t e n t i a l  
f a t a l i t i e s  and i n j u r i e s  t o  people  and o f  
p r o p e r t y  damage r e s u l t i n g r  from : both 
n u c l e a r  power p l a n t  and non-nuclear 
acc iden t s .  

P a r t i c u l a r  emphasis w i l l  be  p l aced  on 
the,  r i s k  t o  t h e  h e a l t h  d .safety_ o f  t h e  

bas,is ' f o r  'the' q u a n t i t a t i v e  
f s o c i e t a l  r i s k s  from acci: 

dents',, t h e  fo l lowing  t e c h n i c a l  de,fini- 
t i o n ,  O'f r i s k  i s , u s  

a*+ r 4 . i 3 : s . -  -. 

I .  

. . . .  . .  

* .  ~ 

consequences { event x Magnitude. 

6 a c c i d e n t s  1 d e a t h  
lo year  300 a c c i d e n t s  

= 5 0 , 0 0 0  - d e a t h s  
year  

F u r t h e r ,  if U.S. s o c i e t y  c o n s i s t s  o f  
2 0 0 , 0 0 0 , 0 0 0  p e o p l e , ,  t h e  average i n d i v i d -  

' u a l  r i s k  can be expressed a s :  
. .  . .  

5 0 , 0 0 0  deaths/year  = 2 . 5  x d e a t h s  
2 0 0 , 0 0 0 , 0 0 0  persons person-year 

The f i n a l  t e r m  e x p r e s s e s  t h e  i n d i v i d u a l  
r i s k  as p r o b a b i l i t y  o f  dea th  p e r  person 
p e r  yea r .  T h i s .  mode.'of expres s ion  i s  
f r e q u e n t l y  used i n  - the  . mathematical  
a n a l y s i s  o f  r i s k s .  (For t h e  b e n e f i t  of  
t h o s e  r e a d e r s  who are n o t  f a m i l i a r  w i t h  
such mathematical  expres s ions  o f  proba- 
b i l i t y ,  a few words o f  exp lana t ion  are 
provided i n  t h e  "Notes on P r o b a b i l i t y " .  ) 

r 4  

I n  t h e  aforementioned example p e r t a i n i n g  
t o  fa ta l i t i es -  i n  a u t o  a c c i d e n t s ,  n o t e  
t h a t  ' the  r i s k  i s  expres sed  bo th  i n  terms 
of r i s k  t o  s o c i e t y  'and r i s k  t o  ,an i n d i -  
v idua l .  Ad-ditional r i s k s ' '  due to, a u t o  
a c c i d e n t s  r e s u l t  fzom i n  j u r i e s  and 
p r o p e r t y  damage. -In t h e  U.S. about 30 
t i m e s  a s  many people  ' are ser- iously 
i n j u r e d  a s  are k i l l e d  i n  a u t o  acc iden t s .  
Thus, on t h e  average one person i s  
i n j u r e d  i n  eve ry  1,O. - acc iden t s .  This 
y i e l d s ,  f o r  societal  -risk., ._  _ -  

6 a c c i d e n t s  x- 1 inj 'ury 
l5 lo y e a r  1 0  a c c i d e n t s  

i n  ' u r i e s  = 1 , 5 0 0 , 0 0 0  ;ear 

and, f o r  i n d i v i d u a l  r i s k ,  

-9- 



I NOTES- ON ;PROE@ILITY 

In a one-winner l o t t e r y  w i t h  a Imillion, Z t i c k e t  h o l d e r s ,  and assuming a random 
s e l e c t i o n  o f  t h e  winner, each t i c k e t  h o l d e r  h a s  t h e  r i g h t  t o  expec t  an equa l  chance 
o f  winning, b u t  he w i l l  a l s o  know t h a t  h i s  chance i s  on ly  one i n  a mi l l i on .  In t h e  
mathematics o f  p r o b a b i l i t y ,  t h i s  chance i s  expressed by t h e  f r a c t i o n :  l/l,OOO,OOO, 
which can a l s o  be w r i t t e n  as 1 x o r  0 .000001 .  

.- . I 

Sim.ila'rly,' an accidenf f a t a  i t y  rate ' ,counted a t  25 r zons  pe,r hundred 'tho,u$and p e r  
y e a r  c<an b e ,  exp,resse'd a s  5 ~ 1 0 0 , 0 0 0  = 25 x 10-5 1 0 - 4  o r ,  0.00025.' I f  it i s  
assumed-that  $11 perdons i n  he populat ion have eq'u s u r e  t o , t h e  r i s k  o f  d e a t h  
f r o m  . thg' type - - o f  ~ acc'i'dent under -consider  t h e s e  numberkmean th'at t h e  
chance o f  deatfi ier r i s  2,5-per l O O , , O O O  p e r  . 5 , ?  chances ' p e r  yea r  - 
1 0 , 0 0 0  -. exgosed ' 'pe s ,  o'r 0.25 .chances p e r  l.,OObi , p e r s o n s ,  o r  0;00025'per 
person; l  "The f r k t  1' n a e r s  o b v i s u s l y  have ,n:o phys i?a l -  'meaning (ssince o n l y  'a, 
whole person d i e s )  , b u t  they are u s e f u l  i n  mathematical, a n a l y s e s  ?tf r isk ' .  u - - e < .  , 

~ - 4  

- e  

, ' I j  : I .  . ;  , . .  . 
', 

i . , )  ~ , . , -. f .!. , .I -, : '- . ". . 8 

.*.:, I I  1 7: 

<. -. I /<- ,.! ' , 

. .  

.of , in]  uries..;ind' p r  age. 
d u e  j .  td.  : auto.  acc+dents,,'c'+h-, be,, s r l y .  
c a l c u l a t e d .  In t h i s : c a s e  ,- ' the '  de d' 
s t a t i s t i c  i s  t h e  t o t a l  d o l l a r -  value of  

. .  
7,. I r , . ,.- ? , .  . .  , 

1 1 4  x lo6 registere-d ' d r i v e r s  

. I  
'.. . . = $ 1 4 0  pe r ,d r&ver ,  p e r  year.. 

I.. t ' '.! i.. . P i  * . .  ., - . ..+. - . . . .>. r. J- . I .  , i.. - ,  ; . 

H i s t o r i c a l  d a t a  f o r  - , r i s k s  ,cornonly 
encountered by many, i f  no$ host ,  people' 
i n  t h e  U.S. a r e  c o l l e c t e d  by many orga- 
n i z a t i o n s  (e. g . ,  Nat ional  S a f e t y  
Council ,  Ref. 1, and .the " U.S, 

I , ,  . %' - 
" '  

^ .  I; 

Government, Ref. 2 )  , f o r  t h  
a s s e s s i n g  va r ious  ' r i s k s :  
d i s p l a y s  some s e l e c t e d  yea 
f a t a l i t y  s t a t i s t i c s  f o r  .the U.S. The 
d a t a  .are p re sen ted  i n  both, societal-t..form 
(.total, ;numbers o f  f a t a l i t i e s )  ,- and a s  
r .ates (numbers o f  f a t a l i t i e s  p e r  1 0 0 , 0 0 0  
r e s i d e n t  p o p u l a t i o n ) .  For most- t y p e s ' o f ,  
a c c i d e n t s  t h e  r a t e  does n o t  change CImuch 
from y e a r  t o  y e a r  andr .thus t h e  ,data 
provide reasonably frealist_ic . bases  . f o r .  
e s t i m a t i n g  ra tes  f o r  s e v e r a l ,  y e a r s  i 
t h e  f u t u r e .  

. '. _. ._ .~ . . .  ._.  . . : 

+&.k . i ~  p r e s e n t s  ' t i e .  i ' .  a c c i d e i t  . , d a t a  ihi. 
..+p,r.. i>.:e;;.I -the&rObab 
1 9 6 7  and 1968 i n  t e r m s  o ' f '  indivi8ubl '  

pe,rson' p e r  feaar..- In 
a s, t h,o se- d i sp layed  ' i n  y ,  T. 
facto'rs. a s s o c i a t e d  w i  
exp res sed  o r  implie'd 
avoid m i s i n t e r p r e t a t i o n  and misuse.  of 
t h e  d a t a .  For example,,, 
f a t a l i t i e s  from falls;-:+.a 
Table 2-2.  A person look id  
a t  t h e  end o f  1 9 6 7  might have concluded 
t h a t  h i s  r i s k ,  a,s a m e m b e r  of t h e  U . S .  
popu la t ion ,  o f  suffe'Ein-g a.  f a t a l - : f a l l  i n  
t h e  n e x t  y e a r  waslone' chance i n  1 0 , 0 0 0 .  
Since t h e  number 1 x 10-4 was de r ived  
from t h e  number f a t a l i t i e s  counted 
du r ing  1 9 6  7 /L.>s2ris_l to predjc)ii-,. f#uture  
r i s k  i nvo lves  ' the sonab1G"a ssumption 



t h a t  t h e  r a t e  w i l l  remain t h e  same ( i n  
tK-S:S. case, ' It d i d  rema'in t h e  same- i n  
1'968)'!- Anotfie?' assumption inwolved i s  
th%t*' ail1 members o f  the'-U:S. populat ion 
a r e  e q u a l l y  exposed o r  s u s c e p t i b l e  t o  
t h e  r i s k .  Th i s  i s  r a r e l y  t r u e  i n  human 
even t s .  0 .  ., 
A breakdown o f  thg-  196-7t.daSa ,on -f .alls  by. 
age group shows t h a t  almos_t 31put o f  4 
( 7 3 % )  f a t a l  , f a l l s  involped people  o f ,  age 
65..and over._ Thus, , the r i s k  ,.,. i s  much 
smadler, f p r  .persons unde-r, 65,, th-an fog+ 
persons,  65 and . o l d e r ,  a n d ,  it. i s  n o t  
1 x 10-4, , f o r  e-i ther group -as shown, ' 
Table 2 - 3 . ~ .  . I  I I - . * .-~- 

# '  - 4 .  : (; !I > ' 1 '  - 
T h e .  examples . p re sen ted  indi'c 
t h e  rg,. are ,many, f a c t o r s  that:,,con tr  i b u t e  
toe.-  t h e  q u a n t i f i c a t i o n  and-. e v a l u a t i o n  o f  
rdisk. The aforementioned examples -.?f, 
r i sk s d ue to., a u tomob i 1 e s involve f a t  a1 4- 
t&+es, i n  j-uriesd and p r o p e r t y  damage t h a t  
can be qupnt i*f ied from .comr?only a v a i l a -  
b l e  da t a .  T h e f e f f e c t s  .are p r i n c i p a l l y  
s h p r t  term ones (i.e.-, quickly-peasura:  
b l e ) .  There a r e  undoubtedly o t h e r  
c o n t r i b u t o r s  t o  r i s k s  from automobiles 
t h a t  a r e  n o t  f u l l y  inc luded  i n  measured 
d a t a .  These would lnvo lve  long -term 
e f f e c t s  such as  l i f e  s h o r t e n i n g  and 
decreased! earnin'g power due t o  i n j u r d e s .  
Both..the irautomobiile examples and t h e  
d a t a  i n  I Tables  2 - 1  t h r u  2+3 i n d i c a t e  
t h a t  t h e r e  are1,risk f a c t o r s  *of i n t e r e s t  
both on -a socyietal  and i n d i v i d u a l  . b a s i s .  
In  addi t ion; ,  :-Table 2-3..  * b r i n g s -  t h e  
concept  t h a t  r i s k  i s  n o t  always equal ly ,  
d i s t r i b u t e d  i n  the  populat ion.  Thus- t h e  
measurement' and & e v a l u a t i o n  of  r i s k  have 
many f a c e t s  ; t hese  w i l l  be d i s c u s s e d  

?in l a t e r  s e c t i o n s  o f  t h i s  
+ .  

_. 
ES TOWARD RISK 1 

*E.]-+: - 1 , .  *I. * : I -  " - .  . -  
An appa ren t  cons i s t ency  i n  p u b l i c  a t t i '  
t u d e s  toward famil-iar" r i s k s ,  . such  as 
those  l i s t e d  i n  Table 2-2 ,  h a s  been 
no ted  by Otway and Erdmann ( R e f .  3 ) .  
Types 'of a c c i d e n t s  w i th  a -death r i s k  i n  
t h e  ;range.of 10-3 p e r  p e r s o n , p e r  y e a r  t o  
t h e  e n e r a l '  ' p u b l i c  a r e  d i f f i c u l t  t o  
f ind.?  - *  Evident ly  t h i s  level  of r i s k  i s  

unacceptable ,  and when -it 
inunediate act  * ss taken t o  

I r .. 
I 

e .  

- ,  
L , * L :  :c. 8 : 

7%. F - ,  - i  r. l r  i -9 h i g h  r i s k s , % *  *are not:. ipicommon i n  
-so?,- s ,p6 r t s  .and i n  s o e  i n d u s t r i a l  
. ac t iv i t ies ,  when I . .  -measured f o r  t h e  
l i m i t e d  I ,groups a t  r i s k  ( i . e .  , exposed 
t o  ' t he  haza rds  invo lved) .  

M 

A t  an a c c i d e n t a l  r i s k  l e v e l  of 
dea ths  p e r  person p e r  y e a r ,  people a r e  
less i n c l i n e d  ( t o  concerted a c t i o n  b u t  
a r e  w i l l i n g  t o  spend money t o  reduce t h e  
hazard.  Money i s  s p e n t  f o r  t r a f f i c  
c o n t r o l ,  f i r e  departments  and f ences  
around ., dangerous a r e a s .  LSafety s logans  
f o r - a c c i d e n t s  w i t h  th-is r i s k  l e v e l  show 
an element o f  f e a r  (e.g.  , "The l i f e  you 
save may be your own" as  a p p l i e d  t o  
automobile d r i v i n g ) .  1 ' r i  

R i s k s  of a c c i d e k t a l  dea th  a t  a l e v e l  of 
10-5 per  person'  p e r -  yea r  a r e  s t i l l  
recognized i n  an a c t i v e  sense.  Pa ren t s  
warn t h e i r  c h i l d r e n  about t h e  hazards  of 
drowning, f i r e a r m s ,  poisoning,  e t c . , ' a n d  
people accep t  a c e r t a i n  amount of incon- 
venience t o  avoid r i s k s  a t  t h i s  l.evel. 
Sa fe ty  s logans '  -have a precaut'ionary 
r i n g :  "Never s w i m  a lone" ;  "Keep o u t  of 
t he  reach of c h i l d r e n .  I' 

Accidents w i t h - a  p r o b a b i l i t y  of dea th  of 
10-6 or less p e r  p e r s o n '  p e r  year  a r e  
appa ren t ly  no t '  'of g r e a t  concern t o  t h e  
average person. ' H e  i s  aware of them, 
b u t  f e e t 5  -!hey w i l l  no t  happen t o  him. 
H e  may even f e e l  - t h a t  such"acc iden t s  are 
due p a r t l y  t o  : s t u p i d i t y ,  2e;g.  , "Everyone 
knows you s h o u l d n ' t  s t a n d  under a tree 
dur ing  a l i g h t n i n g  -storm;" Phrases  
a s s o c i a t e d  wi'Fh*these hazards  have an 
element of ' res i -gnat ion:  "An a c t  of 
God. I' 

The c o n c e p t -  t h a t  t h e  degree of p u b l i c  
acceptance o f - a  r i s k  i s  l i k e l y  t o  be 
in_fluegced , b y  , t h e  pe rcep t ion  of t h e  
a s s o c i a t e d  b e n e f i t s  i s  p resen ted  i n  Fig.  
2-1 and in .Refe rence*  4. I t  sugges t s  a 
r e l a t i o n s h i p  between thf :  b e n e f i t s  of an 
a c t i v i t y , ;  expresced i n  a r b i t r a r y  u n i t s ,  
and the accep tab le  r i s k  expressed as 
p r o b a b i l i t y  of dea th  p e r  yea r  pe r  ex- 
posed iperson.  The h i g h e s t  l e v e l  of 
acceptable - r i s k s  has been taken as  t h e  
normal U.S. dea th  rate- f rom-d i sease ;  t h e  
lowest  l e v e l  f o r  refe_rence 
t h e r r i s k  of death.  from , n a t  
( l i g h t n i n g ,  flood-,.. epr thquakes , i n s e c t  
and snake bi tes  , ,,etc. I,., . l ~  i - 8  

- ,  . 1 -  _ -  t :  

I 

, .  

a ,  

r- . 

* r . t  
- -  

e obvjous shortzominqs ' of  t h e  
approach- in 'F ig :  2-1  i s ' : t ha t  it does n o t  
d i f f e r e n t i a t e  with r e s p e c t  $0 the-magni- 
t ude '  ' o f ,  t h e  consequences-of acc'idents. 
This  - p o i n t  i s  i l l u s t r g t e d '  by cons ide r ing  
t w o  a c c i d e n t s  w i th  si'gnif ichn-t ly  'difkek- 
e n t  f r equenc ie s  and 'c 
f j r s t  o c c u r s  a t - a  ra  
and r e s u l t s  i n  one dea th  
The k i s k  i s  . 'J  

1 - P I  
_ I  G .  - -  

3 5  
_ .  

a c c i d e n t  'death = d e a t h  
year  a c c i d e n t  year  
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The- second type has a frequency of only- 
once inn- 1 0 , 0 0 0  yea r s  b u t '  r e s u l t s  i n  
1 0 , 0 0 0  , f a t a l i t i e s  p e r  event .  ,The r i s k  
i s  7 -  

r 

1 acc iden t  ' 1 0 , 0 0 0  dea ths  = 1> death  ~ 

1 0 , 0 0 0  y e a r s  acc iden t  year  

Although each of t h e  acc iden t s  i n d i c a t e d  
above has t h e  s a m e  average annual r i s k ,  
t h e r e  i s  a f a c t o r  of 1 0 , 0 0 0  i n , the  s i z e '  
of t h e  acc idents .  Soc ie ty  g e n e r a l l y  
views t h e  s i n g l e  l a r g e  consequence even t  
less favorably  than  t h e  t o t a l  of s m a l l  
even t s  having t h e  same average r i s k .  

This  a t 4 i t u d e  l eads  . t o  t h e  concept of:: 
" r i s k  ,avers ion."  The term , r i s k  avers ion  
i s  used t o  i n d i c a t e ,  among o t h e r  t h i n g s ,  
t h a t  acc iden t s  having t h e ,  same average 
societal  impact may be viewed d i f f e r e n t -  
l y  depending o n .  t h e  s i z e s  of ~ ~ t he< ,  
i nd iv idua l  events .  I n  gepe ra l ,  s i n g l e  
l a r g e  acc iden t s  are viewed . less toler; 
a n t l y  than m u l t i p l e  smal?er .acc idents ,  
even though t h e  2verage annual  ,conse-, 
quences o f , t $ e  two a re t equa l .  I n  f a c t ,  
t h e  p u b l i c  appears  t o  accep t  more readi-, 
ly a m u c h  greater societa1,Ampact  f r o m  
many s m a l l  a c c i d e n t s  than i t 1  does . f rom 
t h e  more severe ,  less f r equen t  occur- 
r ences -  t h a t  have a smaller . s o c i e t a l  
impact. One of t h e  c l e a r  i n d i c a t i o n s  of 
t h i s  a t t i t u d e  i s  i n d i c a t e d  by t h e  p u b l i c  
(and news media) a t t i t u d e  toward 
f a t a l i t i e s  f-om automobile acc iden t s  i n  
c o n t r a s t  t o  t hose  from a i r c r a f t  c rashes .  
I t  a p p e a r s ' t h a t  t h e  p u b l i c ' s  avers ion  t o  
l a r g e  consequence even t s  may-be l a rge fy ;  
due t o  t h e  view t h a t , '  i f  such even t s  a r e -  
a t  a l l  boss ib l e ,  they  are l i k e l y ,  arid 
t h e i r  low p r o b a b i l i t y  i s  t o  be d iscount -  
ed. 

The aha lyses  re ferenced  above are i n t e r -  
use  they r e p r e s e n t  e a r l y  
u a n t i f y  t h e  * a c c e p t a b i l i t y  
s a s soc ia t ed  wi th  a given 
r e l a t i o n  t o  t h e  b e n e f i t s  
h'i's a c t i v i t y ;  however, t h i s  

f i e l d  i s  s t i l l  h igh ly ' fo rma t ive  and much. 
i n  need of development. These ana lyses  
a r e ,  t he re fo re , -o f  l i m i t e d  , u t i l i t y  i n  
t h i s  study. : - E x p l i c i t  t echniques  fo r '  
a s s e s s i n g ,  t h e  t o t a l  cost of . y a r i b u s  
r i s k s  and ther t p t a l  b e n e f i t s  de r ived ,  
from t h e  a c t i v i t i e s  causing them are 
s t i l? ,  i? ,>he e a r l y  s t a g e s  of development 
even fqr, me-asurable ( - fa i r ly  l i k e l y ) -  
r i s k s . ,  . I n ,  ,.the a r e a  of r i s k s ,  from low, 
p r o b a b i l i t y  even t s  , + t h a t  have n o t  beez 
observed,  it i s  c l e a r l y  no t  y e t  p o s s i b l e  
t o  perform a r igo rous  cos t -bene f i t  as- 
sessment. Decis ions i n  t h e  area of 
r i s k ,  as-, i n  many oGher areas 
g e n e r a l l y  been made . on a qua l  
b a s i s  w i th  less than  complete cos t -  

. i  f 

.J 
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{analyses  ava i l ab le .  Whethear 
t h i s  approach can be improved upon , in 

f u t u r e  i s  s t i l l  an open 
7 * ,  

- \ '  1 1  I _ -  

2.3 RISK DETERMINATION 

This  s e c t i o n  br ie f ' ly  desc r ibes  methods 
g e n e r a l l y  u t i l i z e d  f o r  determining r i s k s  
and provides  a {number of comments on t h e  
i n t e r p r e t a t i o n ,  of numerical  r i s k  va lues .  
The d l scuss ion '6 i s  - d i v i d e d  i n t o  . t w o  
p a r t s :  high I p r o b a b i l i t y  (or '  l i k e l y )  
even t s  and low' probabihlity (or unl ' ikely) 
events .  High p r o b a b i l i t y  even t s  i nc lude  
those  which have occurred f r equen t ly  
enough , i n  t h e  p a s t  t o  provide a b a s i s  
f o r  e s t a b l i s h i n g  a rea l i s t ic  determ-ina- 
t i o n  of t h e  p a s t  r i s k  experience;.  i . e . ,  
t h e i r  frequency and consequences have, 
i n  e f f e c t ;  been measured: Low probabi.1'- 
i t y  even t s  - g e n e r a l l y  have n o t  been 
observed and t h e r e  i s  l i t t l e  o r  no 
ov'erall '  experience on which t o  base  t h e  
l i k e  l'ihood' consequences :'of t h e i r -  
occurrence.  2 _ .  r I ~1 

2.3.-1 H I G H  PROBABILITY, EVENTS 

The usua l  way of e s t i m a t i n g .  r i s k s  f o r  
f requgnt  (high - p r o b a b i l i t y )  even t s  is t o  
use t h e  d a t a  f r o m  t h e  h i s t o r i c a l  - record 
of . these  even t s  covering a .  s u i t a b l y  
large: segment of society.. As prev ious ly  
indicated:- .  t h e r e  a r e  many sources  of 
a p p l i c a b l e  h i s t o r i c a l  d a t a  and r e s u l t s  
of p r i o r  r i s k  de te rmina t ions .  Exampsles. 
of t h e  r e s u l t s  of such s t u d i e s  f o r  broad. 
c a t e g o r i e s  of acc iden t s  are, given i n  
Tables  2-1  and 2-2. ~ Normally,. the ,  
a v a i l a b l e  h i s t o r i c a l  r eco rds  provide 
s u f f i c i e n t  d e t a i l  t o  permi t  such broad 
ca tegory  r i s k s  t o  be s e p a r a t e d f i n t o  more 
d i s t i n c t  e lements  t h a t  may be of s p e c i a l  
i n t e r e s t  f o r  a l p a r t i c u l a r  r i s k  s tudy a s  
i s  i n d i c a t e d  i n  Table 2-3. 

. I ..I 

* 

The informat ion  from such r i s k  s t u d i e s  
i s  then used a s - a d b a s i s  f o r .  e s t ima t ing  
t h e  r i s k  expected i n  some f u t u r e  t i m e  
per iod .  I n  p r o j e c t i n g  t h e  - fu tu re  r isk, :  
cons ide ra t ion  i s  given t o  p o t e n t i a l ,  
f u t u r e  in f luences  i n  t h e  r i s k  p a t t e r n , a s  
w e l l  as t h e  h i s t o r i c a l  v a r i a t i o n .  ; I t , i s  
w e l l  recognized t h a t  insurance  companies 
use t h i s  procedure t o  determine the  
premium r a t e  on p o l i c i e s  they  under- 
w r i t e .  They, of course ,  recognize  t h a t  
it i s  p o s s i b l e  f o r  t h e  l e v e l  of r i s k  t o  
change. Thus, l i f e  insurance  premi'iims 
a r e  of;ten calcu1,ated assumin9 a somewh-at 
h igher  f a t a ' l j t y  rate than i s  a n t i c i p a t e d  
and i f  t h e  a c t u a l  experience ' ,  dur ing  ''a 
given year-shows, t h e  f a t a l i t y ' r a t e  t o  !e 
less, t h e  po l i cy '  ho lde r  *may receiye --a 
r e b a t e  i n  t h e  form of a dividend.  -' "-' 

n 
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2.3.2 LOW PROBABILITY EVENTS .. I 

The .brevkous s e c t i o n  d e s c r i b e s  how es t i -  
mates of r i s k  can be made'when d i r e c t l y  
applkcabYe ' - a c c i d e n t  experience d a t a  
e x i s t s .  .However, many p o t e n t i a l  ' r i s k s  
t o  which s o c i e t y  i s  exposed occur a t  
such a low frequency t h a t  they have 
never been observed. - For,example, such 
c a s e s  could inc lude  a l a r g e  meteor 
f a l l i n g  i n t o  a c i t y .  T h e - r i s k s  a s soc i -  
a t e d  wi th  such low frequency e v e n t s  are 
more, d i f f i c u l t  t o  es t imate:and expres s  
i n  a meaningful way than t h o s e .  of more 
f r equen t  events .  

I n  some cases t h e  p r o b a b i l i t y  of rare 
occurrences can be obtained by d i v i d i n g  
the,;total occurrence i n t o  a series of 
even t s ,  f o r  which t h e  i n d i v i d u a l  proba- 
b i l i t i e s  of .  occurrence a r e  known.. A- 
simple example of t h i s  i s  t h e  chance of 
g e t t i n g  heads every t i m e  i n  f i f t y  random 
f l i p s  of a f a i r  coin.  From experience 
w e  know the  chance'of g e t t i n g  heads i n -  
one f l i p  i s  0.5, t h e  chance of g e t t i n  
heads both t i m e s  i n  two f l i p s  i s  (0.5) 
= 0.25 and i n  f i f t y  f l i p s  t h e  chance i s  
(0.5)5O,-which i s  about  one chance i n  
1 0 1 5 .  -*Thus,  a l though t h i s  even t  has  
undoubtedly never been observed, an 
estimate 'o'f i t s  p r o b a b i l i t y  can be 
achieved. S i m i l a r l y  tfik chance of get-  
t1ng ' -  four-of-a-kind i n  two success ive  
bands i n  a * f i d e  ca rd  s t u d  poker game-can 
be c a l c u l a t e d .  Analysis  of poker hands 
has shown t h a t  t h e  p r o b a b i l i y  of g e t t i n g  
fourrof-a-k2nd once i s  about one i n  fou r  
Chqusand. Thus, t h e  chance of g e t t i n g  
four-of-a-kind i n  two success ive  -hands 
is' about 10-7. I n  t h e s e  cases, each rare 
occurrence w a s  broken down * i n t o  more 
l i k e l y  e v e n t s  t h a t  w e r e  a l l  t h e  same; 
b u t  t h i s  type of a n a l y s i s  i s  a l s o  
a p p l i c a b l e  when t h e  group of more > l i k e l y  
e v e n t s  7 i s  of more than  one type and/or 
frequency. The breaktng up - of a . rare 
even t  i n t o  a series.. of more l i k e l y  
even t s  is* a b a s i c  p r i n c i p l e  o f . t h e  e v e n t  
tree and f a u l t  tree . t e c h n i q u e s  (see 
Chapter 4 ) .  u t i l i z e d  + f o r  . determining 

ies  of a c c i d e n t s  . i n  t h i s  
App l i ca t ion  of, t h e  above 

t echn ique  has  involved t h e  de t e rmina t ion  
of t h e  f a i l u r e  p r o b a b i l i t y  of systems by 
combining Lthe f a i l u r e  p r o b a b i l i t i e s  of 
t h e i r  i n d i v i d u a l  p a r t s  and! components. . 

When -'an; u n l i k e l y  even t  cannot be 
d e s c f i b e d  'as a sequence of  4more l i k e l y  
even t s ,  -it-' i s  sometimes *poss ib l e - .  : t o  
estimate "its probabi  1 it y by . ex t rap0 la- 
t i o n .  Suppose, f o r  example, t h e  h i g h e s t  
observed level of a r iver  a t  some p o i n t  
was 35 f e e t  above t h e  normal level and 
an estimate of t h e  l i k e l i h o o d  of t h e  
r i v e r  reaching t h e  40  f o o t  l e v e l  i s  
d e s i r e d .  The h i s t o r i c a l  frequency of 

. .  * _ I  

s 

. .  

f loods  versus  , t h e i r  h e i g h t  can be 
p l o t t e d  and e x t r a p o l a t e d  t o  p r e d i c t  t h e  
frequency ofya f lood h e i g h t  of 4 0  f e e t .  
E x t r a p o l a t i o n - r e q u i r e s  t h a t  t h e  p h y s i c a l  
f a c t o r s  a f f e c t i n g  , a  p a r t i c u l a r  s i t u a t i o n  
remain cons t an t .  Thus, while  one may be 
a b l e  t o  easi- ly  e s t i m a t e  t h e  l i k e l i h o o d  
of a f lood ' level  of 40 f t . ,  given a 
h i s t o r i c a l  l e v e l  of 35 f t . ,  i t  may no t  
be v a l i d  t o  e x t r a p o l a t e  t o  t h e  50  f o o t  
f l ood ,  o r  t o  t h e  a 4 0  f o o t  .f lood t h a t  
might occur 1;iOOO.years i n  t h e  f u t u r e .  

By using t h e # p r i n c i p l e s  p rev ious ly  d i s -  
cussed it i s  p o s s i b l e  t o  make reasonable  
estimates of t h e  p r o b a b i l i t i e s  of very 
u n l i k e l y  even t s .  Chapter 4 i nc ludes  
d e t a i l e d  d e s c r i p t i o n s  of how these b a s i c  
p r i n c i p l e s - h a v e  been a p p l i e d  i n  t h i s  
s tudy  of r e a c t o r  a c c i d e n t  r i s k s  r e l a t i v e  
t o  o t h e r  s o c i e t a l  r i s k s .  I n  a d d i t i o n ,  
p o s s i b l e  e r r o r s  i n  t h e s e  methods a r e  
i d e n t i f i e d  and estimates of t h e i r  magni- 
tude are provided. 

I n  t h e - ,  * a n a l y s i s  of low p r o b a b i l i t y  
e v e n t s  it is r a t h e r  common t o  speak of 
t h e  r ecu r rence  r a t e  of an even t ,  e .g . ,  
the-.. 1 0 , 0 0 0  yjear f l o o d ,  o r  t h e  1 0 , 0 0 0  
yea r4ea r thquake .  T h i s  i s  ano the r  way of 
d e s c r i b i n g  a rare f lood  o r  ear thquake 
t h a t . h a s  a p r o b a b i l i t y  of occurrence of 

.10:4/year. , :Such estimates are u s u a l l y  
e x t r a p o l a t i o n s  of l i m i t e d  experience and 
should no t  be i n t e r p r e t e d  t o o  l i t e r a l l y  
t o  mean t h e  worst  f l ood  w e  expec t  i n  t h e  
nex t  1 0 , 0 0 0  y e a r s ,  s i n c e  t h i s  would 
imply t h e r e  would be no change i n  t h e  

- f a c t o r s  (climate, l o c a l  topography, 
etc.)  a f f e c t i n g  t h e  frequency over  t h e  
1 0 , 0 0 0  year  pe r iod .  Such changes can, 
of cour se ,  occur i n  t h e  long t i m e  p e r i -  
o d s .  involved. A l s o ,  j u s t  because an 

- e v e n t  i s  determined t o  have a 
p r o b a b i l i t y  of . occu r r ing  on ly  once i n  
1 0 , 0 0 0  y e a r s ,  d o e s n ' t  mean t h a t  it w i l l  
be 1 0 , 0 0 0 . y e a r s  b e f o r e  it occur s  o r  t h a t  
-it w i l 1 , o c c u r  a t  t h a t  t i m e .  It means 
t h a t  t h e  even t  ,would occur on t h e  
average of once. every 1 0 , 0 0 0  y e a r s ;  
however, a l though it i s  very u n l i k e l y ,  
it could occur _ i n  t h i s  century.  

Similar m i s i n t e r p r e t a t i o n s - c a n  e a s i l y  be 
made wi th  r e s p e c t  . t o  t h e  p r o b a b i l i t i e s  
,of r e a c t o r  acc iden t s .  Forsexample,  sup- 
pose t h e ,  p r o b a b i l i t y  - o f  an ;accident  
i nvo lv ing  melt ing of t h e  nuc lea r -  c o r e  i n  
today ' s  reactors i s  10-5/reactor-year.  
S ince  about  1 , 0 0 0 , r e a c t o r s  are expected 
t o  be  i n  o p e r a t i o n  i n  t h e  yea r  2000, 
t h e r e  may be a tendency t o  s a y ; t h e  prob- 
a b i l i t y  of such an a c c i d e n t  i n  the yea r  
2000 w i l l  be (10-5)(103) = 10-2. The 
error i n  this e x t r a p o l a t i o n  is t h a t  it 
assumes t h e  f a i l u r e  ra te  w i l l  remain 
c o n s t a n t  a t  10-5 f o r  t h e  nex t  25 years .  
To  i l l u s t r a t e  how i n a c c u r a t e  such a n  

- - r  
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extr 'apolat ion can- be , consideris t h e  
commerc'ial a i k c r a f t  gindustfy >which i s  
s i m i l a r  a t  I least  i n  t h a t  it r:- has  
developed w i t h ' c o n s t a n t  a t t e n t i o n  .being 
paid t o  safety. .  Figures  2-2 - and 2-3 
-show f a t a l i t i e s  ve r sus  t i m e  per .hundred 
m i l l i o n  J passenger m i l e s  & a n d ,  f a t a l  
a c c i d e n t s  ' ver sus  t i m e  p e r  
( l and ing  or t akeof f ) ! ,  re 
These f i g u r e s  show . - t h a t  t h e r e -  w a s  
a g e n e r a l  ' improvement i n  t h e  s a f e t y  
l e v e l  o f  commerical a i r  t r a v e l  overt t h e  
t i m e  pe r iods  covered. S i m i l a r  expe r i -  
ence with motor v e h i c l e  loperat ion i s  
i n d i c a t e d  i n  Fig.  2-4. These examples, 
and o t h e r s ,  r e f l e c t  t h e  a b i l i t y  t o  t a k e  

.advantage of  : i nc reased  .: knowledge, - . i n  
o r d e r  t o  improve safety: From t h i s  pre- 
vious experience,  it i s  no t ,un reasonab le  
t o  expec t  a s i m i l a r .  l e a r n i n g  curve f o r  
t h e  nuc lea r  r e a c t o r  i n d u s t r y  2 where 
i n c r e a s i n g  a t t e n t i o n  i s  being devoted .to 
s a f e t y  both wi th in  t h e  'AEC and 
i n d u s t r y  a s  a whole. 

2.4 PRESENTATION OF RISK -ESTIMA*TES 

A ' -  common problem i n  comp.arin 
t h e  d i v e r s e  a c t i v i t i e s  i n  w h i c h  man 
engages 'is t h a t  theca + s p e c i f i c  kconse- 
quences of vari'ous a c c i d e n t s  o r t  n a f u r a l  
even t s  a r e  u s u a l l y  d i f f i c u l t  toqexpress  

- i n  a common u n i t .  The consequences S w i J l  

u s u a l l y  i n c l u d e  f a t a l i t i e s  and i n j u r i e s  
- t o  people as w e l l  2s damage t o  p rope r ty .  
Some r i s k  s t u d i e s  have a t t empte  

-hand le  t h i s  problem by conve r t ing  
consequences i n t o  a s i n g l e  u n i f .  For 

-example, a p r a c t i c e  g e n e r a l l y  i n  use. 'for 
expres s ing  occupa t iona l  f a t a l i t i e s t a n d  
non- fa t a l  i n j u r i e s  t o g e t h e r  i s '  to-. use 
l o s t  man-days. of work as a un i t . '  I n  
t h i s  aeproach a value ofL 6 , 0 0 0  man'days 

permanent d i s a b i l i t i e s  (Ref. 
some " s tud ie s  t h i s  approach is ' lextended 
by expres s ing  f a t a l i t i e s -  a n d . i n j u r i e s  t o  
people i n  d o l l a r  va lues .  This  i s  then 
added t o  t h e  d o l l a r  va lue  of prope r ty  
damage - i n  o r d e r '  t o '  r e f l e c t  t h e t ' t o t a l  
s o c i e t a l - c o s t  i n  d o l l a r s .  -. Wh5le such 
approaches are convenient ,  t h e  d i f f i c u l t y  
with t h e i r  u s e  i s  ' t h a t  + t h e r e  'is n o t  

, .general  .agreement on: t h e  '.value of a 
human l i f e '  o r  t h e  value1 t o  be- a s s o c i a t e d  

1 wi th  i n  juries:. t h a t  haveimot occurred, on 
a l a r g e  iscale: Also, many. peopael -would 
l i k e l y  i view' t h e  assignment-$of do14ar. o r  
work l o s t  va lues  t o - f a t a l i t i e s  ,as ,being 
i n c o n s i s t e n t  r withr their: ;  pe r sona l -  views 

l i s '  u s u a l l y  a s s igned  f o r  f a t  

t ype  {of loss. , a 21 3 1 3  

j<. 1 - 6 ..! - 
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I n  view o€ t h e  d i f f i c u l t i e s  iinvolved i n  
expressing t h e  consequences of va r ious  
a c c i d e n t s  in4 a common u n i t , -  t-hhis s tudy  
h,as s e l e c t e d  four- t ypes  of consequepces 
f o r  t h e  determination-,and comparison of 
a c c i d e n t  consequences. These. are: 

. *  4 '  , -  i 

a. * Ear ly  f a t a l i t i e s ;  3 ,  i 

b. hEar ly* . i l l nes ses ,  . - 1  

I 14 t h e  a c c i d e n t ,  * r  

: . , I , (  - 3 .  . . 
c..-;Latet h e a l t h  e f f e c t s  a t t r i b u t d b l e  t o  

d. P rope r ty  damage. 
I _  . 'I 

I : , +  

With r e s p e c t  t o  t h e  s e l e c t i o n  of 
Eypes, it i s  noted t h a t  d a t a  dn' t h e  
prev-ioub accidenf  and na, tural  *' - event  
experience, i n  'the -U.S .  are f r e q u e n t l y  
a v a i l a b l e  f o r  t ypes  a,  b,  and d'. . Fur,' 
the;, , information on 'type c. i s  sdmetimes' 

I n  t h i s -  s tudy  ' the  major types,  of:&ci- 
den t s ,  have been' i d e n t i f i e d ,  and 1 thei.r 
p r o b a b i l i t y  of occurrence est imated o,n 
t h e  b a s i s  of even t  tree and f a u l t  t r $ e  
analyases of  reactqr ope ra t ions .  .;ach of 
t h e s e  acc iden t s ,  has been analyzed t o  qe- 
termine t h e  range of consequences asso- 
c i a t e d  with, it i n  terms of f a t a l i t i e s ,  
i l l n e s s ,  long-term h e a l t h  e f f e c t s t ,  and 
p rope r ty  damage. The r e s u l t s ;  of t hese  
s t u d i e s  provide t h e  probabili ty-conse-,  
quence r e l a t i o n s h i p s  which w i l l  s e rve  a s  
t h e i  b a s i c  i n f o r m a t i 0 n . h  expressing the  
r e a c t o r  a c c l d e n t  r i s k s  presented i n  
Chapter 5. , 

avai,lable i n  s e l e c t e d  s t u d i e s .  1 . .  

1 .  I 

Simi'lar .determinat ions a r e  made f o r  l o w  
p r o b a b i l i t y  high consequence non-nuclear 
a c c i d e n t s  t h a t  could r e s u l t . '  from. o t h e r  
t echno log ica l  undertakings.  S p e c i f i c a l -  
l y ;  dam f a i l u r e s ,  a i r c r a f t  c r a shes  i n t o  
l a r g e  concen t r a t ions  of people ,  and t h e  
release of 1arge;amounts of c h l o r i n e , ,  ( a  
t o x i c  chemica l ) ,  havecbeen s t u d i e d  and 
are compared with nuc lea r  acci-dents. . 

I " r .  c 
9 .  ' 7  

i ~ 1 ,  j ; F  I 
To provide a d d i t i o n a l  -pe r spec t ive  'on ,the 
s i g n i f i c a n c e  of p o t e n t i a l  r e a c t o r  acc i -  
d e n t s ,  t h e  r i s k s  due t o  nuc lea r  acci- 
d e n t s  _tare a l s o  compared, i n  Chapter , - 6  ,- 
t o  : t h e  , more common_ ,societal_ risks 
r e s u l t i n g  -from man's , technologi ,cal  
a c t i v i t i e s  and f;omrnatuqal e v e n t s . ,  I I 

* I >  r .  

* >  - - ..,. - . 
.I. *' 

I ,- . #C  i ' L 7 s :  . 
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TABLE 2-1 SOME U . S .  ACCIDENT DEATH STATISTICS (Ref. 6) - 1967-1970 
n 

Number per 100,000 of 
Acc id en t Total Deaths resident populatioii 

1967 1968 1969 1970 1967 ,1968- 1969 1970 . 
Motor Vehicle 53,100 55,200 56,400 54,800 26.8 27.6 27.9 26.9 

19,800' '19,900 19,000 17,500 10.0 10.0 9.4 8.6 Falls 

Fires, burns 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 13.7 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 1.2 -1.5 
Cataclysm 155 129 NA NA 
Lightning 110 'J  ,162 * NA NA c 0:06. . 0.08 NA-. i NA 

. .  . - . . * . ,  

. .  
I . . - - '  , ; i 

. .  
. I  

NA = not,yet available,,from this:source. . 

. .  ': . ., . . .! ' k; . . : . * a  

.. I . o : . ; , ' .  ' 

TABLE 2-2 SOME U.S. ACCIDENT DEATH STATISTICS (Ref. 7) - 
. , '  . .  , '  , 

. !  
, . . , ... ., . .  

1967 , 1968 

Probability of Death 
Accident Total Deaths per Person per Year 

I 1967 1968 1967 1968 

Motor Vehicle 

Falls 
Fires, burns 

Drowning 
Firearms 
Poisoning 

Cataclysm 
Lightning 

53,100 55,200 
19,800 19,900 
,7,700 7,500 
6,800 7,400 
2,800 2,600 
2,400 2,400 

155 129 
110 162 

2.7 
1.0 
3.9 
3.4 
1.4 
1.2 

8 x 
6 x 

2.8 x 
1.0 

3.8 
3.7 
1.3 
1.2 

6 x 
8 x 

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 1 

14,454 at age 65 and over 75 7.5 

5,346 at ages below 65 3 3 
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FIGURE 2-1 A Benef i tbRisk  Pa t t e ' rn  

FIGURE 2-2 F a t a l i t y  R a t e s  i n  Commercial 
A i r  T r a v e l  [ D a t a  from Accident  
F a c t s ,  1972 E d i t i o n .  Covers 
1950-1971.1 
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Chapter 3 - ' 

. *  

The Nature of Nuclear Power Plant Accidents 

3.i INTRODUCTION. - 1 . ,  . 

ar '  power p l a n t  a c c i d e n t s  d i f f e r  
'from ' t hose  i n  convent ional  power p l a n t s  
because they can p o t e n t i a l l y  release 
s i g n i f i c a n t  a m u n t s  o f  r a d i o a c t i v i t y ,  t o  

< t h e  environment. While ' v e r y  l a r g e  
amounts. o f  r a d i o a c t i v i t y  are gene ra t ed  
by t h e  f i s s i o n  p rocess  i n  the.  uranium 
dyoxide f u e l  i n  a n u c l e a r  p l a n t ,  r t h e  
b u l k  o f  t h i s  r a d i o a c t i v i t y -  (about 98%)  
cremains 8 i n  t h e  f u e l  a s  long  a s  the. f u e l  
i s  adequately coo1ed.l For  l a r g e  
amounts o f  r a d i o a c t i v i t y  t o  be  r e l e a s e d  
from t h e  f u e l ,  i t  .mustdx be  s e v e r e l y  
overheated and e s s e n t i a l l y  m e l t .  Based 
on t h i s  knowledge, t h e  major t y p e s  
nuc,lear power p l a n t  a c c i d e n t s  t h a t  have 
the p o t e n t i a l  t o  cause -la,rge releases' o f  
r a d i o a c t i v i t y  t o  t h e  environment have 
f o r  some, t i m e ,  been recognized. 
.I Attempting t o  p reven t  -such .accidents  -and 
t o  m i t i g a t e  t h e i r  p o t e n t i a l  consequences 
have been' the, prjmary. o b j e c t i v e s  o f  
n u c l e a r  power p l a n t  s a f e f y  design. 

The s a f e t y  design approach f o r  n u c l e a r  
power p l a n t s  h a s  o f t e n  been desc r ibed  -as 
c o n s i s t i n g  o f  t h r e e  l'evels . o f  s a f e t y  
invo lv ing  (1) t h e  design f o r  s a f e t y '  i n  
normal opera ' t ion,  providing t o l e r a n c e s  
f o r  system malfunct ions,  ( 2 )  t h e  assump- 
t i o n  t h a t  i 'ncidents - w i l l  none the le s s  
occur  and t h e  i n c l u s i o n  -of ' s a f e t y  

, systems i n  t h e  f a c i l i t y  - ' t o  minimize 
damage a n d ' p r o t e c t  t h e  p u b l i c ,  and ( 3 )  
t h e  p r o v i s i o n s  o f  add i t ion ' a l  s a f e t y  
systems t o  p r o t e c t  t h e  p u b l i c  -based on 
t h e  -*analysis .of  ve ry  u n l i x e l y  accidents.  

approach h a s "  a l s o  been 
vo lv ing  t h e  use  of physi-  

c a l -  barriers ( f u e l ,  f u e l  * c l a d d i n g ,  
r e a c t o r  - coo l  an t s y s t e c ,  ',con t a  inmen t 
I jui lding)  = Eo a t t empt  t o  p r e v e n t  t h e  
r e l e h s e - o f  radioactivity to  t h e  environ-  
ment.? 'The above d e s c r i p t i o n s  a r e  

- t- 

:- , * .  . 
. I  A ' .  . .  

* * I . _  
I - -  

'Sma-11 a m i h t s  o f . ' r a d i o a c t i v i t y  are re- 
l e a s e d  : from .. t h e  reactor + f u e l -  o r  a r e  
c r e a t e d  b y - n e t t r o n  i r r a d i a t i o n  o f  p l a n t  
m a t e r i a l s  i n  normal ope ra t ion .  These 
amounts a r e  s m a l l ,  enough to:  b e .  co l -  
l e c t e d  and disposed o f  w i t h  n e g l i g i b l e  
r i s k  a s  i n d i c a t e d  i n  WASH-1250, Chapter 
4 .  

'Appendix I ,  s e c t i o n  2 c o n t a i n s  a 
d i s c u s s i o n  o f  t h e  i n t e r r e l a t i o n s h i p  o f  
t h e  v a r i o u s  b a r r i e r s .  

v a l i d ,  b u t  both are g e n e r a l  s t a t e m e n t s  
covering t h e  d e t a i l e d  concepts  underly- 
i n g  r e a c t o r  s a f e t y t d e s i g n .  A d e f i n i t i o n  
of  t h e  l o c a t i o n s  and amounts o f  radioac-  
t i v i t y  i n  - a n u c l e a r  power p l a n t  and an 
examination o f  t h e  p rocesses  by which 
s i g n i f i c a n t  amounts o f  t h i s  r a d i o a c t i v i -  
t y  can be  r e l e a s e d  from t h e  f u e l  and 
t r a n s p o r t e d  t o  t h e  e n v i r o n m n t  o u t s i d e  
t h e  containment b u i l d i n g ,  p rov ides  a 
somewhat more d e f i n i t i v e  view o f  t h e  
va r ious  elements  t h a t  e n t e r  i n t o  r e a c t o r  
s a f e t y  approaches. 

A l l  t h e  p l a c e s  i n  which f u e l  i s  l o c a t e d  
i n  a n u c l e a r  power p l a n t  and t h e  amount 
o f  r a d i o a d t i v i t y  i n  each l o c a t i o n  a r e  
i d e n t i f i a b l e .  This i s  shown i n  s e c t i o n  
3 . 2 ,  which ind ' i ca t e s  t h a t  by f a r  t h e  
l a r g e s t  amount o f  r a d i o a c t i v i t y  r e s i d e s  
i n  t h e  r e a c t o r  core .  A s m a l l e r ,  b u t  
s t i l l  l a r g e  amount o f  r a d i o a c t i v i t y  i s  
l o c a t e d  in -  the,  s p e n t  f u e l  s t o r a g e  pool 

t i m e  r e f u e l i n g  o f  t h e  r e a c t o r  i s  
e8.1 I n  bo th  t h e s e  l o c a t i o n s  , 

t h e  , f u k l  ' is  s u b j e c t e d  t o  h e a t i n g  due t o  
abso rp t ion  0-f energy from t h e  decay o f  
r a d i o a c t i v e  materials,  This  con t inues  
even a f t e r  r e a c t o r  shutdown h a s  t e r m i -  
na t ed  t h e  f i s s i o n  p rocess .  This  decay 
h e a t  can be t h e  sou rce  o f  ove rhea t ihg  i n  
f u e l  i n  a shutflown r e a c t o r  o r  i n  f u e l  
t h a t  h a s  been remo-ved from t h e  r e a c t o r .  
Immediately fo l lowing  t h e  shu td  
r e a c t o r  t h a t  h a s  ope ra t ed  abou 

-o r  l o n g e r ,  t h e  decay h e a t  amounts t o  
abou t  7 %  o f  , t h e  p r i o r  o p e r a t i n g  power 
l e v e l .  Whi,le.the h e a t  h a s  an i n i t i a l  
rap id  decrease a f t e r  r e a c t o r  shutdown, 
it c o n s t i t u t e s  a s u b s t a n t i a l  h e a t  sou rce  
f o r  sone tip, and cont inued cool ing  of  
the €ue> i s  requ i r ed .  " _  

Overhea'ting o f  f u e l  occu r s  on ly  i f  t h e  
h e a t  being gene ra t ea  i n  t h e  f u e l  exceeds 
the r a t e  a t  which i t  , is  be ing  r e m v e d .  
This  cype of  t imbalance i n  t h e  f u e l  

1 ,  

~ , ' .  
2 . .  

'There are -two, o,ther p l a c e s  where s m a l l -  
- er  amounts o f  r a d i o a c t i v i t y  are lo-  

c a t e d ;  , t h e  waste ,gas s t o r a g e  t ank  and 
t h e  l i q u i d  waste s t o r a g e  tank.  These 
a r e  d i scussed  i n  s e c t i o n  5 o f  Appendix 
I. 
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i n  t h e  r e a c t o r  co re  can occur  on ly  i n  . s e v e r e  ove rhea t ing  o f  t h e  f u e l .  Tran- 
s i e n t s  a r e  d i scussed  f u r t h e r  i n  s e c t i o n  the  fo l lowing  ways :I 
3.4,of t h i s  chap te r .  

r \  

a *  The occurrence~of  al-To$,  o f  coolant" * - 2 ' I -' '..I rL. L i 

even t  w i l l  a l l ow t h e  f u e l  t o  
ove rhea t  (due t o  decay h e a t )  u n l e s s  
emergency coo l ing  water  i s  s u p p l i e d  

1 t o ?  t h e  core .  
I I  

b. ,Overheating o f  f 
t r a n s i e n t  I - even t s  .that2 r cause  t h e  
r e a c t o r  power- t o .  i n c r e a s e  beyond t h e  
h e a t  removal c a p a c i t y  o f  t h e  r e a c t o r  

. coo l ing  system o r  t h a t  : cause  , t h e  
hea t - r emova l .  c a p a c i t y  of  t h e  , r e a c t o r  

r coo l ing  system .to: d r o p ,  below ; t h e  
co re  h e a t .  gene ra t ion  I r a  

I tema.  i n d e n t i f i e s  a c l a  
d e n t s ,  c a l l e d  loss o f  c o o l a n t  a c c i d e n t s  
( L O C A s ) ,  i n  which a r u p t u r e  i n  t h e  
r e a c t o r  coo lan t  system (RCS)  , would l e a d  
t o  a loss o f  t h e , ' n o r m a l  cool'apt-. The 
r u p t u r e  would a l low t h e  high" p r e s s u r e ,  
h i g h  temperature  ' R C S  water to-* fl 'ash t o  
steam and blob- down i'nto. t he -  con ta  
building. '* To c,ope with- t h i s  type 0-f 
p o t e n t i y l - e v e n t ,  a se t  o f  systems. c a l l e d  
engineered s a f e t y  f e a t u r e s  (ESFs )  a r e  
provide'd i n  each p l a n t .  ' A  nun?j'er of t h e  
engineere<d s a f e t y  f e a t ?  s ,  as- ,  w e l l -  a s  
physica-l . ;processes,  . a 

-_ ' 

o f  r a d i o a F t i v i 5 y  r e  
ment should e i t h e  
n t  even t  r e s u l t $  i n  *a2 s k q * i f i c a n t  
. o f  ra 'dioactivity ' ;from ,the reac- 

t o r  ,core,. Fo r  i n s t a n c e ,  a c0n;tain 
b u i l d i n g  i s  prpvided t o  con ta in  
r a d i o a c t i v i t y  release'd from t h e  f u e l  and 
t o  de l ay  and reduce the  magnitude o f  

t o  t h e  envkronment. Some o f ' t h e  
i v i t y ,  would be depos i t ed  on 

s u r f a c e s  w i t h i n  t h e  containment buJlding 
o r  would be absorbed by w a t e r  s p r a y s ,  
water poo l s  o r  f i l t e r s  provided f o r  t h i s  
purpose. LOCAs and ESFs a 
' b r i e f l x  i n  s e c t i o n  3.3 o f  t h  

I t e m  -'b. i 'dent i f ies  a c l a s s  of  e v e n t s  
c a l l e d  t r a n s i e n t s .  *A <nuclear  p l a n t  i n -  
c ludes  va r ious  e l ec t r i ca l  s a f e t y  c i r -  
c u i t s  and a system f o r  r a p i d , t e m i n a t i o n  
o f  t h e  ' f i s s i o n  p rocess  t o  a t t empt  t o  
p r o t e  c,t a g a i n s t  damaging r Y  t r a n  s i e n  t,s . 
The ESFs, a l s o  s e r v e  t o  m l t i g a t e  conse- 
quences shou ld  t h e  t r a n s i e n t s  r e s u l t  i n  

'It i s  p o s s i b l e  t h a t  some i n t e r f e r e n c e  
t o  water  flow (commonly c a l l e d  flow 

. blockage') t? -the co$e- o f  an'"operating 
r e a c t o r  'might -cause some 1oca;;ized f u e l  
me l t ing .  Such.'events would n'ot - M a d  ' t o  
s i g n i f i c a n t  -release ' o f  ; r a d i o a c t i v i t y  ' t o  

* 

t h e  -6nvironment ' agc ind ica t ed '  i n  As'ection 
3 o f  Appendix I. I 

The s p e n t  f u e l  s t o r a g e  pool (SFSP) ho lds  
f u e l  t h a t  h a s  been removed from t h e  
r e a c t o r  and t h a t  i s  being s t o r e d  u n t i l  
i t s  h e a t  gene ra t ion  rate de,caysAto a low 
l e v e l  a t  which t i m e  f u e l  i s  pe rmi t t ed  t o  
be -s@ipeedA t o  a f u e l  r,eproc-essing p l a n t .  
The _decay ,hea t  .?ate o,f t h e  :uel : --in t h e  
s t o r a g e  poolA is_ much lower, $pan t h < t  o f  
t h e  f,uel in3 an ope-rating _ reac to r  core .  
A t .  t h e s e  ?low . h e a t  ra, tes,  the.  fuel-  i s  
adequately cooked .by th-e pool; w a t e r ,  and 
s i g n i f i c a n t  re-lease s i, I o f r a d i o a c t i v i t y  
can occur  on ly  , i n  ,acciden)ts i nvo lv ing  
e s s e n t i a l l y  complete lqss o f  water  from 
t h e  pool.. 1, These p o t e n t i a %  . acc iden t s  are 
d i scussed  i n  se 'c t ion 3.5. ' 

%or  those  -read&s n o t  f a m i l i a r  w i th"  t h e  
'physical '  - featur 'es  0.f ' nuc lea r  -&power 
p l a n t s ,  it would 5e e f u l  t o  r e f e r  :to 
-App"endix I X .  However, a s m a l l  amount o f  

.G'teria.l L i s  p r e sen ted  below. 
- i  -_  c *  ' , -  

The u r a n i k  d iox ide  f u e l  : p e l l e t s  used i n  
"current r e a c t o r s  af 'ey-il lustrafed i n  F ig .  
-3-1. D u r b g  norms1 r e a c t o r  o p e r a t i o n  
%the bu lk  o f  t he ;  r a d i o a c t i v i t y  semains 
t r a p p e d -  i n  the ' -  f u e l  p e l l e t s  s i n d e  t h e  
uranium d iox ide ,  a ceramic of  h igh  

-melt ing p o i n t  (Q5,0OO0.F) , e f f e c t i v e l y  
t a l n s  t h e  bu_l_k o f  t h e  .?radioactivity. 

A t y p i c a l  f u e l  rod  i s  s_hoyn* i n . F i g .  3r2. 
The g a s  plenqm a t  t he+  t o p  o f  t h e  f u e l  
rod  c o l l e c t s  t h e  s m a l l  aqount -,of gaseous 
r a d i o a c t i v i t y  t h a t  normally l e a k s  from 
t h e ,  ~ f u e l  p e l l e t s  d u r i n g  ope ra t ion .  
F igu res  3-3 and 3-4 show- t h e  r e a c t o r  
c o o l a n t  systems (RCS) f o r  a t y p i c a l  PWR 
and a t y p i c a l  BWR p l a n t ,  respecti ,vely.  
F i g u r e  3-5 shows t h e  BWR RCS i n s i d e  t h e  
primary containment. The B Y  primary 
containment completely encl'o.ses . the RCS 
and i s  provided w i t h , a  p r e s s u r e  suppres- 
s i o n  pool  t o  p reven t  - o v e r p r e s s u r i z a t i o n  

.of t h e  containment by>.the i n i t i a l .  s t e a m  
release t o  t h e  containment i n  the , even t  
of- a L0CA.I  F igu re  3-6. shows. , t he  BWR 
RCS and primary- containment , located i n  a 

. . reactor  bu i ld ing .  This b u i l d i n g ,  some- 
t i m e s  c a l l e d  a secondary containment,  i s  
n o t  r e a l l y  a containment,  b u t  a confine-  
ment b u i l d i n g  t h a t  p rov ides  a p a t h  by 
w h i c h . r a d i o a c t i v i t y  t h a t  l e a k s  from -,the 
primary containment i s  d i scha rged  t o  t h e  
environment through # . * f i l t e r s  ; &-.and i s  
d i scha rged  a t  an e l e v a t e d  : l eve l .  F i g u r e  
3-7 shows-the PWRiRCSiinside a con ta in -  

A .  

:J* . -  
- A \ .  -, 

- .  . '\ c * 

i .i - 8  ' -4 ,. ,. 
1 I s o l a t i o n  va lves -  $care -- provided a t  

s u i t a b l e L  l o c a t i o n s  i n  khosegr RCS, . ,p ipes  
which p e n e t r a t e  t h e  containment; - 



mentr  buildin'g. 1 A system t o  quench t h e  
steam r e l e a s e d  i n  . a PWR LOCA -is n o t  
needed t o  p reven t  - i n i t . i a 1 .  ove rpre ss u f i -  
z a t i o n  because o f  t h e  l a r g e  vol'ume 
w i t h i n  t h e  containment. However, sys- 
t e m s  are provided , t o  A-emove h e a t  - and 
r e d u c e  ' the p r e s s u r e  i n  t h e  containment 
b u i l d i n g  and t o  re ta in. - -  r a d i o a c t i v i t y  
t h a t  may -be r e l e a s e d  % from t h e  core. 
Both :PWR and BWR., containments are 
d e s i g n e d .  - t o  -]have low leakage r a t e s - i n  
o r d e r  t o  4 n h i b i t z  t h e  .release * o f  
r a d i o a c t i v i t y  t o  the\.environme 

. _ 1  - ~ r I (  

3.2 LOCATION AND MAGNITUDE 
- RADIOACTIV~TY~ + 

.. - 

The _ f r e s h  uranium.dioxide p e l l e t s  ithat 
serve,r&as the,  f u e l  i n  t h e  PWR and BWR 
r eac to r s , - a re  ( o n l y  s l i g h t l y  . ,-radioactive. .  
However, - d u r i n g  reactor o p e r a t i o n  t h e  
f i s ' s ion  process .  produces, l a r g e  - amounts 
0.f ' r a d i o a c t i v i t y  .in . the .fuel-.- -By f a r ,  
t h e  l a r g e s t  f r a c t i o n  o f  t h e  r a d i o a c t i v i -  
t y  i s  a s s o c i a t e d  w i t h , t h e  f i s s i o n  pro- 
d u c t s  r e s u l t i n g  from t h e  * f i s s i o n  pro- 
cess. Some o f  t h e  neu t rons  produced by 
the' f- ission pr'ocess are- ' absorbed, I t o  
v a r i o u s  e '  degree*sy,L' by"' 4 s t r u c t u r a l  and 
c o o l a n t  'materials' and the reby  gene ra t e  
rad:oactivity.+- ThT'i's r a d i o a c t i v i t y  ' i s  
g e n e r a l l y  re ' fcrred to" as  induce,d r a d i o 2  
a c t i v i t y .  Me induced : radioact ivi ty  is, 
o n l y  'a: minute 2 f r a c t i o n  o f  * -  t h e  ' t o t a l  
r a d i o a c t i v i t y  - -that- cou ld  p o t e n t i a l x y  b e  
r e l e a s e d  from t h e  r e a c t o r  i n  . t h e  e v e n t  
of'f -a s e v e r e  a c c i d e n t  and i s ,  t h e r e f o r e , '  
n o t  important .  .- 1 -  

- - I  . : 
While e s s e n t i a l l y  a l l  t h e  r a d i o a c t i v i t y  
i n  t h e - p l a n t  i s  initi 'alzly create'd i n  t h e  
r e a c t o r  c o r e ,  traTn"sfe5" o f  F s p e n t  - f u e l  
assemblies from t h e  . 'core - r e s u l t s  i n  
cons ide rab le  r ad io2c tYvi ty  'bei-ng i located 
i n  o t h e r  p a r t s  o f  t h e  p l a n t .  The 
r a ' d i o a c t i v i t y  inven to ry  .second l a r g e s t  
irii3amount compared 20- t l i e - r e a c t o r  I core ,  
i s  l o c a t e d  i n  We- s p e n t  fue.1 s t o r a g e  

SFSP) which h o l d s  1 t h a t  h a s  
re'moved - from t h e  
ng shipment \to- a n .  

r ep roeess ing  f a c i l i t y .  The 'average-nun- 
b e r  o f  f u e l  a s sembl i e s  i n  t h e r  SFSP 
c o n s t i t u t e s  about  h a l f  o f  a f u l l  r e a c t o r  
co re  loading.  Radioactive'  fuel-:  assem- 
Ij?liries i n  :-the p l a n t  may - a l so  'be 1-ocated 
i n  I t h e  s p e n t  .f u e l  shipping cask  which 
ho lds  'up, t o  jabout. 1 0  f u e l  *assemblies. 
The r e f u e l i n g  t r a n s f e r  f r o m . t h e . c o r e  t o  
t h e  SFSP invo lves  o n l y  a s i n g l e  f u e l  
assembly,,at a t i m e .  .., I n  , add i t ion  t o  t h e  
above',, smaller sources  .of ; r a d i o a c t i v i t y  
a.$S" noFmally-.present a t  t h e  p$an 
Gas te  g a s '  s t o r a g e  t a n k s  (WGST) 
l i q u i d  waste s t o r a g e  t anks  (LWST). 
These l a t t e r  s o u r c e s  r e s u l t ,  f o r  exam- 
ple,'.;from,leakage o f '  a s m a l l  'amount o f  
r a d i o a c t i v i t y  - .  f r0.G s t h e  -fdel  rods durin,g 

. _  
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reactor soperat-ion, a s  w e l l  as  radioac-  
t i v i t y  i induced.  i n  i m p u r i t i e s  i n  t h e  
reactor c o o l i n g  - w a t e r .  Typical '* magni- 
t udes  o'f t h e  r a d i o a c t i v e  i n v e n t o r i e s  i n  
t h e  ' above ,-noted p l a n t  l o c a t i o n s  are 
shown--in Table 3-1. 

The va lues  given' 'in' T a b l e  3-1' are 
t y p i c a l  ' f o r  a' 1,000 megawatts e lec t r ic  
(Me) p1an t "ope ra t ing  a t  3,200 megawatts 
thermal  ' ( M W t )  . ."In I ' addi t ion t o  t h e  
r e a c t o r  power l e v e l ,  t h e ' p l a n t  radioac-  
t i v e  inven to ry  .depends s l i g h t l y  on t h e  
l e n g t h  o f  power 0perat ion. j  -rFor example, 
i n  t h e  r e a c t o r  c o r e  thei t o t a l  amount o f  
r a d i o a c t i v i t y  produced i s  d i r e c t l y  re- 
l a t e d  1 t o  t h e  .product oft t h e  .power level 
and t i m e  a t  power. However: s i n c e  t h e  
r a d i o a c t i v i t y  decays.  t o  o t h e r ' i s o t o p e s ,  
which.are  nonf-radioactive o r  less rad io -  
ac t ive ,  a n  e q u i l i b r i u m  amount o f  r ad io -  
a c t i ' v i t y  occur s  * when % t h e  r a d i o a c t i v e  
decay rate e q u a l s  t h e  product ion r a t e .  
For.most o f  t h e  r a d i o s c t i v i t y ,  e q u i l i -  
brium h a s  occurred af te?-several  m6nths 
o f  s u s t a i n e d  .operat ion.  The - r e a c t o r  
core  r a d i o a c t i v i t y  inventor-y shown i n  
Tabl-e 3-1 i s .  based.  on-.. 550 days o f  
s u s t a i n e d  operat ion-  and represents '  t h e  
expected e q u i l i b r f u m  radZ'oactivity i n  an 
o p e r a t i n g  r e a c t o r t 2  * The inven to ry  o f  
radio-act ivi ty '  i n  t h e  SFSP. i s  based on a 
p l a n t  t h a t  h a s  'a -commonf SFSP s e r v i n g  two 
1 , 0 0 0  MWe r e a c t o r s .  %e'average number 
o f  s p e n t  f u e l ' a s s e m b l i e s  s t o r e d  i n  t h e  
SFSP i s  based. on 'assumed normal unload- 
i n g  and shipment schedules .  The r ad io -  
a c t i v e  invent0'r.y i n  t h e  sh ipp ing  cask  i s  
based on a f u l l  load o f  f u e l  i n  t h e  
l a r g e s t  sh ipp ing  ,cask c u r r e n t l y  l is 
censed, , and t h e  s h o r t e s t  ,decay p e r i o d  
(150  days) allpwed f o r  f u e l  sh ipped  i n  
t h e  con ta ine r .  , The ' r e f u e l i n g  radioac-  
t i v i t y  r - ep resen t s ,  * t h a t  amount i n  - a 
s i n g l e  f u e l  assembly a t  t h r e e  days a f t e r  
r e a c t o r  s-hutdown. T h i s  t i m e  i s  t y p i c a l  
of t h e  ear l ies t  t i m e  a f t e r  shutdown t h a t  
t r a n s f e r  o f  fuel,.f,rom t h e  r e a c t o r  c o r e  
t o  .the.SFSP begins .  . :- 
Table 3-1  c l e a r l y  shows th'a't th'e r e a c t o r  
co re  c o n t a i n s  by f a r  t h e  l a r g e s t  sou rce  
o f  r a d i o a c t i v i t y  i n  t h e  p l a n t .  I t  a l s o  

I , "  

- 

1 1 .  . r  
I _ .  \ 

- 1  . -  + / I  , j 

'The r a t i o  between t h e  ec t r ica l  o u t p u t  
and t h e  thermal ( h e a t )  i n p u t  d e f i n e s  
the' e f f i c i e n c y  'e. a p l a n t .  v p i c a l  
e f f i c  i e n c i e  5- o f  en't n u c l e a r  power 
p l a h t s ;  'are ' -' 31%.  Th,e' term 
megawatt mea i l l i o n  w a t t s .  

%' , I -  - - ~ 

*Th; .A 550  da;% r e p r e s e n t s  about on;-half 
o f  t h e  f u l l  th?ee y e a r  cycle t h a t  f u e l  
'assemblies remqin i n  the -  core .  



shows' t h e r e  i s  a r e l a t i v e l y  large 
inventory o f  r a d i o a c t i v i t y  - i n  #the f u e P  
i n  the.  SFSP and i n d i c a t e s  that.c.potentia1 
a c c i d e n t s  o f  i n t e r e s t .  could r e s u l t  from 
mel t ing  o f  f u e l  i n i t i a t e d  by a scomple t e  
loss o f  water from t h e  pool.: Whi<le \ t h e .  
s p e n t  f u e l  a s sembl i e s  i n  a loaded 
sh ipp ing  -cask - cons t+ i tu t e , .  a s i g n i f - i c a n t  
r a d i o a c t i v e  inven to ry ,  t h e r e  i s  o n l y a  
s m a l l  p o t e n t i a l  f o r  r e l e a s i n g  ,,.a s m a l l  
f r a c t i o n  o f  t h i s , , r a d i o a c t i v i t y  i n  an in.- 
p l a n t  ,accident . . l ,  '$he 8 r a d i o a c t - i v i t y  i n  
s h i p p i n g  c a s k  2 f u e l ,  has  ,decayed lpng  
enough so t h a t  ? , a i r  coo l ing  alone i s  

p-reclude f u e l  
f u e l ,  c l a d  t e  
come -h.igh enough, t o  cause 

c l a d d i n g , f a i l u r e s - a n d  t h e  release o f  t h e  
small , amount :of.  gaseous r a d i o a c t i v i t y  
t h a t  c o l l e c t s  i n  e + E u e l  rod gap& and 
plenum. The pps ated.  a c c i d e n t  re la-ted 
t o  r e f u e l i n g  t r a n s f e r . i s  t h e  i n a d v e r t e n t  
l i f t i n g  of a :fuel assembly comple-tely 
o u t  o f .  t h e  water  l l e d  r e f u e l i n g  cana l ,  
o r  S F S P . ~ ,  Conve ve a i r -  .cooling: and 
h e a t  r a d i a t i o n  , a r e  a l s o  :adequate t o  
prevent.  fue4 melt ing i n  t h i s  case, b u t  
c l add ing  f a i l u r e s  and a r e l a t i v e l y  s m a l l  
r e l e a s e . o f  r a d i o a c t i v i t y  (from t h e  , , f u e l  
rod &-gap and pl_enum) could r e s u l t .  The 
r a d i o a c t i v i t y  in t+he  waste - gas s t o r a g e ,  
tanks. -(WGST) and l i q u i d  waste -s torage 
t anks  (LWST) .are- very small compared to ,  
t h e  , o t h e r  sources. .  A c c i d e n t s - p o s t u l a t e d  
f o r  release of r a d i o a c t i v i t y  ifrom t h e s e  
t a n k s  inc lude  tank . r u p t u r e s  .as w e l l  as 
malfunct ions tha t5cou ld  invo lve  release 
of  t h e  c o n t e n t s  o f , t h e  tank. 

Although a c c i d e n t s  t h a t  i nvo lve  release 
o f  r a d i o a c t i v i t y  from t h e  s h i p p i n g  cask  
f u e l ,  t h e  r e f u e l i n g '  p rocess ,  t h e  WGST 
and t h e  LWST would be  troublesome, 
p a r t i c u l a r l y  t o  i n - p l a n t  personnel  , none 
o f  t h e s e  cou ld  r e s u l t  i n  p u b l i c  conse- 
quence's n e a r l y  as s e r i o u s  as  a-ccidents 
i n v o l v i n g  -meltin'g o f  t h e  f u e l  i n  t h e  
r e a c t o r  c o r e  o r  i n  t h e  SFSP. Thus, 
a l though t h e  s tudy  t reats  a c c i d e n t s  
i nvo lv ing  a l l  t h e  r a d i o a c t i v e  s o u r c e s  
l i s t ed  i n  Table 3-1 (see Appendix I) , 

. I  

'See s e c t i o n  5 o f  Appendix I f o r  a more 
complete d i s c u s s i o n  o f  p o t e n t i a l  sh ip -  
p i n g  cask a c c i d e n t s .  

' M ~ Y  8 p l a n t s  arc esigned $ . i n  .such ha 
manner t h a t  it i s  p h y s i c a l l y  impossible  
t o  completely withdraw a f u e l  assembly 
from t h e  water using t h e  normal r e f u e l -  
i n g  equipment. Although t h e  s t u d y  
c o n s e r v a t i v e l y  assumed t h a t  a f u e l  
assembly cou ld  b e -  withdrawn it made 
l i t t l e  d i f f e r e n c e  t o  t h e  o v e r a l l  r i s k  
assessment. ' 

, I .  
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t h e  ensuing d i s c u s s i o n  i n  , - t h i s  c h a p t e r  
is) d i r e c t e d  a t .  p o t e n t i a l  . a c c i d e n t s  i n -  
volwing fuel-  i n  .the I r e a c t o r  core  and t h e  
SFSP: - *  . ( 2 - 1 .  

._. . , ~ -- 
-~ 

. I  1 ? *  ; * - -  
A d i scuss ion  ,of  t h e  p o t e n t i a l  a c c i d e n t s  
covered i n  t h e  s t u d y  7 i s  provided i n  
s e c t i o n  3 o f  -Appendix I and 4 n  Addendum 
1 -  t o  t h i s  r e p o r t .  The d i s c u s s i o n  n o t e s  
t h e  f a c t o r s  t h a t  were considered .in 
a t t empt ing .  t o  ensure t h a t  t h e  Listudy 
considered a l l  a c c i d e n t s  o f  s i g n i f i c a n c e  
t o  t h e  determinat ion o f  publkc I r i s k .  
The i d e n t i f i c a t i o n  o f  a l l  s i g n i f i c a n t  
s o u r c e s :  o f  ' r a d i o a c t i v i t y ,  t h e  fact1 t h a t  
a g ross  release of  r a d i o a c t i v i t y  can 
occur  o n l y  i f  f u e l  m e l t s ,  knowledge o f  
t h e  , f a c t o r s  t h a t  a f f e c t  h e a t  ba l ances  i n  
t h e  f u e l ,  and t h e  f a c t  t h a t  mechanisms 
t h a t  cou ld  l e a d  to' h e a t  imbalances have 
been - s c r u t i n i z e d  . f o r  many. y e a r s ,  a l l  
provide a high degree o f  confidence t h a t  
t h o s e  a c c i d e n t s  *.of , s i g n i f i c a n c e  r t o  r i s k  
have been t i d e n t i f i e d .  . 
3.3 LOSS *OF COOLANT ~CCIDENTS 

A LOCA wsoul,d r e s u l t  wh v e r  t h e  r e a c t o r  
c o o l a n t  sys-tem (RCS) expe-riences a b reak  
01, opening -large enough s o  t h a t  t h e  
c o o l a n t  i nven to ry  i n  t h e  system c o u l d  
no t  I be_ maintained by, the,  normally ,opera-, 
t .ing makeup system. Nuclear p l a n t s  
i n c l u d e  many engineered s a f e t y  f e a t u r e s  
(ESFs) -  t h a t  are provided. t o  m i t i g a t e  t h e  
consequences o f  such an even t .  A b r i e f  
d e s c r i p t i o n  o f  the,  LOCA sequence, assum- 
i n g  t h a t  a l l  ESFs o p e r a t e  a s  designed, ,  
i s  a s  fol lows:  

1. A break i n  t h e  RCS would occur  -and 
t h e  h i g h  p r e s s u r e ,  h i g h  temperature  
RCS water,  would be r a p i d l y  d is -  
charged i n t o  t h e  containment. 

* - I  I J J  

2..  The emergency c o r e  coo l ing  -system 
( E C C S )  would o p e r a t e  t o  k e e p - t h e  
co re  adequately coo l .  ' ' _  r 

Any r a d i o a c t i v i t y  r e l e a s e d  from t h e  
c o r e  would be  l a r g e l y  r e t a i n e d  i n  

I t h e  low leakage containment 
b u i l  ding. I S  ~ 

4 .  N a t u r a l  depos i t i on  p r o c e s s e s  and 
r a d i o a c t i v i t y  removal s y s  t e m s  would 
r e m v e  t h e  bu lk  o f  t h e  + r e l e a s e d  
r a d i o a c t i v i t y  from t h e  containment 
atmosphere. 

I ,  

5. Heat, removal systems would reduce 
t h e  containment pres,syre,  t he reby  
reducing,  leakage o f  r a d i o a c t i v i t y  - t o  
t h e  environment. . 

I f  t h e  ESFs were t o  o p e ' r a t e - a s  designed,  
t h e  r e a c t o r  c o r e  would be adequately 
cooled and o n l y  ' s m a l l  consequences would 



r e s u l t .  However, t h e  , p o t e n t i a l  conse-. 
quences 'could b e  much l a r g e r  " if ESF 
f a i l u r e s  w e r e  t o  r e s u l t  i n  ove rhea t ing  
o f .  t h e  r e a c t o r  core. ~ The p u b l i c  impact 
would depend on a l a r g e  number of 
f a c t o r s  which are d i s c u s s e d  i n  d e t a i l  i n  
Appendices I ,  V and V I  and -Chapter .-5. 
Some o f  t h e  more s i g n i f i c a n t  f ac to r s . - a re  
d i s c u s s e d  i n  t h i s  chap te r . , .  . I . I L L  

3 . 3 ;  1 mcA INITIATING EVENTS * . 
1 1 -* : I 

> ~ .:A h 

. >  . I  

Th*ere are a number o f  ways i n  , which a 
LOCA may be i n i t i a t e d .  The .most 
commonly cons ide red ,  i n i t i a t i n g  * e v e n t  
would be a break i n  t h e  RCS p ip ing .  
P i p i n g ' b r e a k s  t h a t  could cause a M C A  
ra'nge . i n  s i z e  from a b o u t  t h e  equi-va-lent 
o f  a 1/2 ' inch disamete-r h o l e  up t o  ' t h e  
comp,lete sqverance o f  one o f  the. main 
coo lan t  l oop  p?ipes . (:bout 3 f e e t  i n  
diameter)  .I 

The consequences o f  fa i l iure  .'ofr p r e s s u r e  
v e s s e l s  (such as  t h e  r e a c t o r  , ves se l  and 
steam g e n e r a t o r s )  have n o t  norma$ly-.been 
considered i n  theq'AEC's. s a f e t y  reviews 
s i n c e  1- t h e  , h i g h '  q u a l i t y  requirements  
a p p l i e d - i n  des ign ,  f a b r i c a t i o n ,  and op- 
e r a t i o n  o f  t h e s e  v e s s e l s  have, i n  t h e  
p a s t  , been considered adequate t o  make 
t h e  $ - l i k e l i h o o d  -of f a i l u r e  o f  t h e s e  
v e s s e l s  n e g l i g i b l y  small. However, t h i s  
s t u d y  h a s  cons ide red -bo th  t h e  l i k e l i h o o d  
and consequen7es o f  .such f a i l u r e s  i n  
o r d e r  t o  a s c e r t a i n  t h e  e x t e n t  t o  which 
they  can p o t e n t i a l l y  a f f e c t  t h e  o v e r a l l  
r i s k  from n u c l e a r  power p l a n t  a c c i d e n t s .  
me . e f f e c t s  -of -steam ,gene ra to r  f a i l u r e s  
and many - t y p e s  o f  r e a c t o r  v e s s e l  
f a i l u r e s  as  . i n + t i a t i n g  I e y e n t s  .can be 
a p e q u a t e l l  c o n t r o l l e d  by, e x i s t i n g  ECCS 
systems, However , l a r g e  d i s r u p t i v e -  ,re,? 
a c t o r  v e s s e l  f a i l u r e s  could,.prevent ade r  
q u a t e  coo l ing  o f  t h e  , c o r e  .and . can 
p o t e n t i a l l y  - cayse  .( f i l u r y  of t he  
containm&t. bu i ld ing ;  I- 

J , i  ) * T  > . 
The .- s p e c i f i c -  LOCA 
analyzed-in t h i s  'study 

a. Large pipe 'breaks i - ( 6 "  td  appro 
mately 3 f e e t  e q u i v a l e n t -  diameter  

#. - i * _. 

I .  . ._ . '  - L  

'The maximum p ipe  diameter  v a r i e s  some: 
what :from p l a n t  t o  p l f i t .  .J -The ..large 
p ipe  break i s  normally-considered t o ,  be 
double-ended. This  means t h a t  c o o l a n t  
from t h e  RCS-is -expel led through b o t h  
ends o f  t h e  seve red  p i p e ,  o r  t h e  
e q u i v a l e n t  o f  two p i p e s  t h a t . a r e  'about 
t h r e e  f e e t  i n  diameter .  

b. Small. to- i n t e rmed ia t e  p ipe . . b reaks  
( 2 "  t o  6" e q u i v a l e n t  d i ame te r s ) .  

c. Small p ipe  b reaks  (1/2" t o  2" 
' e q u i v a l e n t  d i ame te r ) .  

d. Large , d i s r u p t i v e  reactor v e s s e l  

e. Gross s t eamlgene ra to r  r u p t u r e s .  

f ;  <Ruptures.  between systems , t h a t  i n t e r -  

r u p t u r e s .  

. f a c e  w i t h  t h e  RCS. 

, 
3 . 3 . 2  EFFECTS OF ENGINEERED SAFETY 

. FEATURES 

The7basic purpose o f  t h e  ESFs, , i s  t h e  
same f o r  both PWR and BWR p l a n t s .  How- 
e v e r ,  the.  n a t u r e  and f u n c t i o n s  o f  ESFs 
d i f f e r  somewhat between PWRs and BWRs 
because o f  t h e  d i f f e r e n c e s  i n  the-  p l a n t  
des igns .  A number o f  t h e  ESFs a r e  
inc lpded ,  i n  a group termed, t h e  emergency 
core coo l ing  system (ECCS)  whose f.upc- 
t i o n :  i s  to. provide adequate cool ing-  o f  
t h e  r e a c t o r  c o r e  i n  t h e  e v e n t  of a LOCA. 
Other  ESFs provide r a p i d  r e a c t o r  s h u t -  
do- and reduce t h e  containment radioac-  
t i v i t y  and p r e s s u r e  levels t h a t  r e s u l t  
from- escape,of3$he r e a c t o r  c o o l a n t  from 
the,,RCS. ~ :,The- fo l lowing .  f u n c t i o n a l  
d e s c r i p t i o n s  apply t o  c u r r e n t  d e s i g n s  o f  
BWR and PWR p l a n t s .  More d e t a i l e d  
d e s c r i p t i o n s . o f  t h e  ESFs are provided i n  
Appendices I ,  I1 and I X .  

I ,  

The ESF f u n c t i o n s  a r e  i l l u s t r a t e d  i n  
Fig. 3 - 8 .  The primary f u n c t i o n s  t h e y  
perform a r e  a s  fol lows:  

a. & a c t o r  t r i p  (RT)-to s t o p  t h e  f i s -  
s i o n  process and t e rmina te  co re  
power gene ra t ion .  

, I  

b. Emergency yore coo l ing  (ECC)-to coo l  
' t h e  core;- thereby keeping t h e  re- 

lease o f ' r a d i o a c t i v i t y  from the! f u e l  
, ' i n t o  t h e  +cohtainment - a t  low l e v e l s .  

ci- P o s t  a c c i d e n t  r a d i o a c t i v i t y  removal 
(PARR) - t o  r'emove r a d i o a c t i v i t y  re- 

- * .  l e a s e d  from t h e ' c o r e  t o ' t h e  con ta in -  
ment atmosphere. 

'I I 
. ,  ~. I .  I I ~ - -  .. 

d .  Pos t  a c c i d e n t  h e a t  removal (PAHRI-to 
:remove decay , h e a t  from w i t h i n  t h e  

~ ,containment,  t he reby  p reven t ing  
oye rp res suF iza t ion  o f  t h e  , con ta in -  

. ,  *. ' I ment. I 

J $ &.>.. 

L -  

e. -, Containment i n t e g r i t y  ( C I )  - t o  p re -  
v e n t  r a d i o a c t i v i t y  w i t h i n  t h e  con- 
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' tainmenti, fromro being d i s p e r s e d  i n t o  + I  
t h e  environment.tl a. 6 

. I  L 

The cour se  o f  e v e n t s  I fol lowing a LOCA 
i n i t i a t i n g  e v e n t  i s  s t r o n g l y  in f luenced  
bycthe ,degree o f  s u c c e s s f u l  o p e r a t i o n  of: 
t h e  v a r i o u s  ESFs. The ways i n A w h i c h  
f a i l u r e s  o f  t h e  above f u n c t i o n s  i n f l u -  
ence the-.outcome .of -LOCAs a r e  d i scussed  
b r i e f l y  below. Sec t ion  2 o f  Appendix I 
d i s c u s s e s  t h e s e  in+:detai l .  -Reactor ' t r i p ?  
(RT)  i s  accomplished by r a p i d  i i n s e r t i o n  
o f  t h e  r e a c t o r  c o n t r o l  rods.  The a c t i o n  
i s  i n i t i a t e d  a u t o m a t i c a l l y  by e lectr ical  

generatedb i f  .'any of-,a number,of 
key o p e r a t i n g  v a r i a b l e s  reaches: .a ,+preset  
l e v e l .  The way i n  which f a i l u r e  o f  t h e  
RT func t ion  a f f e c t s  a LOCA 
complieated 6y a riuyber o f  f a c t o 2 s  
example, .In:the'PWR, f a ' i l u re  
func t ion  iii: a ' ,  Zarge . LOCA 
immediate Isignifikance s i n c e  
is-  rapidly;  s h u t  down by t h e  loss 'of 'coree- 
moderator-Land ECC water c o n t a i n s  bor6n'J 
t o  p r e v e n t  retu*"to power. However*;-!-as 
d i s c u s s s a  ''Cn -Appkndix I , sect'ion "2-, 
t h e r e  4areLycircumstkmces i n  wh 

Emergenc? . c b r e  coo l ing  (ECC)  involves" 'a,  
number . o f ; sys t emsf tha t  
of emergenc*y coolan 
core.  Both PWR and B 
h i g h  p r e s s u r e  sys't 
coping with Small  LOC 
s y s  t s m s '  p r i m a r i l y -  -I f o r -  l a r g e  L0CAs.L. 
Together ,  t h e s e  systems can f u l f i l l -  "the 
ECC requirement ove r  a wide range o f  

reqCired.1'.  .at' . 2 
- . _  r 
2 J d  

ge p i p e  breaks.  I - , 
. _  

- I  -.'I I ? I  L -  0 -  

Po st  a c c i d e n t  r a d i o a c t i v i t y  removaL 
(PARR) i s  accomplished d i f f e r e n t l y  i n  
t h e  PWR than i n  t h e  BWR. I n  t h e  PWR, 
this func t ion  - i s  I performed by systems ~ 

t h a t -  s p r a y  water , i n t o  the-icontainment 
atmosphere. The w a t e r  1 L  s p r a y ,  w$ich 
i n c l u d e s  a chemical a d d i t i v e  f o r  enhanc- 
i n g  i o d i n e  removal , washes . r a d i o a c t i v i t y -  
o u t  o f  t h e  c o n t a i n F n t  atmosphere. I n  
t h e  .BWR, t h i s  funct ion;  i s . ,  performed by 
t h e  -vapor suppression pool i n  the con- 
ta inment  and a f i l t e r i n g  system as soc i -  
a t ed -  w i t ?  t h e  , r e a c t o r  bui lding, ,  ,The_ 
vapor suppression,  pool ,removgs-rsome, o f  
t h e '  , r a d i o a c t i v i t y  . r e l eased -  from;the 

~ 

_ f  
. t  - : " f  1 

'It s h o u l d .  be ' n o t e d  h e r e  t h a t ! .  t h e  
hand l ing  %',of post-LOCA hydro-gen .genera- 
t i o n  , a f u n c t i o n -  current ly- ' requZred 2 i n  
t h e  AEC l i c e n s i n g  p rocess ,  i s  o m i t t e d  
from t h e  above l i s t  inasmuch as it h a s  
no  s i g n i f l c a n t  impact on t h e  o v e r a l l  
risli. a s ses smen t . - ' - pe r foqed  i n  
study: ~ See- s sc t ion  2 of-  Appendix 'I. 

core.  3 The f - i l t e r i n g  -system removes 
r a d i o d c t i v i t y  1 that1 l e a k s  .:* from < t h e  
containment i n t o  t h e  r e a c t o r  1 b u i l d i n g  
be fo re  it i s  . r e l e a s e d  a t  an e l e v a t e d  
l e v e l .  9 i * t  - I F ' ,  

Pos t  z accident::, h e a t  removal- .:(PAHR) :is$ 
performed By systems t h a t  t r a n s f e r '  h e a t  
from hea ted  w a t e r  w i t h i n  , the .containment 
t o  c o l d  wa te r  o u t s i d e  t h e  containment. 
The containment w,a t e l ;  t h a t  f lows through 
t h e  primary siae 'of  t h e  Keat exchangef 

, , L < >  S I  i _ r  ( . -  
. . A  

atmosphere from t h e  o u t s i d e  envlronment. 

I t  ris evident;rfrorn theLCpreceding 3 dis- 
cuss ions  , = t h a t  ,a l a r g e  release -of r ad io -  
a c t i v i t y  .from the: r e a c t o r  .core  - i n t o *  t h e  
con fainmen t r'would * r e q u i r e  viol-at  ion [ o f  
t h e , - b a r r i e r s  to_ ither r e l e a s e  o f  I I  r adioac-  
t i v i t y  providedpby t h e  . f u e l  .pe l - le ts ,  t h e  
f u e l  cladding,:and t h e  r e a c t o r  c o o l a n t  
s ys  tern.,. *In ~ - cu r ren t  l a r g e  power 
r e a c t o r s  , t h e  -.amount o f  decay h e a t  i n  
t h e +  c o r e  i s  l a f g e  . e-nough . so  t h a t  it 
coul'd: f f  ' no t  removed, m e l t L a l l  o f  t h e s e  
b a r r i e r s -  Snd a l s o  mel t . !  through- t h e  
b'ottom:of t h e  containment. * 

*r ..hi 1 - J '  - >  L 

1; ' e a r1y -power" i eac to r s  t h e  'power level 
about one '*tenth that '  o f  t o d a y j s  

tje r e a c t o r s .  I t  was ' thogght t h a t  
&e mel t ing  :is ,those low7power r e a c t o r s  
would not ' ledd" t o  melt-th'rough o f  t h e  

- F u r t h e r  , ' **s k'ce t h e  decay 
OW enough t o '  b e '  " r e a d i l y  

t f a n s f e r r e d  ' through t h e  steel' col;lta;n- 
me'nt w a l l s  Eo' t h e  o u t s i d e  <atmosphere, ' I t  
could n o t  o v e r p r e s s u r i z e  and f a i Z  t h e  
containment. Thus, if a LOCA were t o  
QCCUT, $nd-jbeveni if t h e  1 c o r e  w e r e  t o  
m e l t ,  t h e  low :leakage rc.ontainments t h a t  
were provided would have pe rmi t t ed  t h e  
release, o f  > o n l y  a <small amount- o f  
r a d g o a c t i v i t y .  2 I , - , I .  

However, as  r e a c t o r s  grew l a r g e r ,  sever- 
a l  new c o n s i d e r a t i o n s  became apparent .  

. _. -_,.. I.. 

. . -  - . ._-  . *  . 
p i e n d i x  VI11 f o r  , a .  d i  
inment melt-through. ~ 

1; i r - 1 -  I " A  >:. ,- 1 

20ther '  mechanisms ' t h a t  had t h e  p d t e n t i a l  
- t o  f a i l  con-tainment w e f e  ndt' e x p l i c i t l y  
considered. :- These w i l l  b e  ' d i s  
l a t e r  i n  t h i s  s e c t i o n .  



Ther..decay 31 h e a t  levels were now.so h i g h .  
t h a t  t h e  h e a t . c o u l d  n o t  be  d i s s i p a t e d  
through - the containment . w a l l s .  :Further ,  

t h e  e v e n t  of  1 a c c i d e n t s  i I ,  conc re t e  
s h i e l d i n g  w a s  . r equ i r ed  around. t h e  out-  
s i d e  of  t h e  containment .,to prevent-.over-:. 
exposure 'of pe r sons  i n  t h e  v i c i n i t y  of:  
t h e  p l a n t .  F i n a l l y ;  -it 'became I l i k e l y  
t h a t  a molten co re  could m e l t  through 
t h e  t h i c k - c o n c r e t e  con ta iynen t  base ,  i n t o  i 
t h e  .ground. Thus ,. new .sets o f  Fequi-rer 

,c, - - ' .  
Emergency - core .cooling, fsystems w e r e  
needed. t o  prevent  , core  , m e l t i n g .  ,which 
could,  i n  t u r n ,  cause  - f a i l u r e  o f  a l l -  
b a r r i e r s  ) t o  t h e  release, o f  r a d i o a c t i v i - -  
t y .  f r  Systems w e r e  needed t o  , t yangfe r ,  t h e  
c o r e  -,decay h e a t  f rom-the,  containment , t o  
t h e  , o u t s i d e  environment i n  ~ o r d e r  _ t o  
p reven t  t h e  h e a t  from- producing i n t e r n a l " =  
p r e s s p r e s  h igh  enough. t o  r u p t u r e  t h e  
containment. F i n a l l y ,  systems _I ~ w e r e  
needed t o  remove r a d i o a c g i v i t y  ,from.,the- 
containment -atmosphere . i n  o r d e r - ,  tp- 
reduce t h e  . amount t h a t  could,  l e a k  from 
t h e  qcontainment  i n t o  the-environment. ,  .-. 

l r b e h i n d  t h e s e  changes w a s .  
t o - a t t e m p t  t o  p rov ide  E S F s  dqsigned.  S O ;  
t h a t ,  .$he I f a i l u r e  of , -anyksingle  .ba_rrier- 
would n o t -  be  l ikely, .  t o  cause t h e - f a i l u r e -  
o f f  any :o f -  * t h e  o t h e r  b a r r i e r s .  - F o r ,  
example, i f  t h e  RCS,-were $0 rup' ture,  ECC- 
systems ~ were r i n s t a l l e d  t o  p,reyent t h s -  
f u e l -  Srom mel t ing  - and  -,therebp. prof_ect 
t-he i n t e g r i t y  o f  t h e  Containment. Other 
f e a t u r e s -  were added, t o  ai-d. t h i s  p o s i t i v e -  
ob j e c t i ve . F o r ,  . example,- , a d d i t i o n p l  
p i p i n g  r e s t r a i n t s  and p r o t e c t i v e  s h i e l d s  
were r e q u i r e d  t o * l e s s e n  
o f  ESF damage t h a t  could 

ments camerinto being. . . L I  i * a  i 

1 I '  
"I - -  

l lowing- a l a r g e  break i n .  t h e  
wledge t h a t '  large,'; n a t u r a l -  
h ,.as $ear thquak 
e mtil t iple  f 

spch causqs. 
e de ta i l ed ' , ,  d 
and mahy mor 
c u r  re 9 t.- n:yc l e  . ._ 
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Th,ey"net 7 2 e s u l t F b f '  t h e ' a d  
inr,cur ren t' l a r g e  react opr s 
t h e  l i k e l i h o o d  o f  a c c i d e n t s  that.*coul$- 

' F i i i c a n t  ~ p u b l i c  imp'a&t.* HOW-- 
n making a sys t ema t i c '  examination' 

o f  t h e  e f f e c t s  o f  f a i l u r e s  o f  v a r i o u s  
s i g n i f i c a n t  combinations o f  ESFs, it w a s .  
appa ren t  t h a t  t h e r e  a r e  important  i n t e r - .  
r - e sa t ionsh ips  -y  between , the 
vanious, ESFs- and e i t h e r ,  t h e  
t h e ,  a b i l i t y  of ,.- .>other.  ESFs t o  perform 
their ' . funct ions- .  _. For ins$,ance.,- j .if i n  
t h e  e v e n t  o f - a  LOCA, al-1 ESFs c p e r a t e  as 
designed and t h e  conkainment were .to 
c l o s e  (i.e.,, i s o l a t e  and become.essen- 
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t i a l l y  l e a k  t i g h t ) ,  t h e  consequences t o  
p u b l i c  would, i n  g e n e r a l ,  @e -qu i t e  

because. very l i t t l e  r a d i q a c t i v i t y  
would b e  r e l e a s e d  from t h e  core,  and much 
of t h a t  +would -be removed by containment 
systems provided f o r  t h a t  purpose.  How- 
ever, i f  e lec t r ic  power were 
t h e  l i k e l i h o o d  o f  r e a c t o r  
containment i s o l a t i o n  would b 
b u t  t h e .  ECC, PARR and .PAHR f u n c t i o n s  
could n o t  be performed. Thus, $he c o r e  
would m e l t ,  removal o f  r a d i o a c t i v i t y  
from t h e  .containment atmosphere , w o u l d  
o c c u r  o n l y  by n a t u r a l  deposit i-qn p.70- 
cesses, and t h e  containment could f a i l  
due t o  ove rp res su re  . < 

s t u d i e s '  have, i n d i c a t e d  t h a t  
meltdo? i n  a ' l a rge  r e a c t o r  would l i k e l y  
l e a d  t o -  f a i l u r e  o f  t h e  containme,nt 
(Ref. 1,2). - Thus, a commonly . ,held 
opinion:regarding c o r e  me l t ing  is,,  t h a t  
such an even? would r e s u l t  - in  a very 
s e r i o u s  , a c c i d e n t  w i t h  l a r g e  p u b l i c  
consequences. + T h i s  i s  e v i d e n t l y  one o f ,  
t h e  , r easons r tha t , . j  major s a f e t y  e f f o r t s  
h a v e ,  been devo fo,t_he pzevent ion o f  
c p r e  meltdown-an i t t l , e  a t t e n t i q n  h a s  
been d i r e c t e d . , t  rd- . the examination o f  
t h e  p o t e n t i a l  r e l a t i o n s h i p s  between core 
me l t ing  ;and containment j n t e g r i t y .  This  
s t u d y  ha? analyz.ed such r e l a t i o n s h i p s  
and has ,  found t h a t  t h e  containmeet - f a i l -  
u r e  modes , t h e 4 r  t iming,  and, t h e  *poten- 
t i a l  qad ioac t iye  release depend s t r o n g l y  
on - t h e  . ? p e r a b i l i t y  o f  t h e  var ious** ESFs. 
The fo l lowing  paragraphs i n d i c a t e >  some 
g e n e r a l  o b s e r v a t i o n s  based ,on t h e  con-, 
ta inment  f>a i luge  i cve  s t i g a t i o n s  conduct- 
e d  in,.,this-study,. - >c _I 

3 . 3 . 3  MOLTEN FUEL I N T E R A C T I ~ N ~  
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c -, ~ . -  I- . 
De t a i l e d -  dAScgs ions  o f  I CoAtainFent. i n -  
t e g r i t y ,  ,as?.it .is- a f f e c t e d  by t h e _ p h y s i -  
tal-procegses-resulting f r o ?  va r ious  ESF 
f a i l u r e s  , land c o r e  me l t ing  are, provided 
i n  Appendsces I and ?-.VIII., . B f c a u s e  . o f  

t i e szL  ' involved , i n  making 
o f  the ,physicalrpro-  

cesses- , t h a t  -a ny- core  me l t ing  in. a 
LOCA,- t h e ,  s tudy hastGnq,t . i n y e s t i g a t e d  t h e  
p o t e n t i a l  consequences, o f ,  p a r t i a l  m e l t -  
i n g  o f  r z a c t o r -  co 
b e e n ,  coqserv 
cond i t ions -  a r  
me l t ing  woul 
complete c o r e  me1 
then follows t h  
through t h e  b o t t  
and_ through ~ t h  
s t r u c t u r e  of  t 
through o f  t h e  containment would be 
p r e d i c t e d  t o  occur  about one-hal_f_ to, one 
day a f t e r  t h e  a c c i d e n t ,  t h u s  p rov id ing  
cons ide rab le  time f o r  r a d i o a c t i v e  decay, 
washout, p l a t e o u t ,  e t c . ,  t o  reduce t h e  
r a d i o a c t i v i t y  i n  t h e  containment atmos- 



phere. '  Furthermore, 'most o f  t he .  gaseous 
and p a r t i c u l a t e  r a d i o a c t i v i t y  t h a t  might 
be  r e l e a s e d  would be discharged i n t o  t h e  
ground which acts a s  a n  e f f i c i e n t  f i l -  
t e r ,  t h u s  s i g n i f i c a n t l y  - reducing t h e  
r a d i o a c t i v i t y  r e l e a s e d  t o  t h e  above- 
ground environment. . Accidents J t ha t .  
would fo l low ' t h i s  pa th  are ' t h u s  
c h a r a c t e r i z e d  by . r e l a t i v e l y  low releases 
and consequences. In , p l a n t s  ' t h a t ,  have 
r e l a t i v e l y  l a r g e  volume containments,  
t h e  'melt-through p a t h  desc r ibed  above 
would r e p r e s e n t  t h e  most l i k e l y  cour se  
o f  t h e  acc iden t .  

A s  noted above, t h e  melt-through pa th  ' 
would be  c h a r a c t e r i z e d  by low atmospher- 
i c  releases and consequences. Following 
t h i s  melt-through, t h e r e  would be.  t h e  
p o s s i b i l i t y  o f  ground water contamina- 
t i o n  through a long - t e r m  p rocess  of  
l each ing  o f  r a d i o a c t i v i t y  from ' the.  
s o l i d i f y i n g  mass of  f u e l ,  so i l ;  etc.  An 
estimate o f  t h e  n a t u r e  and t iming  o f 9 t h e  
l each ing  p rocesses -  and t h e '  . p o t e n t i a l  
contamination l q v e l s  t h a t  cou ld  r e s u l t  
a t  a p o i n t  o f  human'usage ar 
i n  Appendix V I I :  -;The '1 
contamination p rocesses  would occur  o v e r  
an extended p e r i o d  o f  t i m e  (several t o  
many y e a r s ,  depending on t h e  p a r t i c u l a r '  
r a d i o a c t i v e  species) and t h e  p o t e n t i a l  
contamination l e v e l s  should n o t  be sub- 
s t a n t i a l l y  l a r g e r  ' than t h e  maximum per- 
m i s s i b l e  concen t r a t ions  ( M P C )  (Ref .. 3 )  . 2 

The concen t r a t ions  could p o t e n t E a l l y  be 
c o n t r o l l a b l e  t o  even lower levels:" 
Accordingly,  t h e  p o t e n t i a l  f o r  ground 
water contamination t h e r e f o r e  h a s  been 
a s ses sed  t o  have a s m a l l  c o n t r i b u t i o n  t o  
t h e  o v e r a l l  r i s k .  

Containments may a l s o  f a i l  by ove rp res -  
s u r e  r e s u l t i n g  from v a r i o u s  noncondensi- 
b l e  gases  r e l e a s e d  w i t h i n  t h e  contain-- 
ment a s  a r e s u l t ' o f  c o r e  melt ing.  ' T h e s e  
g a s e s  would ar ise  from a number of 
sources .  A t  h igh  temperatures  t h e  z i r -  
ca loy  c l add ing  o f  t h e  f u e l  and t h e  
molten i r o n  from suppor t  ' s t r u c t u r e s  
would react a c t i v e l y  w i t h  water t o  
gene ra t e  l a r g e  v o l b e ' s  o f  hydrogen. 
A l s o ,  i n  p e n e t r a t i n g  t h e  bottom o f  t h e  
containment,  t h e  molten c o r e  decomposes 
the  c o n c r e t e ,  t h u s  g e n e r a t i n  
q u a n t i t i e s  o f '  carbon -dioxide.  For 
small containments,  t h e  p r e s s u r e  due t o  
t h e  combination o f  t h e s e '  t w o  :gases  would 
r e p r e s e n t  t h e  most l i k e l y  p a t h  t o  con- 
ta inment  f a i l u r e .  Even though such  
f a i l u r e s  would m o s t  l i k e l y  occur  i n  the'  

9 large 

'This i s '  t r u e  o n l y  fo r l ' conc re t e  which' 
con ta ins  l imestone.  It i s  n o t  applic,a' 
b l e  t o  b a s a l t i c  concrete .  
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above ground p o r t i o n  o f  t h e  containment; 
thi's would t a k e  s e v e r a l  hours  from t h e  
t i m e  o f  core m e l t .  Thus, t h e r e  would.be 
cons ide rab le  t i m e  a v a i l a b l e  f o r  reducing 
t h e  amount o f  r a d i o a c t i v i t y  r e l e a s e d  due,- 
t o  d e c a y , .  p l a t e o u t ,  etc. It i s  n o t  
expected t h a t  l a r g e  .containments would 
be f a i l e d  by t h i s  means. 

A t  two key s t a g e s  i n  t h e  course o f  a 
p o t e n t i a l  c o r e  -meltdown t h e r e  would be 
c o n d i t i o n s  which would have t h e  poten- 
t i a l  t o  r e s u l t  i n  a s team explosion t h a t  
could r u p t u r e  t h e  r e a c t o r  v e s s e l  and/or 
t h e  containment. These- cond i t ions  may 
occur  when molten f u e l  would f a l l  from 
t h e  co re  region i n t o  water a t  t h e  bottom 
of  t h e  r e a c t o r  v e s s e l  o r  when i f -  would 
m e l t  through t h e  bottom o f  t h e  r e a c t o r  
v e s s e l  and f a l l  i n t o  water i n  t h e  bottom 
of  t h e  containment.  I t  i s  p r e d i c t e d  
(see Appendix V I I I )  t h a t  i f  such an 
explosion ^ w e r e  t o  occur  i n  t h e  r e a c t o r  
v e s s e l ,  it may be e n e r g e t i c  enough t o  
change' t h e  course- o f  t h e  acc iden t .  For 
r e a c t o r s  enc losed  i n  r e l a t i v e l y  l a r g e  
volume containments,  it i s  cons ide red ;  
improbable t h a t  a steam exp los ion  ou t -  
siae t h e  r e a c t o r  * v e s s e l  would r u p t u r e  
t h e  containment. I f -  a s t e a m  explosion 
w e r e  t o  occur  wi th in  t h e  r e a c t o r  v e s s e l ,  
it ' i s  cons ide red  p o s s i b l e  t h a t  b o t h  
l a r g e  and s m a l l  containments could be 
p e n e t r a t e d  by a l a r g e  missile. Such 
occurrences might release s u b s t a n t i a l  
amoimts o f  r a d i o a c t i v i t y  t o  t h e  .environ- 
menti However, t h e s e  modes o f  con ta in -  
ment f a i l u r e  are p r e d i c t e d  t o  have low 
p r o b a b i l i t i e s  o f  occurrence.  

3.4 REACTOR TRANSIENTS 

. i  

I .  

Inc  g e n e r a l ,  t h e  t e r m  r e a c t o r  t r a n s i e n t  
a p p l i e s  t o  any s i g n i f i c a n t  d e v i a t i o n  
from t h e  normal o p e r a t i n g  va lue  o f  any 
o f  t h e  key r e a c t o r  o p e r a t i n g  parameters.  

c i f i c a l l y ,  t r a n s i e n t  e v e n t s  can 
b e  assumed t o  inc lude  a l l  t hose  
s i t u a t i o n s  , ( excep t  f o r  LOCA, which i s  
t r e a t e d  s e p a r a t e l y )  which could l e a d  t o  
f u e l  h e a t  imbalances. When viewed i n  
t h i s  way, t r a n s i e n t s  cover  t h e  r e a c t o r  
i n  i t s  shutdown- cond i t ion  as w e l l  as i n  
i t s  va r ious  o p e r a t i n g  cond i t ions .  The 
shutdown cond i t ion  i s  important  i n  t h e  
cons ide ra t ion  o f  t r a n s i e n t s  because-many 
tr'an s i e n  t c o n d i t i o n s  r e s u l t  i n  shutdown - .  

, . ' -  
'me term s t e a m  exp los ion  r e f e r s  t o  a* 
phenomenon- i n  ,which t h e  f u e l  would have 
t o  be i n  ' f i ne ly  d i v i d e d  form and 
i n t i m a t e l y  mixed wi th  water so sthat i t s  
t h e r h a l  energy'  cou ld  b e  e f f i c i e n t l y  and 
r a p i d l y  depos i t ed  i n  t h e  w a t e r  t hus  
c r e a t i n g  a- l a r g e  amount o f  steam. 



of t h e  r e a c t o r  and decay '  h e a t  removal 
systems' are needed t o  p reven t  f u e l  h e a t  
imbalances due- t o  core decay hea t .  * .  

T r a n s r e n t s  may o c c u r  a s  a consequence o f  
anc ope ra to r :  error o r  t h e  malfunct ion o r  
f a i l u r e  o f '  equipment. Many t r a n s i e n t s  
are handled by t h e  r e a c t o r  c o n t r o l  
system, which would r e t u r n  t h e  r e a c t o r  
t o  i t s  normal o p e r a t i n g  cond i t ion .  
O the r s  would be beyond t h e  c a p a b i l i t y  o f  
t h e  r e a c t o r  c o n t r o l  system and r e q u i r e  
r e a c t o r  shutdown by t h e  r e a c t o r  p r o t e c r  
t i o n  system (RPS) i n  o r d e r  t o  avoid 
damage t o  t h e  r e a c t o r  f u e l .  

In  s a f e t y  a n a l y s e s ,  t h e  p r i n c i p a l  areas 
o f  i n t e r e s t  are i n c r e a s e s  i n  r e a c t o r  - 
c o r e  power ( h e a t  g e n e r a t i o n ) ,  dec reases  
i n  c o o l a n t  f low ( h e a t  removal) A. and 
r e a c t o r  c o o l a n t  system (RCS)  p r e s s u r e  
i n c r e a s e s .  Any o f  t h e s e  cou ld  poten-'. 
t i a l l y  r e s u l t  from a malfunct ion o r  
f a i l u r e ,  and t h e y  r e p r e s e n t  a p o t e n t i a l  
f o r  damage t o  t h e  r e a c t o r  c o r e  and/or 
t h e  p r e s s u r e  boundary o f  t h e  RCS. I n  
t h i s  s t u d y  t h e  a n a l y s i s  o f  r e a c t o r  
t r a n s i e n t s  h a s  been d i r e c t e d  a t  i d e n t i -  
f y i n g  those  malfunct ions o r  f a i l u r e s  
t h a t  can cause c o r e  me l t ing  o r  r u p t u r e  
of  t h e  RCS p r e s s u r e  boundary. Regard- 
less o f  t h e  way i n  which t r a n s i e n t s  
might cause core me l t ing ,  t h e  conse- 
quences a r e  e s s e n t i a l l y  t h e  same; t h a t  
i s ,  t h e  molten core would be i n s i d e  an 
i n t a c t  containment and would fo l low t h e  
same course o f  e v e n t s  a s  a molten c o r e  
t h a t  might r e s u l t  from a LOCA. This 
f a c t  g r e a t l y  s i m p l i f i e d  t h e  determina- 
t i o n  o f  t h e  t r a n s i e n t  c o n t r i b u t i o n  t o  
t h e  r i s k  s i n c e  i t  pe rmi t t ed  t h e  
e l i m i n a t i o n  o f  many t r a n s i e n t s  from t h e  
r i s k  determinat ion s o l e l y  on t h e  b a s i s  
o f  t h e i r  r e l a t i v e l y  low p r o b a b i l i t i e s  
compared t o  those  of o t h e r  t r a n s i e n t s .  

I n  t h i s  s t u d y  each  p o t e n t i a l  t r a n s i e n t  
i s  a s s e s s e d  t o  f a l l  i n t o  e i t h e r  one of 
two g e n e r a l  c a t e g o r i e s ,  t h e  a n t i c i p a t e d  
( l i k e l y )  t r a n s i e n t s  and t h e  u n a n t i c i -  
p a t e d  ( u n l i k e l y )  t r a n s i e n t s .  The l a r g e  
m a j o r i t y  o f  p o t e n t i a l  t r a n s i e n t s  are 
t h o s e  t h a t  have become commonly known as  
a n t i c i p a t e d  t r ans . i en t s .  There are cur-  
r e n t l y  about  1 0  such occur rences  p e r  
y e a r  a t  each n u c l e a r  power p l a n t ,  
i n c l u d i n g  a few planned shutdowns. So= 
o f  t h e  i n d i v i d u a l  t y p e s  o f  e v e n t s ,  such 
as loss  o f  o f f s i t e  power, t h a t  c o n t r i -  
bu te  t o  t h i s  t o t a l  number are r e l a t i v e l y  
less l i k e l y  t o  occur.  A l l  o t h e r  t r a n -  
s i e n t s  are cons ide red  t o  f a l l  i n t o  t h e  
u n a n t i c i p a t e d  t r a n s i e n t  ca t egory  . A s  
shown i n  s e c t i o n  4 . 3 ,  Appendix I, t h e  
r e l a t i v e l y  low p r o b a b i l i t y  ( u n a n t i c i -  
p a t e d )  t r a n s i e n t s  can be e l i m i n a t e d  from 
t h e  r i s k  determinat ion s i n c e  t h e i r  

p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  r i s k  i s  
s m a l l  compared- t o ,  t h a t  of t h e  more 
l i k e l y  ( a n t i c i p a t e d )  t r a n s i e n t s  t h a t  
produce t h e  s a m e  consequence. S i m i l a r  
c o n s i d e r a t i o n s  o f  t h e  relative p robab i l -  
i t i e s ' i p e r m i t  e l i m i n a t i o n  of most o f  t h e  
a n t i c i p a t e d  t r a n s i e n t s  from t h e  r i s k  
determinat ion.  The t r a n s i e n t s  t h a t  w e r e  
found t o  be  important  t o  t h e  r i s k  as- 
sessment are i d e n t i f i e d  i n  s e c t i o n  4.3, 
Appendix V. These are t h e  a n t i c i p a t e d  
( l i k e l y )  t r a n s i e n t s  t h a t  i nvo lve  t h e  
loss  o f  o f f s i t e  power and loss of p l a n t  
h e a t  removal systems. 

3.5 ACCIDENTS INVOLVING THE SPENT 
FUEL STORAGE POOL 

I n  s e c t i o n  3.2..;he s p e n t  f u e l  s t o r a g e  
' poo l  (SFSP) is i d e n t i f i e d  as  having a 

s i g n i f i c a n t  r a d i o a c t i v i t y  inven to ry ,  
second i n  amount t o  t h e  r e a c t o r  co re .  
F u r t h e r ,  t h e  decay h e a t  l e v e l s  i n  
f r e s h l y  unloaded f u e l  assemblies  t h a t  
may be s t o r e d  i n  t h e  poo l  may be  
s u f f i c i e n t l y  h igh  t o  cause f u e l  me l t ing  
i f  t h e  water i s  completely d ra ined  from 
t h e  SFSP. Because t h e  maximum amount o f  
f u e l  s t o r e d  i n  t h e  pool  immediately 
a f t e r  r e f u e l i n g  i s  smaller  than t h a t  i n  
t h e  c o r e  and because i t  h a s  had t i m  ( 7 2  
hours  minimum) f o r  r a d i o a c t i v e  decay, it 
i s  a less i n t e n s e  h e a t  sou rce  than a 
r e a c t o r  core  (about  one-sixth)  and 
t h e r e f o r e  melt-through o f  t h e  bottom 
s t r u c t u r e  o f  t h e  pool would occur  a t  a 
much lower rate and, i n  f a c t ,  may n o t  
occur  a t  a l l .  On t h e  average,  f u e l  i n  
t h e  poo l  w i l l  have undergone about  1 2 5  
days o f  decay, and it i s  q u e s t i o n a b l e  
t h a t  such  f u e l  would m e l t .  However, t o  
a s s u r e  t h a t  t h e  r i s k  would n o t  be 
underest imated,  it h a s  been assumed t h a t  
even t h i s  f u e l  would m e l t .  

Although t h e  pool  i s  n o t  w i t h i n  a con- 
ta inment  b u i l d i n g ,  f i l t e r s  i n  t h e  SFSP 
b u i l d i n g  v e n t i l a t i o n  system and n a t u r a l  
d e p o s i t i o n  o f  r a d i o a c t i v i t y  w i t h i n  t h e  
b u i l d i n g  both a i d  i n  r educ ing  t h e  amount 
o f  r a d i o a c t i v i t y  t h a t  might be r e l e a s e d  
t o  t h e  environment i n  t h e  e v e n t  of  a 
s p e n t  f u e l  a c c i d e n t .  

The ana lyses  o f  a c c i d e n t s  t h a t  could 
p o t e n t i a l l y  l e a d  t o  loss o f  f u e l  c o o l i n g  
i n  t h e  SFSP are d i s c u s s e d  i n  s e c t i o n  5 
o f  Appendix I. The most probable  ways 
i n  which such  a c c i d e n t s  could occur  have 
been determined t o  be t h e  loss o f  t h e  
pool c o o l i n g  system o r  t h e  p e r f o r a t i o n  
o f  t h e  bottom o f  t h e  pool .  The l a t t e r  
could occur ,  f o r  example, by dropping a 
sh ipp ing  cask i n  t h e  pool  o r  on t h e  t o p  
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Spen t  Fue l  I 

2 . 5  2 . 7  

1.2 
Waste G a s  

L iqu id  Waste 
S t o r a g e  Tank-' I - I_̂  .9.3 x 10 

( a )  Core i n v e n t o r y  based on a c t i v i t y  1 / 2  hour a f t e r  shutdown. 
(b) Inven to ry  of 2 / 3  c o r e  load ing ;  l/3 c o r e  w i t h  t h r e e  day decay and 1 / 3  c o r e  with 

( c )  

( d )  
(e )  Inven to ry  f o r  one f u e l  assembly w i t h  t h r e e  day decay. 

1 5 0  day decay. 

Inven to ry  of 1 / 2  c o r e  load ing ;  1 / 6  c o r e  w i t h  1 5 0  day decay and 1 /3  c o r e  w i t h  
60  day decay.  
Inven to ry  based on 7 PWR o r  1 7  BWR f u e l  assemblies w i t h  1 5 0  day decay.  
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Typical Fuel Data 

Overall length, in. 
Outside diam., in. 
Metal wall thickness, in. 
Pellet diam.,. in. I 

Pellet length, in. 
Pellet stack height, in. 
Plenum length, in. 
Fuel rods in fuel assembly 
Fuel rod pitch, in. 
Fuel assemblies in core 

i 

PWR 

149.7 
0.422 
0.0243 
0.366 
0.600 
144 
4.3 
204 
0.563 
193 

0.563 
0.037 
0.477 
0.5 
144 
16 
49 -: 
0.738 
764 

.. - 
, +  
. .._ . .  

. .  ~. 
.i ' 

. ,-. . , -  
> .  . , . -  . e. 
I .  I 

i -  
. .  

BWR 

-164 - ( *  
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" . .  . . _  :'.  
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FIGURE 3-2 Cutaway of Fuel Rod Used for Commercial 
Water Cooled Nuclear Power Plants 
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F,IGURE3-3 Schematic of Reactor Coolant System for PWR 
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FIGURE 3-4 Schematic of BWR Reactor  Coolant  System 
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~ c-- CONTAINMENT SPRAY - 4 

.I. . 
ACCUMULATOR - 

I 
I '5 . * _  

FIGURE 3-7 Typical PWR Containment 
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.ECC:- 
Core cooling to 
prevent release of 
radioactivity from 
fuel. 

. RT: 
Rapid shutdown of 
reactor to limit 
m e  heat production. 

Cold 

/ Water 

Removal of heat 
from containment 
10 Prevent over- 
pressurization. 

FIGURE 3-8 Power Water Reactor Loss of Coolant Accident (LOCA) 
Engineered Safety Feature (ESF) Functions 
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Chapter 4 

Risk Assessment Methodology 

4.1 INTRODUCTION . .  
This  s tudy  h a s  d iv ided  t h e  work i n t o  a 
number' o f  t a s k s  whose r e s u l t s  w e r e  
combined t o  produce t h e  o v e r a l l  ' r i s k  
assessment.  The d e t a i l e d  t e c h n i c a l  work 
o f  each  t a s k  i s  r e p o r t e d  i n  t h e  appen- 
d i c e s  o f  t h i s  r e p o r t .  This  chap te r  
d e s c r i b e s  t h e  methods used i n  each  t a s k  
and . t h e  -way t h e  r e s u l t s  o f  each w e r e  
combined t o  produce t h e  f i n a l  result. 
This  d i scuss ion  i s  b r i e f ;  however 
Addendum I t o  t h i s  r e p o r t  p rovides  a 
d e t a i l e d  overview o f  t h e  e n t i r e  method- 
o logy  used. 

The r i s k  de t e rmina t ion  was d iv ided  i n t o  
t h e  t h r e e  major t a s k s  shown i n  F ig .  4-1. 

Task I i n c l u d e s  t h e  i d e n t i f i c a t i o n  o f  
p o t e n t i a l  a c c i d e n t s  and t h e  q u a n t i f i c a -  
t i o n  o f ' b o t h  t h e  p r o b a b i l i t y  and magni- - 
tude o f  t h e  a s s o c i a t e d  radi0.a-ctive 
r e l e a s e s  t o  t h e  environment.  The major 
p a r t  o f  t h e  work o f  t h e  s t u d y  was 
devoted t o  t h i s  t a s k .  The o r g a n i z a t i o n  
o f  t h e  work and t h e  methodology used a r e  
d i scussed  i n  s e c t i o n  4.2. 

Task I1 uses  t h e  r a d i o a c t i v e  source  t e r m  
d e f i n e d  i n  Task I and c a l c u l a t e s  how t h e  
r a d i o a c t i v i t y  i s  d i s t r i b u t e d  . i n  . t h e  
environment and what e f f e c t s  it h a s  on 
publ'ic h e a l t h  and  p rope r ty .  The method- 
o logy  used %s desc r ibed  i n  s e c t i o n  4.3. 

Task I11 combines t h e  consequences c a l - -  
c u l a t e d  i n  Task 11, weighted by t h e i r  
r e s p e c t i v e - p r o b a b i l i t i e s  t o  produce t h e  
o v e r a l l  r i s k  f r o m  p o t e n t i a l  n u c l e a r  
acc iden t s .  To g ive  some per spec t ive  t o  
t h e s e  r e s u l t s  , t h e y  . a r e  compared. t o '  a 
v a r i e t y  of  non-nuclear r i s k s .  The1 t a s k  
i s  desc r ibed  i n  s e c t i o n  4 . 4 .  . 

4.2 QUANTIFICATION OF RADIOACTIVE . 
RELEASES 

The o b j e c t i v e  o f  t h i s  t a s k  i s  t o '  gener- 
a t e  a h5stogram, o f  t h e  form shown i n  
Fig'. 4-2, which shows t h e  p r o b a b i l i t y  
and magnitude o f  t h e  va r ious  a c c i d e n t a l  - 
r adcoac t ive  r e l e a s e s .  The i s o t o p i c  com- 
p o s i t i o n  ,1 e l e v a t i o n  o f  t h e  r e l e a s e  

'Tasks I and I1 cons ide r  54 i s o t o p e s  i n  ' 
c a l c u l a t i n g  r e l e a s e s  and consequences 
a s  i n d i c a t e d  i n  Appendix V I .  

p o i n t  above ground l e v e l  and t h e  t iming  
and energy con ten t  a s s o c i a t e d  wi th  t h e  
r e l e a s e  must a l s o  be  determined t o  per-  
m i t  t h e  c a l c u l a t i o n  o f  consequences due 
t o  t h e  r e l e a s e s .  

This  his togram could  b e  determined f o r  a 
s i n g l e  type o f  a c c i d e n t  (such a s  a loss 
o f  coo lan t  a c c i d e n t ) .  By combining many 
a c c i d e n t s  one can ob ta in  a composite 
h i s togram f o r  a l l  impor tan t  con t r ibu -  
t o r s .  S ince  t h e  h is togram could be 
d i f f e r e n t  f o r  t h e  v a r i o u s  i s o t o p e s  
r e l eased ,  a f u l l  c h a r a c t e r i z a t i o n  o f  a l l  
acc iden t s  could  involve  a l a r g e  number 
o f  such his tograms.  A s i g n i f i c a n t  
e f f o r t  w a s  devoted t o  combining a l l  
i s o t o p e s  and a c c i d e n t s  i n t o  a s i n g l e  
his togram f o r  each  r e a c t o r .  This  work 
i s  desc r ibed  i n  Appendix V .  

To gene ra t e  a composite h i s togram o f  t h e  
type  shown i n  Fig.  4 - 2 ,  t h e  methodology 
employed must i n  p r i n c i p l e  be  a b l e  t o  
i d e n t i f y  t h e  a c c i d e n t s  t h a t  can produce 
s i g n i f i c a n t  r e l e a s e s  and determine t h e i r  
p r o b a b i l i t y .  To do t h i s  f o r  a l l  acc i -  
d e n t s  i n  a system a s  complicated a s  a 
nuc lea r  power p l a n t  i s  a formidable  t a s k  
because o f  t h e  very  l a r g e  number o f  
a c c i d e n t s  t h a t  can be  imagined. The 
problem becomes more manageable, how- 
e v e r ,  when i t  i s  r e a l i z e d  t h a t ,  o f - t h i s  
l a r g e  number o f  p o t e n t i a l  e v e n t s ,  many 
have t r i v i a l  r e l e a s e s ,  many a r e  i l l o g i -  
ca l  ( i . e .  , v i o l a t e  known p h y s i c a l  
c o n d i t i o n s )  and o t h e r s  have very  sma l l  
p r o b a b i l i t i e s  compared t o  a c c i d e n t s  ' 
which r e s u l t  i n  e s s e n t i a l l y  t h e  same 
r e l e a s e  magnitude. To ensure  t h a t  
unnecessary ana lyses  a re  n o t  pursued,  
t h e  methods used must provide  a way f o r  
l o g i c a l l y  e l i m i n a t i n g  a c c i d e n t s  t h a t  do 
n o t  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  
r a d i o a c t i v e  source term. 
The c h a r a c t e r i z a t i o n  o f  t h e  r a d i o a c t i v e  
r e l e a s e s  was d iv ided  i n t o  t h e  sub ta sks  
shown i n  F ig .  4-3, which also.7 i n d i c a t e s  
t he  r e p o r t  appendix a p p l i c a b l e  t o  each  
subtask .  5 The l o g i c  for3.r s e l e c t i n g  t h e  
i n i t i a t i n g  e v e n t s  i s  . d i scussed  i n  
Chapter  3.  A l o g i c  diagram c a l l e d  an 
e v e n t  tree was developed , f o r * t h o s e  - i n i -  
ti a t  i ng e ven t s t h a t  i n  vo 1 ve d comp 1 ex  
i n t e r a c t i 0 n s . l  The event  t ree  de f ined  

.- 
i ,  

'Event - t rees  w i l l  be desc r ibed  f u r t h e r  
h e r e i n .  They a r e  a l s o  -descr ibed  i n  
cons ide rab le  d e t a i l  i n  Appendix I. 
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t h e  p o s s i b l e  sequences o f  e v e n t s  subse- 
quent  t o  t h e  i n i t i a t i n g  e v e n t  and re- 
s u l t e d  i n  t h e  d e f i n i t i o n  o f  a number of  
p o s s i b l e  a c c i d e n t  sequences,  many o f  
which produce core m e l t .  These sys-  
t e m a t i c a l l y  de f ined  c o r e  m e l t  sequences 
provided a '  b a s i s  f o r  analyzing: '  t h e  
p h y s i c a l  p rocesses  o c c u r r i n g  du r ing  .core 
m e l t  and f o r  determining t h e  containment 
f a i l u r e  modes and t h e  t iming o f  var ious;  
o t h e r  e v e n t s  (Appendix V I I I - ) .  T K i s  
informatjon allowed completion o f  t h e  
d e f i n i t i o n  o f  a c c i d e n t  sequences: These 
completed sequence d e f i n i t i o n s  ' t hen  per- 
mitted',  'on t h e  b a s i s  o f  experimental  
d a t a ,  estimates o f  t h e  amount o f  r'adio-' ' 
a c t i v i t y  t h a t  would be r e l e a s e d  from t h e  1 

f u e l  (Appendix V I I ) .  These releases, 
t h e  c0ntainmen.t f a i l u r e  modes, and t h e  
t iming 
t o  a computer code c a l l e d  CORRAL which 
c a l c u l a t e s  t h e  amounts o f  t h e  v a r i o u s  
t y p e s  o f  r a d i o a c t i v ' i t y  r e l e a s e d  t o  t h e  
environment (Appendices V and V I I ) .  - 

To o b t a i n  t h e  p r o b a b i l i t y  o f  ' a given ' 
release, it was necessa ry  t o  de,termine 
t h e  p r o b a b i l i t i e s  o f  v a r i o u s  a c c i d e n t  
sequences i d e n t i f i e d  i n  t h e  even t  trees. 
These p r o b a b i l i t i e s  w e r e  g e n e r a l l y  ob-. 
t a i n e d  through t h e  use o f  f a u l t <  tree 
a n a l y s i s  ( d i s c u s s e d  h e r e i n  and i n  
Appendix 11). F a u l t  tree . a n a l y s i s  
produces a , l o g i c  diagram t o  which f a i l -  
u r e  rates, a p p r o p r i a t e  t i m e  i n t e r v a l s ,  
a n d + o t h e r  va lues  can b e  a s s i g n e d ,  and , 
combined t o  d e r i v e  system f a i l u r e  
p r o b a b i l i t i e s .  Since t h e  f a i l u r e  rate , 
ass igned  t o  system components u s u a l l y  - - 
assumed t h a t  t h e  equipment was p r o p e r l y  
designed and q u a l i f i e d  f o r  t hose  aspects- . 
o f  n u c l e a r  s e r v i c e  t h a t  are  unique,+-- a < .  
check was made on a - s e l e c t e d  number o f .  I 
components, systems, and s t r u c t u r e s  , t o  
ver-ify t h a t  such requirements  -had been , 
adequa te ly  m e t . 1  This e f f o r a t  was c a l l e d  
t h e  d e s i g n .  adequacy t a s k  and i s  de- 
s c r i b e d  i n  Appendix X. 

A key s t e p  i n  t h e  development of system 
f a i l u r e  p r o b a b i l i t i e s  i s  g a i n i n g  an 
understanding o f  any dependencies be- 
tween f a i l u r e s .  .Such dependencies,  
known as  common mode f a i l u r e s ,  are known 
t o  e x i s t  i n '  and between I t h e  systems * 

mode1ed.h t h e  f a u l t  t rees and t h e  event1 
trees. Considerable e f f o r t  w a s  expended 
i n  i d e n t i f y i n g  - such dependencies a n d '  
account ing f o r  f h e i r  e f f e c t s .  

of  va r ious  e v e n t s  p rov ided ' inpu t  - 

s ' J  

'Component fa i lure  ra tes  w e r e  a l s o  modi- 
f i e d  when *the components experienced 
a c c i d e n t  environments,  which i s  de- 
s c r i b e d  i n  Appendix 111. , 

I t  should be  recognized t h a t  t h e  s t e p s  
i n d i c a t e d  i n  Fig.  4-3 do n o t  f low a s  
simply a s  i.mplied by t h e  ske tch .  For  
example, it w a s  o f t e n  not  obvious which 
a c c i d e n t  sequences were important  and 
which made on ly  n e g l i b i b l e  c o n t r i b u t i o n s  

analyzed under a se t  o f  p e s s i m i s t i c ,  
s i m p l i f y i n g  assumptions.  Those I t h a t  
showed up a s  s i g n i f i c a n t  c o n t r i b u t o r s  
were ~ t hen  . r eana lyzed  using more ,de-  
t a i l e d ,  r ea l i s t i c  methods. A number o f  
such i t e r a t i o n s  were o f t e n  necessa ry '  t o  
determine t h e  a c c i d e n t  sequences t h a t  
w e r e  t h e  dominant c o n t r i b u t o r s  . t o  . t h e  -1 

p r o b a b i l i t y  of  J occurrence of  va r ious  
consequences. 

The . e v e n t  tree and f a u l t  t ree m e t  
d e s c r i b e d  below a r e  used t o  show rela- ,~ 
t i o n s h i p s  between component and s y s t e h  
f a i l u r e  p r o b a b i l i t i e s  a s  w e l l  as i n t e r - .  I 

a c t i o n s  between v a r i o u s  sys tems.  The 
implementation o f  t h e s e  methods o f t e n  
r e q u i r e s  knowledge about t h e  d e t a i l s  o f  
p l a n t  c o n s t r u c t i o n .  Thus, f o r  t h a t  p a r t  
o f  t h e  a n a l y s i s  r e q u i r i n g  t h i s  d e t a i l e d  
in fo rma t ion ,  t h e  s tudy  h a s  used, a s  
i n d i c a t e d  i n  Chapter I ,  a p a r t i c u l a r  PWR 
and a p a r t i c u l a r  BWR a s  t y p i c a l  o f  each 
o f  t h e s e  classes o f  p l a n t s .  

4 . 2 . 1  D E F I N I T I O N  O F  ACCIDENT 

t o  r i s k .  Thus, many sequences , %  were 

I. 

SEQUENCES - EVENT TREES 

A major element i n  t h e  c h a r a c t e r i z a t i o n ,  
o f  . t h e  r a d i o a c t i v e  releases a s s o c i a t e d  
with p o t e n t i a l  n u c l e a r  power p l a n t  acci- 
d e n t s  i s  t h e  i d e n t i f i c a t i o n  * o f  t h e  
a c c i d e n t  sequences t h a t  can p o t e n t i a l l y  
i n f l u e n c e  t h e  p u b l i c ' s  r i s k  from such 
a c c i d e n t s .  The s t u d y  employed e v e n t  
t ree  methodology a s  t h e  p r i n c i p a l  means 
f o r  . i d e n t i f i c a t i o n  o f  t h e  s i g n i f i c a n t  
a c c i d e n t  sequences. 

An e v e n t  tree i s  a l o g i c  method f o r  
i d e n t i f y i n g  t h e  v a r i o u s  p o s s i b l e  out-  
comes o f  a given, e v e n t  which i s  c a l l e d  
t h e  i n i t i a t i n g  even t .  The number o f  
p o s s i b l e  f i n a l  outcomes depends upon t h e  
va r ious  o p t i o n s  t h a t  are  a p p l i c a b l e  
fo l lowing  t h e  i n i t i a t i n g  event .  Th i s  
technique h a s  been used widely ' in  
b u s i n e s s  where t h e  i n i t i a t i n g  e v e n t  i s  , a  
p a r t i c u l a r  bus iness  d e c i s i o n  and t h e -  
va r ious  outcofnes depend upon subsequent  , 
dec i s ions ;  In bus iness  a p p l i c a t i o n s  t h e  , 
trees are known as  d e c i s i o n  trees (Ref. 
1). In  t h e  a p p l i c a t i o n  t o  r e a c t o r  s a f e - ,  
t y  s t u d i e s  t h e  i n i t i a t i n g  e v e n t  i s  gen- 
e r a l l y  a system f a i l u r e  and t h e  subse- 
quen t  e v e n t s  are,  f o r  t h e  most p a r t ,  
determined by system c h a r a c t e r i s t i c s  and 
eng inee r ing  d a t a .  I n  ' t h h  s t u d y  the. .  
t r ee s .  are c c a l l e d *  e v e n t  trees, and 'a 
p a r t i c u l a r  sequence from t h e  i n i t i a t i n g  
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e v e n t  t o  a f i n a l .  outcome i s  termed an 
a c c i d e n t  sequence. ' -  0 -  I n  t h i s  s t u a y  t h e  a p p l i c a t i o n  o f  e v e n t  
trees w a s  l i m i t e d  t o  t h e  a n a l y s i s .  of 
p o t e n t i a l  a c c i d e n t s  ' i n v o l v i n g  t h e  reac-  
t o r  core. F o r  t h i s  purpose it w a s  found 
convenient  t o ,  s e p a r a t e  t h e  e v e n t  trees 
i n t o ' t w o  t y p e s  o f  trees. '  The f i r s t  was 
used' t o  determine ~ how p o t e n t i a l  acci- 
d e n t s  were a f f e c t e d  by f a i l u r e s  i n  major 
systems , p a r t i c u l a r l y  t h e  engineered  
safe ty . sys tems.  Th'ey cover  t h e  signifi- 
c a n t  -LOCA and  t r a n s i e n t  i n i t i a t i n g  
e v e n t s  . - 
These frees were supplemented w i t h  a * 

second t y p e  of t ree ,  t h e  containment-  
event  t ree ,  t o  provide  combined a c c i d e n t  
sequences from t h e  i n i t i a t i n g  e v e n t  t o  - 
release of  ; r a d i o a c t i v i t y  from t h e  con- 
tainment.  This  procedure i s  d e s c r i b e d  
b r i e f l y  below and i n  g r e a t e r  d e t a i l  i n  
Appendix I and Addendum I t o  t h i s  
r e p o r t .  I t  produced a l i s t  o f  systemL- 
a t i c a l l y  d e f i n e d  sequences l e a d i n g  t o  
t h e  . r e l e a s e  of  r a d i o a c t i v i t y  I t o  ' t h e  
environment. The l i s t  of t h e s e  a c c i d e n t  
sequences '  1 i s  found i n  Appendix V. ' The 
s t a r t i n g  p o i n t  f o r  t h e  development o f  an  
e v e n t  tree i s  t h e  e v e n t  ( f a i l u r e )  t h a t  
i n i t i a t e s  a -  p o t e n t i a l  . a c c i d e n t  s i t u a -  
t i o n .  The i n i t i a t i n g  e v e n t  i s  b a s i c a l l y  
e i t h e r  a reactor c o o l a n t  system r u p t u r e  ' 
t h a t  r e s u l t s  i n  a LOCA o r  any o f  a 
number of  reactor t r a n s i e n t s .  The. i n i -  
t i a t i n g  events  of p a r t i c u l a r  s i g n i f i -  
cance have been d i s c u s s e d  b r i e f l y  i n  t h e  
Chapter  ' 3  s e c t i o n s  t r e a t i n g  LOCAs and 
r e a c t o r  t r a n s i e n t s .  Appendix'I  p r o v i d e s  
more 8 d e t a i l e d  informat ion  ' o n  t h e  
s e l e c t i o n  o f  i n i t i a t i n g  e v e n t s  f o r  t h e  
development o f  t h e  system e v e n t  tree's 
and on t h e  development o f  event  trees 
f o r  use  i n  t h e  s t u d y .  

The application of e v e n t - t r e e s '  i n  deter-  
mining - system o p e r a b i l i t y  reffects  on 
p o t e n t i a l  a c c i d e n t  sequences i s  i l l u -  
s t r a t e d  by t h e - .  fo l lowing  s i 'mplif ied= 
example i n .  which t h e  i n i t i a t i n g #  e v e n t  i s  
a l a r g e ' p i p e  break i n  t h e  primary system 
o f  a reactor. The f i r s t  s t e p  i n  devel-  
oping ' th i s ; -  ?event tree- i s  t o  determine 
which systems might a f f e c t  .- the subse- : 
q u e n t  course  of e v e n t s .  I n  t h i s  example 
thes'e a r e  s t a t i o n  e lec t r ic  : power, t h e  
emergen.cy-. core ' c o o l i n g  tsystem,. t h e  
r a d i o a c t i v i t y  removal system,,, and t h e  
containment system. Through a:' knowledge 
o f  t h e s e  systems it i s  p o s s i b l e  t o  o r d e r  
them 4 i n  the., t i m e  sequence i n  which t h e y  - 
i n f l u e n c e  the. course  o f  events .  They 
a r e  ordered  . in- t h i s  way across' t h e  . top 
of F ig .  4-4 which shows event  trees - i n . -  
which t h e  upper branch r e p r e s e n t s  

, 1 s u c c e s s  and t h e  lower branch r e t x e s e n t s  

. -  

f a i l u r e '  o f  t h e  system t o  f u l f i l l  Aits 
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func t ion .  I n  t h e  absence of  o t h e r  
c o n s t r a i n t s  t h e r e  are 2 (n-1) a c c i d e n t  
sequence3, where n i s  t h e  number o f  
headings ( f u n c t i o n s ,  ~ s y s t e m s ,  e tc . )  i n -  
c luded  on t h e  tree. However, t h e r e  are 
known r e l a t i o n s h i p s  ( c o n s t r a i n t s )  be- 
tween system funct ions .  F o r  example, if 
s t a t i o n  e lec t r ic  power f a i l s  none o f  t h e  
othe'r-systems can operate because t h e y  
depend- upon power. I n  a d d i t i o n  t o  such 
f u n c t i o n a l  r e l a t i o n s  t h e r e  may a l s o  be 
hardware common to  more t h a n  one system. 
Once Fhese f u n c t i o n a l -  and hardware 
r e l a t i o n s h i p s  are  i n c o r p o r a t e d ,  many o f  
t h e  c h a i n s  shown i n  t h e  upper t ree  o f  
Fig.  4 - 4  can be e l i m i n a t e d  because t h e y  
r e p r e s e n t  i l l o g i c a l  sequences.  Such 
sequ'ences a r e  e l i m i n a t e d  i n  t h e  lower 
t ree  shown i n  F ig .  4-4. Note t h a t  
e l i m i n a t i o n  o f  t h e  choices  fo l lowing  
f a i l u r e  o f  e l e c t r i c  power reduces  t h e  
n-er o f  sequences by about  h a l f .  

The p r o b a b i l i t y  o f  f a i l u r e  o f  each  sys-  
t e m  i s  - i n d i c a t e d  by t h e  P v a l u e s  noted 
i n  Fig.  4 - 4 .  The p r o b a b i l i t y  o f  s u c c e s s  
i s  (1-P) s i n c e  it i s  assumed t h a t  a 
system o p e r a t e s  s u c c e s s f u l l y  i f  it does 
n o t  n o t  f a i l .  I f  t h e  e v e n t s  ( f a i l u r e s ,  
s u c c e s s e s )  a r e  independent then t h e  
p r o b a b i l i t y  o f  occur rence  o f  a given 
sequence i s  t h e  product  o f  t h e  probabi l -  
i t i e s  o f  t h e  in-dividual e v e n t s  i n  t h a t  
sequence, a s  i n d i c a t e d  i n  F ig .  4-4. 
Since  t h e  f a i l u r e  p r o b a b i l i t i e s  are  
almost  always 0 . 1  o r ' l e s s  it i s  common 
p r a c t i c e  t o  approximate (1-P)  = 1, a s  
shown i n  Fig.  4-4 .  The p r o b a b i l i t y  o f  
occur rence  o f  each  system f a i l u r e  i s  
shown t o  be d i f f e r e n t  i n  each  a c c i d e n t  
sequence i n  'which  i t  appears .  This  i s  
done t o  accountdfor  t h e  d i f f e r e n c e s  i n  
s y s  t e m  f a i l u r e  p r o b a b i l i t i e s  t h a t  may 
occur due t o  - t h e  d i f f e r i n g  dependencies  
i n  each  a c c i d e n t  sequence. 

I t  should  be n o t e d  t h a t  as  i n d i c a t e d  by 
Fig.  4:4, t-he study'. developed e v e n t  
t rees  i n  which each ' b ranch .  p o i n t  pro- 
v i d e s  only.  two o p t i o n s ,  & system-'success 
o r  system f a i l u r e .  No- c o n s i d e r a t i o n  i s  
given t o  t h e  . f a c t  t h a t  p a r t i a l  system 
s u c c e s s  may o c c u r  w i t h i n  '.an a c c i d e n t  
sequence. Thus, an .accident  sequence i s  
c o n s e r v a t i v e l y  assumed t o  l e a d '  on ly  t o  
t o t a l  core m e l t  o r  no core m e l t ,  b u t  
never  t o  p a r t i a l  core- m e ' l t .  This  h a s  
been done because u n c e r t a i n t i e s  i n  t h e  
c a l c u l a t i o n a l  methods p r e c l u d e  - predic-  
t i o n s  o f  t h e  * d e t a i l e d  c o n d i t i o n s  t h a t  
l e a d  t o  a par t ia l iascore m e l t .  S i m i l a r l y ,  
because o f  t h e  d5ff  i c u l t y  i n  c a l c u l a t -  
i n g ,  w i t h  reasonable  c e r t a i n t y ,  t h e  
e f f e c t s  o f  p a r t i a l  s y s t e m ' f a i l u r e ,  t h e  
s t u d y  h a s  t r e a t e d  a l l  such q u e s t i o n a b l e  
cases o f  system o p e r a b i l i t y  a s  complete 
system f a i l u r e s .  Since most a p p l i c a b l e  
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s ys t e m s  i n  vo l  ve cons ide  r ab1 e redundan cy, 
t h e  basic procedure involved determina- I 

t i o n  o f  t h e  f r a c t i o n  o f  t h e  red-undant 
equipment t h a t  must be ope rab le  t o  
a s s u r e  s u c c e s s f u l  func t ion  o f  a p a r t i c 7  
u l a r  system. The p r o b a b i l i t y  o f .  f a i l u r e  
o f  t h e  system i s  t h e  p r o b a b i l i t y  t h a t  
t h e  system i s  i n  a cond i t ion  w i t h  less 
than  t h i s  . I  _fract ion o f  t h e  equipment 
ope ra t ing .  . This  s u c c e s s / f a i l u r e  t reat-  
ment can s ign i f ( i can t1y  . a f f e c t  t h e  
o v e r a l l  r i s k  assessment,  on ly  through 
a c c i d e n t  ,sequences which are important  
c o n t r i b u t o r s  t o  r i s k .  Since a l a rge .  
f r a c t i o n  o f  t h e ,  sequences ana lyzed  w e r e , .  
found- t o  have * a n  i n s i g n i f i c a n t  e f f e c t  on 
t h e  r i s k ,  t h e  f a c t  t h a t .  t h e i r  a n a l y s i s  
w a s  done c o n s e r v a t i v e l y  h a s  a n e g l i g i b l e  
e f f e c t  on t h e  magnitude o f  t h e  t o t a l  
e s t i m a t e d -  r i s k .  Those, a c c i d e n t  se- 
quences t h a t  were found t o  c o n t r i b u t e  
i m p o r t a n t l y  t o  t h e  r i s k '  were s u b j e c t e d  
t o  f u r t h e r  a n a l y s i s  i n  an a t t empt  t o  
remove any unwarranted conservat isms.  

I f  , t h e  e v e n t - t r e e  has  been c o n s t r u c t e d  
wi th  d e t a i l e d  information,  t h e  series of 
e v e n t s  i n  each  a c c i d e n t  sequence ,would 
be w e l l  enough de f ined  so  t h a t  it i s  
p o s s i b l e .  t o  c a l c u l a t e  t h e  consequences 
f o r  t h a t  p a r t i c u l a r  series , o f  even t s .  
F o r  example , t h e  bottom sequence i n ,  Fig.  
4-4 ,  where no c o r e  coo l ing  would be 
a v a i l a b l e ,  can be shown t o  r e s u l t  i n  
me l t ing  o f  t h e  c o r e  and t h e  f r a c t i o n .  o f  
c o r e  r a d i o a c t i v i t y  t h a t  would be 
r e l e a s e d  can be  c a l c u l a t e d .  S ince ,  as  
p o i n t e d  o u t  i n  Chapter 3 ,  t h e  molten 
co re  would v i o l a t e  t h e  containment,  t h e  
a c c i d e n t  , cou ld  produce a release of 
r a d i o a c t i v i t y  o u t s i d e  o f  t h e  con ta in -  
ment. The mode o f  containment f a i l u r e  
would a f f e c t  t h e  o v e r a l l  p r o b a b i l i t y  o f  
t h e  sequences a s  w e l l  a s  t h e  magnitude 
o f  t h e  release. The e v e n t  t r ee  the re -  
f o r e  p rov ides  a d e f i n i t i o n  o f  t h e  
p o s s i b l e  a c c i d e n t  sequences from which 
t h e  r a d i o a c t i v e  releases t o  t h e  environ- 
ment can be c a l c u l a t e d  and, if t h e  
f a i l u r e  p r o b a b i l i t i e s  are known, t h e  
p r o b a b i l i t y  o f  each release can a l s o  be 
c a l c u l a t e d .  Again, it should be noted 
t h a t  t h i s  example i s  g r e a t l y  s i m p l i f i e d  
f o r  i l l u s t r a t i v e  purposes;  t h e  a c t u a l  
e v e n t  trees f o r  t h i s  and o t h e r  cases are 
d i scussed  i n  g r e a t  d e t a i l  i n  Appendix I. 

I n  ,summary, t h e  e v e n t  trees w e r e  t h e  
p r i n c i p a l  v e h i c l e s  , supplemented by ad- 
d i t i o n a l  ana lyses ,  u t i l i z e d  f o r  achiev- 
i n g .  a sys t ema t i c  de t e rmina t ion .o f  t h e  
r a d i o a c t i v e  release magnitudes land 
p r o b a b i l i t i e s  a s s o c i a t e d  w i t h  p o t e n t i a l  
n u c l e a r  power. p l a n t  laccidents .  They. 
f i r s t  were u t i l i z e d  t o  i d e n t i f y  t h e  many 
p o s s i b l e  s i g n i f i c a n t  a c c i d e n t  sequences. 
Then, , through a n  i t e ra t ive  p rocess  in -  
vo lv ing  success ive  improvements i n  t h e .  I 

d e f i n i t i o n  o f  f a i l u r e  p r o b a b i l i t i e s ,  t h e  
inco rpora t ion  o f  system i n t e r a c t i o n s  and 
t h e  r e s o l u t i o n  o f  p h y s i c a l  p rocess  
d e s c r i p t i o n s ,  t h e y  provided f o r  t h e  
i d e n t i f i c a t i o n  o f  t hose  a c c i d e n t  se- 
quences t h a t  are important  t o  t h e  
achievement o f  a r e a l i s t i c  r i s k  assess- 
ment. These s e l e c t e d  a c c i d e n t  sequences 
s e r v e d  as t h e  b a s i s  f o r  determining t h e  
magnitude o f  , a p p l i c a b l e  r a d i o a c t i v e  
r e l e a s e s  ( s e c t i o n  4 . 2 . j ) .  They a l s o  
s e r v e d  as  t h e  v e h i c l e  f o r  combining t h e  
i n i t i a t i n g  even t  p r o b a b i l i t i e s ,  system 
f a i l u r e  p r p b a b i l i t i e s  , and containment 
f a i l u r e  p r o b a b i l i t i e s  i n t o  t h e  composite 
p r o b a b i l i t i e s  a p p l i c a b l e  t o  t h e  r ad ioac -  
t i v e  releases. With r e s p e c t  t o  system 
f a i l u r e  p r o b a b i l i t i e s ,  t h e  e v e n t  t rees  
w e r e  t h e  p r i n c i p a l  means o f  i d e n t i f y i n g  
t h e  va r ious  system f a i l u r e  d e f i n i t i o n , s  
needed i n  t h e  f a u l t  t rees t h a t  w e r e  used 
f o r  .determining system f a i l u r e  p robab i l -  
i t ies .  

4 . 2 . 2  PROBABILITY OF RELEASES 

A s  no ted  p r e v i o u s l y ,  t h e r e  w e r e  a l a r g e  
number o f  i t e r a t i o n s  i n  v a r i o u s  p a r t s  o f  
t h e  r i s k  assessment c y c l e  desc r ibed  i n  
t h i s  chapter . ,  These i t e r a t i o n s  w e r e  
necessa ry  i n  o r d e r  t o  determine t h e  
dominant a c c i d e n t  sequences f o r  use i n  
t h e  f i n a l  ' o v e r a l l  r i . sk  assessment.  The 
methods d e s c r i b e d  below were u t i l i z e d  i n  
t h i s  i t e ra t ive  p rocess  and aided i n  t h e  
s e l e c t i o n  o f  t h e  dominant a c c i d e n t  se- 
quences. However, such i t e r a t i o n s  and 
o t h e r  e x p l o r a t o r y  a n a l y s e s  are neg lec t ed  
i n  t h e  fo l lowing  . d i s c u s s i o n ,  which i s  
g e n e r a l l y  concerned with t h e  de termina- 
t i o n  o f  t h e  r a d i o a c t i v e  release proba- 
b i l i t i e s  f o r  t h e  f i n a l  o v e r a l l  r i s k  
a s s e s s m n t .  

The f i n a l  r i s k  assessment i s  based on a 
number o f  d i f f e r e n t  release c a t e g o r i e s .  
Each o f  t h e s e  release c a t e g o r i e s  i s  
a s s o c i a t e d  w i t h  a s p e c i f i c  type and 
magnitude o f  release (see s e c t i o n  4 . 2 . 3  
and Appendix V) ._ The f i n a l  r i s k  assess- 
ment r e q u i r e s  t h e  p r o b a b i l i t y  a p p l i c a b l e  
t o  each o f  t h e s e  release c a t e g o r i e s .  In 
g e n e r a l  a s p e c i f i c  release ca t egory  
a p p l i e s  t o  many a c c i d e n t  sequences b u t ,  
because o f  t h e  wide range i n  p r o b a b i l i t y  
o f  occurrence of t h e s e  s e q u e n c e s , - i t  i s  
found t h a t  o n l y  a f e w  sequences deter- 
mine t h e  p r o b a b i l i t y  o f  occurrence o f  a 
p a r t i c u l a r  category.  Thus , t h e  d e t e r -  
mination o f  t h e  release p r o b a b i l i t y  
assoc'iated wi th  each release ca t egory  
r e q u i r e d  t h e  determinat ion and summation 
o f  t h e  p r o b a b i l i t y  o f  occurrence of each 
o f  t h e  dominant a c c i d e n t  sequences i n  
t h e  category.  

The p r o b a b i l i t y  o f  occurrence of an 
a c c i d e n t  sequence i s  composed of I the 
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i n i t i a t i n g  e v e n t  p r o b a b i l i t y ,  t h e  f a i l -  
u r e  p r o b a b i l i t i e s  o f  systems inc luded  i n  
t h e  sequence, and t h e  containment '  
f a i l u r e  p r o b a b i l i t y .  The p r o b a b i l i t i e s  
f o r  LOCA i n i t i a t i n g  e v e n t s  such as p i p e  
b reaks ,  v e s s e l  r u p t u r e s ,  t r a n s i e n t s ,  
e tc .  , were determined .by d e r i v i n g  
a p p r o p r i a t e  f a i l u r e  rates from a v a i l a b l e  
f a i l u r e  ra te  da ta .  The l a r g e  ma jo r i ty  
o f  t h e  system f a i l u r e  p r o b a b i l i t i e s  w e r e  
determined w i t h  t h e  a i d  o f ,  t h e  f a u l t  
tree technique. This t echn ique ,  d i s -  
cussed i n  the n e x t  s e c t i o n ,  i s  s u i t e d  
f o r  a n a l y s i s  o f  f a i l u r e s  o f  complex 
systems. To account  f o r  probable  de- 
pendencies i n  f a i l u r e s 4 o f  components and 
systems invo lved  i n  t h e  f a u l t  t rees and 
even t  tree a c c i d e n t  sequences,  many 
s p e c i a l '  a n a l y s e s  were performed f o r  t h e  
purpose o f  determining, s i g n i f i c a n t  
c o m n  mode I f a i l u r e s .  These a n a l y s e s  
a r e  d i s c u s s e d  i n  s e c t i o n  4.2.2.3. The . 
a p p l i c a b l e  containment f a i l u r e  modes a r e  
l a r g e l y  determined by t h e  a c c i d e n t  
sequences and t h e  v a r i o u s .  p h y s i c a l  . 
p r o c e s s e s  t h a t  can r e s u l t  from t h e  
a c c i d e n t  sequences.  The basis f o r  t h e  
l i k e l i h o o d  of containment f a i l u r e  modes 
was determined by.  f a u l t  trees and by 
t h e  a n a l y s i s  performed i n  Appendix V I I I ,  
which analyzed t h e  a p p l i c a b l e  p h y s i c a l  
p rocesses .  

4 . 2 . 2 . 1  F a u l t  Trees. 

A s  n o t e d  i n  s e c t i o n  4 . 2 . 1  t h e  even t  
trees d e f i n e  - c e r t a i n  system f a i l u r e s  
whose - p r o b a b i l i t i e s  a r e  needed t o  d e t e r -  
mine t h e  r i s k .  In t h i s  study, t h e  f a u l t  
tree method h a s  been used t o  estimate 
t h e  ma jo r i ty  o f  t h e s e  f a i l u r e  probabi4i-  
t ies.  The method u s e s  a l o g i c  t h a t  i s  
e s s e n t i a l l y  t h e  r e v e r s e  o f  t h a t  used i n -  
e v e n t  trees. Given a p a r t i c u l a r s .  f a i l -  
u r e ,  t h e  f a u l t .  tree methodbis used t o  
i d e n t i f y  t h e  v a r i o u s  combinations and 
sequences of  o t h e r  f a i l u r e s  t h a t  l e a d  t o  
t h e  given f a i l u r e .  The technique, i s  
p a r t i c u l a r l y  s u i t e d  t o  t h e  a n a l y s i s  o f  
t h e  f a i l u r e  o f  complex systems. The 
e f f e c t i v e  u t i l i z a t i o n  o f  t h i s  l o g i c  re- 
q u i r e s  t h a t i t h e  a n a l y s t  have a thorough 
understanding of t h e  sys  t e m  components 
and t h e i r  func t ions .  This s e c t i o n  g i v e s  
a g e n e r a l  _ d i s c u s s i o n  o f  .the f a u l t  tree 
method. A more d e t a i l e d  d i s c u s s i o n  i s  
provided i n  .Appendix I1 and Addendum I 
t o  t h i s  r e p o r t .  

The f a u l t  tree method i s  i l l u s t r a t e d  i n  
F ig .  4-5 which shows t h e  f i r s t  few s t e p s  
o f  a.. f a u l t  tree concerning loss o f  
e l ec t r i c  power t o  a l l  engineered s a f e t y  
f e a t u r e s  ( E S F s ) .  I n  t h i s  case it i s  
known t h a t  t h e  e l ec t r i c  power t o  ESFs 

would r e q u i r e  both a l t e r n a t i n g  c u r r e n t  
(AC) power and d i r e c t  c u r r e n t  (DC)  
power. The AC p r o v i d e s  t h e  energy 
needed b u t  t h e  DC i s  r e q u i r e d  by the 
c o n t r o l .  systems which t u r n  on t h e  AC. 
Thus ,  f a i l u r e  o f  each of t h e s e  systems 
appea r s  i n  t h e  f i r s t  level and they  are 
coupled t o  t h e  t o p  e v e n t  by an OR g a t e .  
Th i s  symbol s i g n i f i e s  t h a t  e i t h e r  one 
f a i l u r e  o r  t h e  o t h e r  ( o r  bo th )  can cause 
t h e  t o p  e v e n t  and t h a t  t h e  p r o b a b i l i t y  
o f  t h e  t o p  e v e n t  i s ,  t o  a c l o s e  approxi- 
mation, t h e  sum o f  t h e  p r o b a b i l i t i e s  o f  
t h e  two e v e n t s  i n  t h e  f i r s t  l e v e l .  
Thus, i f  PAC = 0 . 0 0 1  and PDC = 0.001,  
then P ~ p - = - 0 . 0 0 2 .  The EP f a i l u r e  proba- 
b i l i t y  can be  computed i n  t h i s  way i f  
t h e r e  are s u f f i c i e n t  f a i l u r e  d a t a  t o  
determine PAC and PDC d i r e c t l y .  How- 
e v e r , . i n  g e n e r a l ,  such f a i l u r e s  have no t  
occur red  o f t e n  enough t o  p rov ide  mean- 
i n g f u l  s t a t i s t i c a l  d a t a  and t h e r e f o r e ,  
t h e  a n a l y s i s  must proceed t o  lower 
f a i l u r e  l e v e l s .  The n e x t  l e v e l  i s  
developed o n l y  f o r  loss o f  AC power. In 
t h i s  case it i s  known t h a t  e i t h e r  o f f -  
s i t e  power ( t h e  e l e c t r i c a l  g r i d )  o r  
o n s i t e  power ( t h e  s t a t i o n  d i e s e l  genera- 
t o r s )  can supply t h e  needed energy. 
F a i l u r e s  o f  t h e s e  systems a r e  t h e r e f o r e  
coupled by an AND g a t e ,  i n d i c a t i n g  t h a t  
both would have t o  f a i l  i n  o r d e r  t o  
produce t h e  f a i l u r e  above. 

The above b a s i c  method i s  used t o  
develop t h e  trees u n t i l  t hey  have 
i d e n t i f i e d  f a i l u r e s  f o r  which s t a t i s t i -  
ca l  d a t a  e x i s t  t o  determine t h e i r  proba- 
b i l i t y .  I n  developing t h e  t ree ,  consid- 
e r a t i o n  i s  given t o  i n t r i n s i c  component 
f a i l u r e s ,  human f a c t o r s  and t e s t  and 
maintenance. D e t a i l e d  d i s c u s s i o n s  o f  
t h i s  p o i n t  are provided i n  Appendices I1 
and 111. The p r o b a b i l i t i e s  o f  t h e  
f a i l u r e s  are then a s s igned  t o  t h e  
a p p r o p r i a t e  e lements  o f  t h e  tree and t h e  
p robab i l i t y  of t he  t o p  e v e n t  i s  calcu-  
l a t e d .  For  complex. trees, such a s  t h o s e  
involved i n  t h i s  s t u d y ,  t h e  a i d  of a 
computer. program i s ,  u t i l i z e d  for com- 
p u t i n g  thee t o p  e v e n t  + p r o b a b i l i t y .  In 
g e n e r a l  t h e  i n d i v i d u a l  p r o b a b i l i t i e s  a r e  
o b t a i n e d  from - a  l i m i t e d  amountl o f  
e x p e r i e n c e .  d a t a  so  they  have an 
apprec i ab le  - u n c e r t a i n t y  a s s o c i a t e d  w i t h  
them. A computer code used i n  t h e  s t u d y  
propagated t h e s e  u n c e r t a i n t i e s  u s ing  a 
s t a n d a r d  s t a t i s t i c a l  procedure and 
determined an u n c e r t a i n t y  f o r  t h e  system 
f a i l u r e  p r o b a b i l i t y .  

F a u l t  trees w e r e  developed fo r_ . . a lmos t  
a l l  t h e  ma jo ry ind iv idua l  systems r ep re -  
s e n t e d  i n  t h e  event .  trees. These 
systems i n c l u d e  t h e  . va r ious  ESFs and 
some o f  t h e  normally o p e r a t i n g  p l a n t  
systems. In some cases s e v e r a l  d i f f e r -  
e n t  v e r s i o n s  o f  a given system f a u l t  
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tree were r e q u i r e d ,  depending upon t h e  
a c c i d e n t  c o n d i t i o n s  p r e v a i l i n g  a t  t h e  
t i m e  t h e  system f a i l u r e , i s  p o s t u l a t e d .  
For  example, t h e  p robab i l ' i t y  o f  f a i l u r e  
o f  t h e  ECCS may be d i f f e r e n t  depending 
upon whether t h e  containment s p r a y  sys-  
t e m  o p e r a t e s  , o r  f a i l s .  Such d i f f e r e n c e s  
have been 'accounted f o r  i n  t h e  s tudy .  

There a r e  a number o f  l i m i t a t i o n s  i n  
app ly ing  f a u l t  t rees  t o  a r i s k '  a s ses s -  
ment of  n u c l e a r  power p l a n t  a c c i d e n t s .  
The most important  drawback i s  probably 
t h a t  d e t a i l e d  f a u l t  trees- f o r  complex 
systems are ve ry  t i m e  consuming t o  
develop. Furthermore,  t h e r e  a r e - d i f f e r -  
e n t  ways I i n  which t h e  l o g i c  can be  
developed'. Thus two d i f f e r e n t  a n a l y s t s  
are l i k e l y  t o  produce d i f f e r e n t  " t r ees  
f o r  t h e  same system. Although both 
trees may b e  l o g i c a l l y  c o r r e c t  a n d > -  pro- 
duce t h e  same system f a i l u r e  p r o b a b i l i -  
t y ,  t h e  f a c t  t h a t  t h e y  appear '  t o  be  
cons ide rab ly  d i f f e r e n t  can be mislead- 
ing.  

As with e v e n t  t rees ,  s e r i o u s  e r r o r s  can 
b e  made i f  it i s  assumed t h a t  a l l s  
f a i l u r e s  are independent. A s u b s t a n t i a l  
amount o f - t h e  e f f o r t  i n  t h i s  s t u d y  h a s  
been expended on t h e  search f o r  common 
mode f a i l u r e s .  The f a u l t  trees and 
even t  trees have been extremely u s e f u l  
i n  he lp ing  d e f i n e  those  common mode 
f a i l u r e s  t h a t  can c o n t r i b u t e  t o  t h e  
o v e r a l l  r i s k .  

A s  w i th  e v e n t  trees, t h e r e  i s  no way o f  
proving t h a t  a complex f a u l t  t ree 
i n c l u d e s  a l l  t h e  s i g n i f i c a n t  p a t h s  t o  
f a i l u r e .  Gene ra l ly ,  a t  some p o i n t  i n  
t h e  a n a l y s i s ,  t h e  a n a l y s t  must t r u n c a t e  
h i s  f a u l t  tree by assuming c e r t a i n  
e v e n t s  are  n o t  s i g n i f i c a n t .  Thus, t h e  
accuracy o f  t h e  tree depends apprec i ab ly  
upon t h e  s k i l l  and expe r i ence  o f  t h e  
a n a l y s t .  Any modeling, o f  cour se ,  de- 
pends upon t h e  s k i l l  o f  t h e  a n a l y s t ,  
however it i s  p a r t i c u l a r l y  important  f o r  
f a u l t  t rees where few e x p l i c i t  r u l e s  and 
g u i d e l i n e s  e x i s t .  However, a good check 
on t h e  l o g i c a l  adequacy and completeness 
o f  a f a u l t  t ree  i s  o b t a i n e d  when it i s  
q u a n t i f i e d  and s u b j e c t e d  t o  s e n s i t i v i t y  
s t u d i e s .  In  g e n e r a l  a l l  t h e  : trees 
c o n s t r u c t e d  i n  t h i s  s t u d y  were found t o  
go i n t o  more d e t a i l  than was.needed. 

4 . 2 . 2 ; 2  F a i l u r e  R a t e  D a t a .  

"he s t u d y  u t i l i z e d  f a i l u r e  rate d a t a  i n  
two p r i n c i p a l  ways. They: w e r e  used 
d i r e c t l y  t o  e s t a b l i s h  t h e  p r o b a b i l i t i e s  
o f  major e v e n t s  ( f a i l u r e s )  f o r  which 
f a u l t  trees w e r e  n o t  constbucted.  -Such 
uses  included t h e  de t e rmina t ions  o f  t h e  
p r o b a b i l i t i e s  o f  i n i t i a t i n g - e v e n t s  such .  
as p i p e  b reaks  and r e a c t o r  v e s s e l  
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r u p t u r e s .  However, t he  ma jo r i ty  o f  
f a i l u r e  d a t a  was. u t i l i z e d  a s  i n p u t  t o  
t h e  f a u l t  t rees s o  t h a t  t h e  probabili-1 
t i e s  o f r  t h e  system f a i l u r e s  could be 9 

determined; This f a i l u r e  d a t a  included 
estimates o f  component f a i l u r e s ,  human 
e r r o r s ,  and. t e s t i n g  and maintenance 
c o n t r i b u t i o n s .  

The accuracy<.of t h e  f a u l t  t r e e .  method i s  
h i g h e s t  when' component f a i l u r e  ra tes  a r e  
based *on d a t a  .obtained from f a i l u r e s  i n  
systems, i d e n t i c a l  t o  t h e  one under 
a n a l y s i s .  I n  t h e  case o f  r e a c t o r s  t h e  
experience<'  of a few hundred r e a c t o r -  
y e a r s  i s  n o t  ' s u f f i c i e n t  by : . i t s e l f  . t o  
provide ' s t a t i s t i c a l l y  meaningful proba- 
b i l i t i e s  - f o r  most o f  t h e  r e q u i r e d '  
component 3 f a i - l u r e  rates. I t  h a s  t h e r e -  = 
f o r e  b e h i  necessa ry  t o  a l s o  use  da ta  
from ' a 'much broader  base of  i n d u s t r i a l  
experience . 

- r  I 

In  t h i s  s t u d y  e x t e n s i v e  s e a r c h e s  have 4 
been made f o r  s o u r c e s  o f  f a i l u r e  ra te  
da ta .  These are d i scussed  i n  d e t a i l  i n  
Appendix 111. Each source h a s  been 
i n v e s t i g a t e d  t o  determine i t s  appro- 
p r i a t e n e s s  f o r  a p p l i c a t i o n  - t o  n u c l e a r  
p l a n t s .  The c o n d i t i o n s  of  s e r v i c e  of. 
most o f  t h e  components i n  r e a c t o r s  are 
s imi l a r  t o  c o n d i t i o n s  i n  many o t h e r  
a p p l i c a t i o n s ,  such as those  i n  f o s s i l -  
f u e l e d  p l a n t s  and chemical processing 
p l a n t s .  The compilat ions of such 
i n d u s t r i a l  experience are t h e  b a s i c  
sou rce  o f  most o f  t h e  f a i l u r e  ra te  data  
used i n  t h e  s tudy.  

C e r t a i n  components o f  n u c l e a r  systems 
may b e  s u b j e c t e d  t o  r a t h e r  unique envi-  
ronments, p a r t i c u l a r l y  du r ing  - s e r i o u s  
a c c i d e n t s .  Foremost among t h e s e  envi-  
ronmental  f a c t o r s  are r a d i a t i o n  and high 
temperature  s t e a m .  In  t h e  p rocess  of  
determining a p p l i c a b l e  f a i l u r e  ra tes ,  
t h e  s tudy  employed special is ts  i n  
component r e l i a b i l i t y  t o  assess t h e  
e f f e c t  o f  such c o n d i t i o n s  on system 
components. Based on t h e i r  assessments ,  
component f a i l u r e  rates. and t h e i r  
u n c e r < t a i n t i e s  were i n c r e a s e d  f o r  t h e  
extreme environments. ' I  

The design s p e c i f i c a t i o n s  of t h e  +*compo- 
n e n t s  o f  t h e  ESFs r e q u i r e  t h a t  t#heyl be 
q u a l i f i e d  t o  ope ra t e  under a v a r i e t y  o f  
a c c i d e n t  cond i t ions .  I t  i s ,  of cour se ,  1 

p o s s i b l e  t h a t  c e r t a i n  components.fmay . 
f a i l  t o  meet t h e s e  special  des ign  . 
cond i t ions .  To a s c e r t a i n  how l i k e l y  
such design e r r o r s  may b e ,  t h i s  s tudy  
c a r e f u l l y  reviewed t h e  components' ' i n  a 
s e l e c t e d  number of important  s a f e t y  
systems t o  determine how w e l l  t h e  design 
s p e c i f i c a t i o n s  had,  i n  f a c t ,  been sa t i s -  
f i e d .  ' A  d e t a i l e d  r e p o r t  of  t h i s  e f f o r t  
i s  provided i n  Appendix X. Based on7 
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t h e s e  assessments ,  component f a i l u r e  
rates-" were m o d i f i e d . t o  account  f o r  t h e  
d e f i c i e n c e s  found.'1 8 

A common. c r i t i c i s m  o f  t h e  f a u l t  tree 
method is. t h a t  t h e  system f a i l u r e  proba- 
b i l i t i e s  are I n o t  meaningful because o f  
u n c e r t a i n t i e s  i n  t h e  knowledge o f  a p p l i -  
cable - f a i l u r e  rates.  I n  gene ra l ,  t h e  
f a i l u r e  rates used i n  t h i s  s t u d y  'have 
u n c e r t a i n t i e s  o f  a c t o r  o f  1 0 . o r  1 0 0  
( 2 3  o r  +lo). In a few cases t h e  
uncertainFy i s  a f a c t o r  o f  1000  (230): 
Based on t h e s e  u n c e r t a i n t i e s ,  a Monte 
Carlo technique (see. Appendix 11) was 
used t o  c a l c u l a t e  t h e  u n c e r t a i n t y  o f  t h e  
o v e r a l l  system f a i l u r e  p r o b a b i l i t y .  -- The 
s tudy  has  used a log-normal d i s t r i b u t i o n  
f o r . - a l l  t h e  , u n c e r t a i n t i e s  a s s igned  t o .  * 
component-*failure rates.  The log-normal 
d i s t r i b u t i o n s  were combined i n  a s t a t i s -  
t i c a l  manner t o  account  f o r  t h e  e r r o r  
c o n t r i b u t i o n s  from d i f f e r e n t  component- 
f a i l u r e  ra tes .1  It w a s  found t h a t  even 
with t h e  l a r g e r  component f a i l u r e . r a t e  ' 
u n c e r t a n t i e s  t h a t  w e r e  used, t h e  system 
f a i l u r e  p r o b a b i l i t i e s  w e r e  s u f f i c i e n t l y  
a c c u r a t e  t o  o b t a i n  meaningful v a l u e s  €or 
r i s k  eva lua t ion .  

4 . 2 . 2 . 3  Common Mode F a i l u r e s . 2  

Common mode f a i l u r e s  are m u l t i p l e  f a i l -  
u r e s  % t h a t  r e s u l t  from a s i n g l e  e v e n t  o r  
f a i l u r e .  Thus , t h e  p r o b a b i l i t i e s  asso-  
c i a t e d  with the .  m u l t i p l e  f a i l u r e s  ' 

become; i n  r e a l i t y ,  dependent p r o b a b i l i -  
t ies .  The s i n g l e - e v e n t  can be  any one 
o f  a number-of p o s s i b i l i t i e s ;  a c o m n '  
p r o p e r t y ,  p rocess  , environment, o r  ex- 
t e r n a l  even t .  The r e s u l t i n g  m u l t i p l e  
f a i l u r e s  can l i k e w i s e  encompass a spec- 
t r u m  o f  , p o s s i b i l i t i e s  * i n c l u d i n g ;  f o r  
example, system f a i l u r e s  caused by:a 
common* e x t e r n a l  e v e n t ,  m u l t i p l e  compo- 
n e n t .  f a i lu ' r e s  caused by a common defec-  
t i v e  manufacturing p rocess  , ' and a 
sequence.. o f  f a i l u r e s  caused by a'common 
human o p e r a t o r .  J 

Because common mode f a i l u r S s  e n t a i l  a . 
wide spectriun o f  poss i l i t i e s  and e n t e r  
i n t o  a l l  areds o f  modeling'and a n a l y s i s ,  . 

Y f  
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'Studies, c l_ ind ica t ed  that.,  wi th  the wide 
ranges o f  u n c e r t a i n t i e s  u s e d , h e r e i n  f o r  
component 1.f ailwre rate d a t a  , t h e  e x a c t  
form of; t h e  d i s t r i b u t i o n '  used. had 
l i t t l e ,  e f f e c t  on .the r e s u l t s , o b t a i n e d .  

- "  , r  
2A more s p e c i f i c  d i s c u s s i o n  o f  t h e  

t r e a t m e n t  o f  common mode f a i l u r e  i s  
con ta ined  i n  Addendum I t o  t h i s  r e p o r t .  

, ? r :  I 

common mode f a i l u r e s  cannot be i s o l a t e d  
as s e p a r a t e  s tudy ;  b u t  i n s t e a d  must b e  
cons ide red  throughout a l l  t h e  modeling 
and q u a n t i f i c a t i o n  steps invo lved  i n  t h e  
r i s k  assessment.  I n  t h e  s tudy ,  c o m n  
mode and dependency c o n s i d e r a t i o n s  w e r e  
i n c o r p o r a t e d  i n  t h e  fo l lowing  s t a g e s  o f  
ana lyses :  

e Event T r e e  Cons t ruc t ion  
e F a u l t  Tree Cons t ruc t ion  
m F a u l t  Tree Q u a n t i f i c a t i o n  
e Event Tree Q u a n t i f i c a t i o n  

. Spe c i a l  Engineer ing I n v e s t i g a t i o n  s 

In-  t h e  even t  tree development, common 
mode f a i l u r e s  w e r e  f i r s t  t r e a t e d  i n  t h e  
d e t a i l e d  modeling of  system i n t e r a c -  
t i o n s .  I f  f a i l u r e  o f  one system caused 
o t h e r  s y s t e m s  t o  f a i l  o r  be i n e f f e c t i v e  
t h e s e  dependencies w e r e  e x p l i c i t l y  
modeled i n  t h e  e v e n t  trees.  The systems 
rendered f a i l e d  o r  i n e f f e c t i v e  by t h e  
s i n g l e ,  system f a i l u r e  w e r e  t r e a t e d  i n  
t h e  s u b s e q u e n t  a n a l y s i s  as having f a i l e d  
with p r o b a b i l i t y  o f  one and t h e  a n a l y s i s  
concerned i t s e l f  on ly  w i t h  t h e  c r i t i c a l  
s i n g l e  system f a i l u r e .  The changes pro- 
duced i n  e v e n t  t rees  by t h e s e  r e l a t i o n -  
s h i p s  o f t e n  produced s i g n i f i c a n t  i n -  
creases i n  p r e d i c t e d  a c c i d e n t  sequence 
p r o b a b i l i t i e s  s i n c e  a product  of system 
f a i l u r e  p r o b a b i l i t i e s  was r e p l a c e d  by a 
s i n g l e  system f a i l u r e  p r o b a b i l i t y .  The 
development 08f t h e  containment e v e n t  
tree t h a t  r e l a t e s  v a r i o u s  modes o f .  
containment f a i l u r e  t o  system o p e r a b i l i -  
t y  s ta tes  and. .+ the  p h y s i c a l  p rocesses  
a s s o c i a t e d  wi th  c o r e  m e l t ,  a s  d i scussed  
i n  d e t a i l  i n  Appendix I ,  a l s o  accounted 
f o r  dependencies which w e r e  due t o  t h e  
i n i t i a t i n g  event .  

The*+. e v e n t  trees a l s o  de f ined  t h e  
c o n d i t i o n s  for w h i c h  t h e  individual 
f a u l t  trees w e r e  cons t ruc t ed .  Par t ic -  
u l a r  system f a i l u r e s ,  i . e . ,  t h e  t o p  
e v e n t s . o f  t h e  f a u l t  trees, were de f ined  
a s  o c c u r r i n g  under s p e c i f i c  a c c i d e n t  
c o n d i t i o n s  t h a t  f r e q u e n t l y  inc luded  t h e  
p r i o r  f a i l u r e  o f  o t h e r  systems. The 
f a u l t  trees w e r e  t hus  coupled t o  o t h e r  
systems i n  t h e  a c c i d e n t  sequence, a s  
w e l l  a s  t o  t h e  p a r t i c u l a r ,  common, 
a c c i d e n t  environments t h a t  e x i s t e d .  The 
f a u l t  t rees were drawn t o  a l e v e l  such  
t h a t  a l l  r e l e v a n t  common hardware i n  t h e  
systems w a s  i d e n t i f i e d .  -This depth o f  
a n a l y s i s  pe rmi t t ed  i d e n t i f i c a t i o n  o f '  
s i n g l e  f a i l u r e s  t h a t  cause- m u l t i p l e  
e f f e c t s  o r  dependencies. These included 
s i n g l e  f a i l u r e s :  t h a t  cause- s e v e r a l  s y s -  
t e m s  t o  f a i l ,  o r  be degraded, o r  cause 
redundancies t o  be negated.  The f a i l u r e  
causes  modeled i n  t h e  f a u l t  t r ee  
a n a l y s i s  i n c l u d e  n o t  on ly  hardware 
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f a i l u r e s ,  b u t  a l s o  i n c l u d e  f a i l u r e s  
caused by human i n t e r v e n t i o n ,  t e s t  and 
maintenance a c t i o n s  , and environmental  
e f f e c t s .  Thus, a spectrum 0.f - p o t e n t i a l  
dependencies i s  inco rpora t ed  i n  t h e  
f a u l t  trees. . I n  many ,cases t h e s e  
a d d i t i o n a l  causes ,  u s u a l l y  due t o  human 
o r  t es t  and maintenance i n t e r f a c e s ,  have 
h i g h e r  p r o b a b i l i t y  c o n t r i b u t i o n s  t o  
system f a i l u r e  than t h e  hardware causes .  
I n  a number o f  cases these non-hardware 
a c t i o n s  r e s u l t  i n  f a i l u r e  p r o b a b i l i t i e s  
( e s s e n t i a l l y  s i n g l e  f a i l u r e  p r o b a b i l i -  
t ies)  t h a t  are h i g h  enough t o  dominate 
t h e  system f a i l u r e  p r o b a b i l i t y .  

The f a u l t  t ree q u a n t i f i c a t i o n  s t a g e ,  i n  
which system p r o b a b i l i t i e s  w e r e  numeri- 
c a l l y  computed, i nco rpora t ed  dependency 
and common mode c o n s i d e r a t i o n s  through- 
o u t  t h e  c a l c u l a t i o n s .  The f a i l u r e  ra te  
f o r  a p a r t i c u l a r  component included n o t  
o n l y  c o n t r i b u t i o n s  from p u r e  hardware 
f a i l u r e  (sometimes c a l l e d  t h e  random 
f a i l u r e  r a t e ) ,  b u t  a l s o  inc luded  
a p p l i c a b l e  c o n t r i b u t i o n s  from t e s t  o r  
maintenance e r r o r s ,  human, causes ,  -and 
environmental  causes .  Human errors w e r e  
i n v e s t i g a t e d  t o  i d e n t i f y  causes o f  
dependent f a i l u r e s  i f ,  f o r  i n s t a n c e ,  the  
same o p e r a t o r  could perform a l l  t h e  
acts.  Tes t ing  o r  maintenance a c t i v i t i e s  
w e r e  examined f o r .  causes  o f  dependent 
f a i l u r e s ,  f o r  example, when s e v e r a l  
components would be scheduled f o r  simul- 
taneous t e s t i n g  o r  maintenance. Compo- 
n e n t s  w e r e  examined f o r  p o t e n t i a l  
dependent f a i l u r e s  t h a t  may ar ise  as a 
r e s u l t  o f  t h e  environments c r e a t e d  by 
a c c i d e n t s .  The q u a n t i f i c a t i o n  formulas 
t r e a t e d  both hardware and non-hardware 
c o n t r i b u t i o n s  w i t h  t h e i r  r e l e v a n t  de- 
pendencies.  The q u a n t i f i c a t i o n  p r o c e s s  
inc luded  de te rmina t ions  o f  t h e  maximum 
p o s s i b l e  impacts from common mode 
f a i l u r e s  which might e x i s t  b u t  were n o t  
p r e v i o u s l y  inc luded  i n  t h e  ana lyses .  
These de t e rmina t ions  i n d i c a t e d  whether 
a d d i t i o n a l  common mode f a i l u r e s  could 
have s i g n i f i c a n t  impact on t h e  computed 
a c c i d e n t  p r o b a b i l i t i e s .  The a p p l i c a b l e  
systems and/or components were reexam-. 
i n e d  t o  i d e n t i f y  t h e  ways, i f  any, i n  
which such s i g n i f i c a n t  comon  mode 
f a i l u r e s  could occur.  

A f t e r  t h e  f a u l t  trees w e r e  q u a n t i f i e d ,  
t h e  e v e n t  tree q u a n t i f i c a t i o n  s t a g e  com- 
b ined  t h e  i n d i v i d u a l  f a u l t  t ree proba-i 
b i l i t i e s  t o  o b t a i n  a c c i d e n t  sequence 
p r o b a b i l i t i e s .  Since a sequence i n  t h e  
e v e n t  trees can b e  viewed i n  terms o f  
f a u l t  tree l o g i c ,  t h e  same q u a n t i f i c a -  
t i o n  techniques w e r e  used on t h e  
a c c i d e n t  sequences as  were used on t h e .  
i n d i v i d u a l  f a u l t  trees. Since m u l t i p l e  
systems were analyzed,  the coup l ings  now 
inc luded  dependencies a c r o s s  systems. 

A s  a f i n a l  check on p o s s i b l e  dependen- 
cies and common mode e f f e c t s  , s p e c i a l  
eng inee r ing  i n v e s t i g a t i o n s  w e r e  per-  
formed t o  complement t h e  modeling and 
mathematical  techniques which had been 
used throughout t h e  s tudy.  Those even t  
tree a c c i d e n t  sequences which dominate 
t h e  p r o b a b i l i t y  o f  occurrence o f  t h e  
c a t e g o r i e s  w e r e  c a r e f u l l y  reexamined f o r  
any s p e c l f i c  dependencies which may have 
been< overlooked. 

The p r o b a b i l i t y  v e r s u s  consequence 
c a l c u l a t i o n s  invo lve  s e v e r a l  i n p u t s  
which have no s i g n i f i c a n t  common mode 
f a i l u r e  c o n t r i b u t i o n s .  The a c c i d e n t  
p r o b a b i l i t i e s ,  t h e  weather ,  and t h e  
p o p u l a t i o n , ,  d i s t r i b u t i o n s  used i n  t h e  
c a l c u l a t i o n  o f  consequences a r e  essen-  
t i a l l y  independent o f  one ano the r  (see 
s e c t i o n  4 . 3 )  . 
4.2.3 MAGNITUDE O F  RELEASES 

This  s e c t i o n .  d i s c u s s e s  t h e  manner i n  
which t h e  magnitude o f  t h e  r a d i o a c t i v i t y  
release from t h e  p l a n t -  t o  t h e  environ-  
ment w a s  determined. The release magni- 
tude i s  in f luenced  by t h r e e  major 
fac tors ;  t h e  a m u n t  and i s o t o p i c  c o m p o -  
s i t i o n  o f  r a d i o a c t i v i t y  r e l e a s e d  from 
t h e  c o r e ,  t h e  amount of  r a d i o a c t i v i t y  
removed w i t h i n  t h e  containment,  and t h e  
containment f a i l u r e  mode. A l l  o f  t h e s e  
are t i m e  dependent f a c t o r s  which i n f l u -  
ence . t h e .  r a d i o a c t i v e  release magnitude. 
Thus; t h e  a c c i d e n t  sequences d e f i n e d  by 
t h e  e v e n t  trees w e r e  o f  p a r t i c u l a r  va lue  
i n  e s t a b l i s h i n g  t h e  release magnitudes 
a p p l i c a b l e  t o  each o f  t h e  release 
c a t e g o r i e s  no ted  p rev ious ly .  

A s  a l r eady  n o t e d ,  on ly  t h o s e  p o t e n t i a l  
r e a c t o r  a c c i d e n t s  t h a t  l e a d  t o  core 
me l t ing  a f f e c t  t h e  r i s k  s i g n i f i c a n t l y .  
Thus, f o r  t h e  most p a r t ,  t h e  determina- 
t i o n  of  t h e  release o f  r a d i o a c t i v i t y  
from t h e  r e a c t o r  c o r e  invo lved  t h e  
e s t i m a t i o n  o f  t h e  f r a c t i o n s  of  s i g n i f i -  
c a n t  r a d i o a c t i v e  i s o t o p e s  t h a t  are  
r e l e a s e d  from c o r e s  m e l t i n g  under 
v a r i o u s  c o n d i t i o n s .  The v a r i o u s  condi- 
t i o n s  and t iming o f  c o r e  me l t ing  were 
d e f i n e d  by a p p r o p r i a t e  a n a l y s i s  o f  t h e  
a p p l i c a b l e  a c c i d e n t  sequences i n  e v e n t  
trees. A v a r i e t y  o f  experiments  re- 
p o r t e d  i n  t h e  l i t e r a t u r e  p rov ides  i n f o r -  
mation on t h e  r a d i o a c t i v i t y  r e l e a s e d  
from f u e l  under.  v a r i o u s  cond i t ions .  
Such information was used i n  t h e  
de t e rmina t ion  of t h e  a p p l i c a b l e  release 
f r a c t i o n s .  These de t e rmina t ions  are 
d e s c r i b e d  i n  d e t a i l  i n  Appendix V I I .  
This  work r e s u l t e d  from t h e  d e l i b e r a -  
t i o n s  of  a group o f  s p e c i a l i s t s ,  who 
have been conduct ing work i n  t h i s  area 
a t  Na t iona l  Labora to r i e s .  In g e n e r a l ,  
t h e  experiments  on which t h e s e  r e s u l t s  

. .  
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are- ,  based were c a r r i e d  o u t  wi th  
r e l a t i v e l y  small samples of f u e l .  I t - a i s  

b e l i e v e d  t h a t ,  because o f  t h e  i l a r g e  
s u r f a c e  t o  volume r a t i o  i n  such experi: 
ments c o q a r e d  to  t h a t  which w o u l d * e x i s t  
i n  a molten c o r e ,  t h e  release f r a c t i o n s  
used i n  t h e  s tudy  t end  to.overpredict 
t h e  f r a c t i o n .  . r e l e a s e d  from a core .  
However, . s i n c e  no  l a r g e  scale exper i -  
ments have ijeen conducted, t h e r e  is no  
e xpe r"imen t a l  v e r i f i c a t i o n  t h a t  re duc- 
t i o n s  :in t h e  release f r a c t i o n s  w i l l  i n  
f a c t  observed.  Fo r  t h i s  reason such 
p o t e n t i a l  e f f e c t s  w e r e  n o t  taken  i n t o  
account  i n  e s t a b l i s h i n g  t h e  release 
f r a c t i o n s  a p p l i c a b l e  t o  t h e  va r ious  
r e l e a s e  ca t egor i e s .  

R a d i o a c t i v i t y  r e l e a s e d  from t h e  core i s  
s u b j e c t e d  t o  a . v a r i e t y  o f  p h y s i c a l  
p rocesses  t h a t  reduce t h e  amount o f  
r a d i o a c t i v i t y ,  a v a i l a b l e  f o r  r e l e a s e  t o  
t h e  environment. These p rocesses  in -  
c lude  wash o u t  . by t h e  f i s s i o n ,  product  
removal systems , n a t u r a l  p l a t e  o u t  and 
depos i t i on  p rocesses  on s u r f a c e s  w i t h i n  
t h e  containment ,  r a d i o a c t i v e  decay, and 
t h e  e f f e c t s  , o f -  f i l t e r s .  These pro- 
cesses, coupled w i t h  t h e  f u e l  release 
and t h e  mode and t iming  of containment  
f a i l u r e ,  are t h e  major de te rminants  of 
t h e  magnitude o f  r a d i o a c t i v e  release t o  
t h e  environment. To account  f o r  a l l  
. these  e f f e c t s  ' a *  computer code c a l l e d  
CORRAL was developed. I t  i s  desc r ibed  
- in  d e t a i l  i n  Appendices V and V I I .  The 
var ious  parameters  used i n  t h e  code a r e  
based  on r e c e n t  i n v e s t i g a t i o n s ,  con- 
duc ted  a t  Na t iona l  Labora to r i e s  , o f  t h e  
t r a n s p o r t  of r a d i o a c t i v e  m a t e r i a l s  
w i t h i n  containments.  The CORRAL code 
ou tpu t  is. t h e  q u a n t i t y  o f  each o f  5 4  
b i o l o g i c a l l y  s i g n i f i c a n t  i s o t o p e s  re- 
l e a s e d  t o  t h e  environment a s  a result o f  
a given a c c i d e n t  sequence, a s  i n d i c a t e d  
i n  Appendix V I .  

Many of the a c c i d e n t  sequences-  involve  
s i m i l a r i t y  i n  core mel t ing ,  s i m i l a r i t y  
i n  r a d i o a c t i v i t y  removal p rocesses ,  and 
t h e  same Containment f a i l u r e  mode. This  
pe rmi t t ed  c l a s s  i f  i c a t i o n  o f  a c c i d e n t  
sequences i n t o  a number o f  d i f f e r e n t  
t ypes  c a l l e d  release c a t e g o r i e s .  Thus , 
t h e  releases produced by core  m e l t  a r e  
c h a r a c t e r i z e d  by s e v e r a l  d i f f e r e n t  
c a t e g o r i e s ,  each invo lv ing  a p a r t i c u l a r  
composition, t iming  and release po in t .  

The work o u t l i n e d  above provided t h e  
information f o r  composite his tograms o f  
t h e  type shown i n  Fig.  ,4-2, t h a t  
r e p r e s e n t  t h e  p r o b a b i l i t y  and magnitude 
of t h e  r a d i o a c t i v e  releases a s s o c i a f e d  
wi th  each  consequence category.  The 
s p e c i f i c  r e s u l t s  f o r  ' e a c h  type o f  
r e a c t o r  are reviewed i n  Chapter  5 'and 
a r e  d i scussed  i n  d e t a i l  i n  Appendix V. 
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4.3 ' CONSEQUENCES OF RADIOACTIVE 
RELEASES 

The o b j e c t i v e  o f  t h i s  t a s k  was t h e  
p r e d i c t i o n  of t h e  p u b l i c  consqquences 
t h a t  r e s u l t  from t h e  r a d i o a c t i v e  re- 
leases de f ined  by Task I ( s e c t i o n  4 . 2 ) .  
The consequence p r e d i c t i o n s  s e r v e  a s  t h e  
primary i n p u t  t o  Task I11 ( s e c t i o n  4 .41 ,  
t h e  o v e r a l l  r i s k  assessment.  The conse- 
quences o f  a given r a d i o a c t i v e  r e l e a s e  
depend upon how t h e  r a d i o a c t i v i t y  i s  
d i s p e r s e d  i n  t h e  environment , upon t h e  
number of people  and amount of p rope r ty  
exposed, andlupon t h e  e f f e c t s  of r ad ia -  
t i o n  exposure on people  and contamina- 
t i o n  of  proper ty .  These major e lements  
of t h e  consequence p r e d i c t i o n s  a r e  
ind ica t ed  i n  Fig.  4-6, which shows t h e  
p r i n c i p a l  sub ta sks  involved i n  t h i s  t a s k  
(Task 11). 

The d i s p e r s i o n  of t h e  r a d i o a c t i v i t y  is 
determined p r i n c i p a l l y  by t h e  weather 
cond i t ions  a t  t h e  t i m e  of release and 
t h e  release cond i t ions ,  i.e. , ground 
l e v e l ,  e l eva ted ,  ho t ,  c o l d ,  extended o r  
puff .  The popula t ion  d i s t r i b u t i o n  a s  a 
func t ion .o f  d i s t a n c e  i s  known f o r  each 
of 68 r e a c t o r  sites e i t h e r  i n  use o r  
planned. The probable  e f f e c t s  of  r ad ia -  
t i o n  on people  and p rope r ty  a r e  based on 
a v a i l a b l e  informat ion  on such e f f e c t s .  
The c a l c u l a t i o n a l  model developed i n  
t h i s  s tudy  i s  desc r ibed  i n  Appendix V I .  

The p r o b a b i l i t y  a s s o c i a t e d  wi th  a spe- 
c i f i c  consequence i s  determined by -com- 
b in ing  t h e  p r o b a b i l i t i e s  of t h e  ind iv id -  
u a l  i npu t  parameters ,  i .e.,  by mul t ip ly-  
ing  Prelease Pweather X Ppopula t ion*  
I n  determining t h e  consequence probabi l -  
i t y  i n  t h i s  way, it is  necessary  t o  
assure t h e  p r o b a b i l i t i e s  a r e  reasonably 
independent.  I t  i s  d i f f i c u l t  to  v i s u a l -  
i z e  t h a t  t h e  acc iden t  and t h e  popula t ion  
d e n s i t i e s  can s i g n i f i c a n t l y  a f f e c t  one 
another .  I t  seems equa l ly  reasonable  t o  
assume t h a t  t h e  popula t ion  and t h e  
weather have no s t rong  dependency, s i n c e  
t h e  frequency d i s t r i b u t i o n s  have been 
ob ta ined  by combining a c t u a l  meteorolog- 
i c a l  and demographic d a t a  a p p l i c a b l e  t o  
a l a r g e  number of sites. It could a l s o  
be argued t h a t  v i o l e n t  weather might 
ca.use an acc iden t .  Although t h i s  i s  
highly- u n l i k e l y  because of r e a c t o r  de- 
s i g n  requirements ,  i t  is n o t  impossible .  
However, v i o l e n t  weather i s  cha rac t e r -  
i z e d  by extremely high' tu rbulence  which 
would cause very r a p i d  d i l u t i o n  of t h e  
r a d i o a c t i v j t y  and t h i s  would d r a s t i c a l l y  
reduce t h e  consequences. The reduced 
consequences would 1 i k e l y " c o u n t e r a c t  any 
p r o b a b i l i t y  inc rease  a s s o c i a t e d  wi th  
such p dependency, r e s u l t i n g  i n  a 
n e g l i g i b l e  e f f e c t  on t h e  o v e r a l l  r i s k .  
Thus, it i s  reasonable  t o  assume t h a t  
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t h e  t h r e e  p r o b a b i l i t i e s  are independent 
and a s t r a i g h t f o r w a r d  m u l t i p l i c a t i o n  is  
j u s t i f i e d .  

/. 

PHERIC- DISPERSION MODEL 

r ' cod'e uses  t h e  s t anda rd  
Gayssian P.l*&ne% Model,-(Ref. 2 )  ; with t h e  
modif i.cat'ionb ' noted low, t o  pred'ict 
t h e  wa? r a d i o a c t i G i l y  s" d i spe r sed  in:  
t h e  atmosphere-:' Fhe  re3ease c o n d i t i o n s  
a r e  de€ined 6y ' the +acciden't sequences. ' 
Each ' one" of:', t h e '  ' r e l e a s e  categories:  
i d e n t i f i e s  t h e  'amoun; of r a d i o a c t i v i t y  
r e l e a s e d ,  t h e  amount of h e a t  rel'eased 
wi th  t h e  r a d i o a d f i v i t y  , and t h e  

* *  . .  

weather whlch .'^can- c 
v a r i e t y  of ways during t h e  d i s p e r s i o n  of 
r a d i o a c t i v l t y .  -No completely r ea l i s t i c  
method now- 1 e x i s t s  f o r  t reat in 'g ,  
d i s p e r s i o n  of ' p o l l u t a n t s  and exis t ' ing 
models are f e l t  t o  be p a r t i c u l a r l y  
u n c e r t a i n  a t  l o  d i s t a n c e s  from t h e '  
p o i n t  of  release 7' 

, I  

Tkie Gaussian .plume model c h a r a c t e r i i e s  
w e s t h e r  i n  s i x  s t a b i l i t y  classes, A- 
through -F.  Weather' type A is u n s t a b l e  
and type .F is very s t a b l e .  Wind 1 speed: 
i s  a l s o  r e q u i r e d  as an inpu t ' t o  ' t h i s  
model. The rate -of d i s p e r s i o n  f o r '  
v a r i o u s  types  ahd wind speeds i s  
c h a r a c t e r i z e d  by parameters t h a t  g ive  
t h e  sp read ing  ra te  i n  t h e  h o r i z o n t a l  and 
v e r t i c a l  d i r e c t i o n s .  I n  t h e  s t u d y ' s  
model, t h e ' e f f e c t s  of r a i n  are accounted 
f o r  Ijy adding a r a t e  f o r  washout o f .  
r a d i o a c t i v i t y  from t h e  plume dur ing  t h e  
pe r iod  when r a i n  occurs.  I n  a l l  ' c a s e s  
t h e  r a d i o a c t i v e  plume is con ta ined  below 
a mixing h e i g h t  cfiaracteristic of ' t h e .  
s i t e ,  - season and t i m e  of day. A number 
of conservat isms e x i s t  i n  t h e  model i n  
t h a t  it does n o t  account f o r  t h e  e f f e c t s  
of wind s h e a r ,  changes i n  wind d i r e c -  
t i o n ,  ground decontamination f a c t o r s  due 
t o  r a i n ,  o r  t h e  * p o t e n t i a l  f o r  s t r o n g l y  
hea ted  releases t o  p e n e t r a t e  the,- 
s i o n  l a y e r .  

The weather d a t a  used i n  t h e  model ii 
ob ta ined  from, hourLt by hour meteorologi- 
ca l  r eco rds  cove r ing  a one y e a r  p e r i o d  
a t  s i x  si tes t h a t  ,would t y p i f y  t h e -  
l o c a t i o n s  of  t h e  f i r s t  100 l a r g e  nuclear ,  
power p l a n t s .  Ninety weather  samples 
are taken and each sample 'is thuk 
a s s igned  a p r o b a b i l i t y  of 1 / 9 0 .  The 
s t a r t l n g  t i m e s  are determined by system- 
a t i c  s e l e c t i o n  from t h e  var ious-  sets o f  
a p p l i c a b l e  me teo ro log ica l  d a t a .  One' 
q u a r t e r  o f - t h e  d a t a  p o i n t s  are chosen 
from each season , o f  t h e  y e a r  and h a l f  
from each group are t aken  i n  t h e  

> -  

dax,$ime. This  . procedure is- -. used , t o  
reduce , sampl+ing - e r r o r s -  t o  accep tab le  

The weather s t a b i l i - t y  .and.wind 
fo l lowing  t h e  acciden 
,to.:- change accordin 

ecordings made a t  
h e r  model c a l c u l a t g s ,  i fo r  reach 

o f ,  S 4  r a d i p i s o t o p e s -  import.ant-p-tp t h e  
predic.t ion of  h e a l t h - e f f e c t s ,  t h e  c-on- 
c e n t r a t i o n s  of  x a d i o a c t i v i t y  i n  ,the- .,. air  
and .,,on t h e ,  ground as a funcf-io 
a f t e r  t h e  release and-distanice 

r t h e r  d e t a i l s  .of , th  
e sen ted  i n  Appendi 

I --,, 
4.3.2 POPULATION MODEL . I  ' 1' 

To determine t h e  populat ion t h a t  could 
be exposed t o  p o t e n t i a l  'releases, ) o f  
r a d i o a c t i v i t y ,  census bureau . d a t a -  i s  
used tog# determine 'the number of- people 
as -a  ' f u n c t i o n  of distance: .e from t h e  
r e a c t o r  *in each of s ixteenc J 2 2  : ' 1 / 2 0  
degree s e c t o r s  around !each 'ofrl.the s Z t e s  
a t  .which t h e  1 0 0  r e a c t o r s - c o v e r e d '  by t h e  
s tudy  are-.  l oca t ed .  C Each' r e a c t o r  , h a s  
been _. assigned. t o  one of.  t h e  s i x  t y p i c a l  
meteororogical  d a t a  sets and a 1 6  sector 
composite .-.PO u l a t i o n  has  been developed 
-for* each, set.? Three of these ' s e c t o r s  
are - t hose  which have' t he  l a r g e s t  
cumulative popu la t ion ,  (within 50 m i l e s  
of t h e  r e a c t o r )  of a l l  t he ,  s e c t o r s  
a s s o c i a t e d  with r e a c t o r s  f ass igned t o  
t h a t  set. The p r o b a b i l i t y  of texposing 
people i n  t h e s e  s e c t o r s - i s  

' C  * 

- i  - 1 - -  
'exposure 16 x N 

I . J  
1 , 2 , 3  

where N i s  t h e  number of r e a c t o r s  
a s s igned  t o  t h e  set. The: o t h e r  1 3  
s e c t o r s  of a t y p i c a l  set are ob ta ined  i n  
t h e  same way, except  t h a t  groups of 
s e c t o r s  w i th  approximately " t h e  same 
popu la t ion  d e n s i t y  are combined t o  
o b t a i n  t h e  populati 'on a s .  a func t ion  of 
d i s t a n c e .  These s e c t o r s  were given a 
p r o b a b i l i t y  of exposure of: '  

I 

I ,  - -, - n  P -- 
exposure 1 6  x N, , I -  

4 - 1 6  
i r ,  

where n i s  tfie number of  s e c t o r s  
combined. I n  t h i s  combination, p rocess ,  

- <  

, f Ii - 
1 I 

'The d a t a  used w a s  sel 
t y p i c a l  of e a s t e r n  v a l l e y  
sou the rn ,  midwestern, 1 
w e s t  c o a s t  siiies. . 

E 3 0  

-50- 



t h e  n r a d i a l  s e c t o r s  are averaged a t  . 
each mesh p o i n t  d i s t a n c e  to g i v e  t h e  
va lue  used. 

I n  t h e  case of a p o t e n t i a l l y  s e r i o u s  
a c c i d e n t a l  r e l e a s e ,  it i s  assumed t h a t  
people l i v i n g  within.abo,ut 25 m i l e s  of 
t h e  p l a n t ,  and l o c a t e d  i n  t h e  d i r e c t i o n  
of t h e  wind, would be evacuated i n  o r d e r  
to. ,  reduce t h e i r .  -exposure t o  radio-  
a c t i v i t y .  ,An evacuat ion-model  t o  repre-  - 
s e n t  t h i s  p rocess  has been developed and 
i s  desc r ibed  i n  Appendix V I .  This  model 
i s  based on t h e  s t u d y ' s  a n a l y s i s  of d a t a  
c o l l e c t e d  on a s u b s t a n t i a l  number of 
a c t u a l  evacuat ions t h a t  have taken p l a c e  
i n  t h e  United States (Ref. 3)  . 
4.3.3 HEALTH EFFECTS AND PROPERTY DAMAGE 

MODEL 

The consequence model c a l c u l a t e s  t h e  
doses  from f i v e  p o t e n t i a l  exposure 
modes; t h e  e x t e r n a l  dose from t h e  
pas s ing  c loud ,  t h e  dose from i n t e r n a l l y  
depos i t ed  r a d i o n u c l i d e s  which a r e  
inha led  from t h e  pas s ing  cloud,  t h e  
e x t e r n a l  dose from t h e  r a d i o a c t i v e  
mater ia l  which is  depos i t ed  on t h e  
ground, and t h e  doses from i n t e r n a l l y  
depos i t ed  r a d i o n u c l i d e s  which a r e  e i t h e r  
i nha led  a f t e r  resuspension o r  i n g e s t e d  
from ground contamination. The models 
used f o r  c a l c u l a t i n g  t h e s e  doses  a r e  
desc r ibed  i n  Appendix V I .  

The p o t e n t i a l  h e a l t h  e f f e c t s  c a l c u l a t e d  
are e a r l y  f a t a l i t i e s  ( i .e . ,  f a t a l i t i e s  
t h a t  occur  wi th in  one year  of t h e  
a c c i d e n t ) ,  e a r l y  i l l n e s s e s  ( i . e . ,  people 
needing medical t r e a t m e n t ) ,  and l a t e  
h e a l t h  e f f e c t s  t h a t  a r e  e s t ima ted  from 
t h e  t o t a l  man-rem dose t o  the  popula- 
t i o n .  L a t e  h e a l t h  e f f e c t s  may inc lude  
l e t h a l i t i e s  f r o m  cancers, t h y r o i d  ill- 
n e s s e s ,  and g e n e t i c  e f f e c t s  t h a t  can 
p o t e n t i a l l y  occur a t  long t i m e s  a f t e r  
t h e  t i m e  of t h e  acc iden t .  Radiat ion ex- 
posure information does n o t  provide 
clear d i s t i n c t i o n s  between probable  
d e a t h s ,  i n j u r i e s  and long t e r m  e f f e c t s .  
A s  d i scussed  i n  d e t a i l  i n  Appendix V I ,  I 

t h e  p r o b a b i l i t y  of e a r l y  f a t a l i t i e s  and 
i l l n e s s e s  a r e  computed by us ing  a dose 
e f f e c t  r e l a t i o n s h i p .  For whole body 
exposures,  t h e  p r o b a b i l i t y  of e a r l y  
f a t a l i t y  v a r i e s  from 0.01 t o  99 .99% f o r  
doses  of 320 and 750 r ads  r e s p e c t i v e l y ,  

w i t h  a median va lue  of 510 rads.  The 
p r i n c i p a l  e a r l y  i l l n e s s  involves  
r e s p i r a t o r y  impairment whose p r o b a b i l i t y  
of occurrence v a r i e s  from 5 t o  1 0 0 %  f o r  
doses  t o  t h e  lung i n  t h e  range of 3000 
t o  6000 r a d s  r e s p e c t i v e l y .  The 
inc idence  of. l a t e n t  cance r  f a t a l i t i e s  
and g e n e t i c  e f f e c t s  are based on t h e  
BEIR r e p o r t  with some mod i f i ca t ion  of 
t h e  former t o  account f o r  dose ra te  and 
dose magnitude dependencies. I n  
a d d i t i o n . t o  whole-body e f f e c t s  and doses  
t o  t h e  lung, t h y r o i d  gland and G I  t ract  
doses are a l s o  c a l c u l a t e d .  The e f f e c t  
of t h y r o i d  doses is t o  i n c r e a s e  t h e  
occurrence r a t e  of t h y r o i d  nodules ,  a 
p o r t i o n  of which are expected t o  become 
cancerous. Since t h y r o i d  nodules can be 
t r e a t e d  very e f f e c t i v e l y ,  it i s  expected 
t h a t  few, i f  any, d e a t h s  w i l l  r e s u l t  
from t h y r o i d  i r r a d i a t i o n .  

The consequence model a l s o  p rov ides  f o r  
p r e d i c t i o n  of p rope r ty  damage due t o  
r a d i o a c t i v e  contamination. I t  a l s o  in- 
c l u d e s  c o s t s  a s s o c i a t e d  wi th  r e l o c a t i n g  
people f o r  t he  t i m e  needed t o  decontam- 
i n a t e  t h e i r  property.  P rope r ty  damage 
c o s t s  are c a l c u l a t e d  on a p e r  c a p i t a  
b a s i s  r e l a t i v e  t o  t h e  t o t a l  va lue  of 
p rope r ty  and land i n  t h e  United S t a t e s  
i nc lud ing  a p p r o p r i a t e  va lues  f o r  t h e  
loss of a g r i c u l t u r a l  crops.  Th i s  a s p e c t  
of t h e  model is d i scussed  f u r t h e r  i n  
Chapter 5 and i n  cons ide rab le  d e t a i l  i n  
Appendix V I .  

4.4 OVERALL RISK ASSESSMENT 

The a n a l y s i s  of a c c i d e n t  consequences 
desc r ibed  i n  t h e  preceding s e c t i o n  
y i e lded  t h e  probabi l i ty/magnitude r e l a -  
t i o n s h i p s  f o r  each of t h e  s p e c i f i c  
consequences - e a r l y  f a t a l i t i e s ,  e a r l y  
i l l n e s s ,  t h y r o i d  i l l n e s s ,  l a t e n t  cance r  
f a t a l i t i e s ,  g e n e t i c  e f fec ts ,  p rope r ty  
damage, and land contamination. 
Together,  t h e s e  seven d i s t r i b u t i o n s ,  
which are provided and d i scussed  i n  
Chapter 5 ,  r e p r e s e n t  t h e  o v e r a l l  p u b l i c  
r i s k  from p o t e n t i a l  nuc lea r  power p l a n t  
a c c i d e n t s  i nvo lv ing  nuc lea r  power p l a n t s  
of c u r r e n t  design.  For reasons d i s -  
cussed i n  s e c t i o n  2 . 4 ,  no at tempt  has  
been made t o  c o n s o l i d a t e  t h e  va r ious  
consequence types i n t o  a s i n g l e  
probabi l i ty/magnitude d i s t r i b u t i o n  i n  
which t h e  va r ious  types  of consequence 
are r e p r e s e n t e d  by a s i n g l e  common u n i t .  
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FIGURE 4-4 Simplified Event Trees for a Large LOCA 
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5.1 INTRODUCTION AND S ~ M A R Y ,  
This  c h a p t e r  p r e s e n t s  t h e  r e s u l t s  of t h e  
nuc lea r  p l a n t  a c c i d e n t  r i s k  assessments.  
Thesecassessments,  made according t o - t h e  
methodology o u t l i n e d  .)in Chapter 4 ,  are 
f u l l y  desc r ibed  i n  t h e  appendices t o  
t h i s  ' report .  Although. t h e  information 
p resen ted  i n  t h i s  c h a p t e r  d e r i v e s ,  t o  
some- e x t e n t ; '  from a l l  appendices,  t h e  
ma jo r i ty  o f a t h e  s tudy  . r e s u l t s  - r epor t ed  
h e r e i n  come from Appendix V - Q u a n t i t a -  
t i v e  .Resu l t s  o f  Accident S,equences ,and 
Aypendix V I  + - -  C a l c u l a t i o n  
Accident Consequences. ; 
Se'dtion 5.2r  d e s c r i b e s  ho 
t i v e , r e l e a s e s  associa;$ed 
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a c c i d e n t s  are c a t e b y r i z e d  "and' 
he p r i n c i p a l  c h a r a c t e r i s f i c s  o f .  

'categor  i e  s i  
p r o b a b i l i t i e s  

a s s o c i a t e d  wi th  each of  t he ' , ' ? e l ease '  
c a t e g o r i e s  and d e s c r i b e s  t h e  dominant 
accident., sequences , , i. e t h o s e '  t t h a t  
con t r ibu te ,  s i g n i f i c a n t l y .  t o  t h e  proba- , 
b i 1 i t y : -  a s s o c i a t e d  w i t h _ *  each release:, 
category. - S e c t i o n  * 5 . 4  d i s c u s s e s  the -  
i n i t i a t i o n \ . o f  nuclear.  p l a n t  * a c c i d e n t s  - by 
e x t e r n a l  causes ,  n o t i n g  that-,. d e l i b e r a t e  
human acts are n o t  accounted-foryin the,. 
r i s k  assessment.  While the: ? i n i t i a t i o n -  
of c o r e  m e l t  sequences by earthquakes,.? 
tornadoes,  f l o o d s ,  a i r c r a f t  impacts ,  and 
t i d a l  waves . is  p o s s i b l e  
i t iesi  a r e  expected t o  be 
c o n t r i b u t i p n  ' t o  r i s k  i s  p 
s m a l l  compared ,to t h a t , o f  
accide*nt  * sequences discut 
5;?. A dis'bussion of 
accid-e-nt- r i s k s , -  i n  terms 
injur ies- ;  .long'term h e a l t  
prop'erty '"dam'age 'is provided i n  s e c t i o n  

S e c t i o n s  5.2 - 5 . 5  provide summaries of 
the-, i .nformation- that: s e r v e  I as t h e .  bas i s .  
f o r  p r e d i c t i o n s  o f -  t h e '  accidentTrisks7 
a s s o c i a t e d  with,,a t o t a l .  of  +-d040>[ n u c l e a r  
power - p l a n t s  i n  : . t h e  2 U . S .  These 
p r e d i c t i o n s  are., d i scussed  i n - . s e c t i o n  

i *.. _I .l..j 4 .--= 
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3 -  . 5.2 LRADIOACTIVE RELE 

A'S't se't- f o r t h - i n  Chap 4.: t h e  qiianti- 
t i es  -of-+various i s o t o p  r e l e a s e d  from 
the  containment fol lowing a given 
a c c i d e n t  a r e  c a l c u l a t e d  us ing  t h e  CORRAL 
Code desc r ibed  i n  Appendices V and V I I . '  
Rather than c a l c u l a t e  :each of t h e  

. . .  * < $ ' *  - -\ . 
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approximately 1000 core  melt-sequences 
with CORRAL, it seemed desirab' le t o  
r educe -  t h e  number t o  be c a l c u l a t e d  t o  
those  necess& t o  adequately'  determine 
t h e -  a c c i d e n t  r i s k .  - To achieve' this_ 
o b j e c t i v e ,  t h e  c o r e  m e l t  sequences 
involved i n  t h e  l a r g e  LOCA'even't t ree  
were c a r e f u l l y  reviewed t o  i,d&(tify 
those  invo lv ing  d i s t i n c t l y  - d i f f & k e n t  
phys i ca l  p rocesses  and " d i f  f ,erent  
combinations of ESF system T a i l t r e s .  

5.2.1 PWR RELEASE CATEGORIES 

I n  reviewing t h e  PWR 'accident' .sequdnces 
it w a s  found t h a t  t h e  l a r g e  ma jo r i ty  of 
t h e  sequences i n  a l l  t h e  even t  trees 
involved q u i t e  s i m i l a r  processes .  I t  
w a s  t h u s  possible '  t o  group t h e  sequences 
i n t o  t h e  one of  38 cases invol-ving d i f -  
f e r ences  i n  t iming o r  phys ida l  p rocesses  
t a k i n g  p l a c e  du r ing  t h e  acc iden t .  Each 
of t h e s e  38 cases w a s  t hen  analy,zed 
using t h e  CORRAL -Code to o b t a i n  f h e  
magnitude of  r a d i o a c t i v i t y ' r e l e a s e d  t o  
t h e  atmosphere. From t h e s e  r e s u l t s  it 
w a s  found t h a t  t h e  spectrum of releases 
could be w e l l  r e p r e s e n t e d  by a s e t  of 
nine d i f f e r e n t  r a d i o a c t i v e  release 
c a t e g o r i e s .  .,These c a t e g o r i e  
i n  Table ,5-11 
a d d i t i o n a l  (terns of  i n f o F a t i o n  which 
w i l l  be d i s c u s s e d  late'r. , 

One,of t h e  l a r g e s t  r e l e a s e s ,  categpry 1, 
is a s s o c i a t e d  wi th  a poten,$ipl steam 
explosion i n  t h e  r e a c t o r  Such 
a c c i d e n t s  wopld . i nvo lve  a l a r g e  v;c?'iume 
of molten U 0 2 , f a l l i n g  i n t o  a 7 , p o o l -  of 
w a t e r  i n  t h e  bottom of t h e  re,a_ctor ves- 
s e l , , a n d  becoming. f i n e l y  d i spe r sed  i n  
t h e  water t o  mix e,f f;clen.tly -enough with 
it t o  pro-duce a steam, explosion.  T h i s  
could, p o t e n t i a l  relea5e; l a r g e  e?ough 
amounts of  energ o rup tu re -  thk v e s s e l  
and, .in -some cases Ia,.even t h e  ,confainment 
as a r,esu-lt 0-f missiles geneFate 
v e s s e l  rup tu re .  Because , of  .,the heavy 
c o n c r e t e  shiellding a round ,  the- , ,FeaFtor  
v e s s e l ,  a m i s s i l e  I' having. s u f f i c i F n t  
energy t o  r u p t u r e  t h e  containment would 
almost c e r t a i n l y  go up through t h e  
containment .dome*:>, The one. half.'-'of ~ t h e  
molten co re  t h a t  w a s  f i n e l y  d i spe r sed  i n  
water, i s  assumed t o  be .%jecteg i n t o  t h e  
containment-- ox id i z ing ,  atmosphere ,- t h u s  
producing a l a r g e  release,, ene r ,ge t i ca l ly  
dikcharged,  :from , t h e  -upper.-part of, t h e  
containment. Although such a release is  
p r e d i c t e d  t o  be very unlikely. ,  i l t  cannot 
bet r u l e d  o u t  completely on t h e  b a s i s  of 
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p r e s e n t  evidence. This ca t egory  a l s o  I 

involves  f a i l u r e  of t h e  r a d i o a c t i v i t y  
removal systems t h a t  are l o c a t e d  i n  t h e  . 
containment . . -  

The category 2 releases are a l s o  associ- 
a t e d  wi th  co re  m e l t  and bas i ca l ly .  
i nvo lye  f a i l u r e  of r a d i o a c t i v i t y  removal 
sy,stems t o  o p e r a t e ,  followed by r u p t u r e  
of  t h e  contaAnment caused by hydrogen 
burning and steam ~ over-pressure.  
Category 3 inc ludes  some of t h e  cases 
t h a t  'are, s imi l a r  t o  those  i n  c a t e g o r i e s  
1 and 2 ,  but, i n v o l v e , p a r t i a l  success  ,of 
r a d i o a c t i v i t y  removal systems. . Category 
4 i nvo lves  c o r e  m e l t  cases i n  which..t,he 
con-tainment i s  n o t  f u l l y  i s o l a t e d  and 
t h e  containment r a d i o a c t i v i t y  removal 
systems have f a i l e d .  Catexgory 5 ,,is 
s i m i l a r  t o  4 excep t  t h a t  r a d i o a c t i v i t y  
removal systems a r e  operpt ing.  , C a t e -  
g o r i e s  6 and 7 cover cases, i n  which the- 
molten c o r e  m e l t s  through t h e  bottom on 
t h e  containment, w i th  :, and. ;witho,ut 
r a d i o a c t i v i t y  removal systems operatir!g, 
b u t  t h e  above ground p a r t  of t h e  con- 
ta inment  rema-ins i n t a c t .  I n  , c a t e g o r i e s  
8. and 9 t h e  c o r e  d o e s n ' t  m e l t ,  ?nd.only 
some of t h e  a c t i v i t y  i n  t h e  gaps of t h e  
f u e l  rods i s  released., Category '8 
involves  gap releases wi th  , ,fai*lu%e , ,of'  
t h e  con ta inmen t , to  i s o l a t e  properly.  ' I n  
ca t egory  9 ,  t h e  containment i s o l a t e s  
c o r r e c t l y .  .- - 
Considerable  e f f o r t  w a s  s p e n t  i n  t r y i n g  
t o  i d e n t i f y  p o s s i b l e  a c c i d e n t s  i n  which 
a release l a r g e r  t han  t h a t  of  category' 1' 
might be produced. The p o s s i b i l i t y  of 
p rocesses  t h a t  might p h y s i c a l l y  e ject  
t h e  e n t i r e  c o r e  o u t s i d e  t h e  conta-inhent 
w a s  e x ~ i n e d ,  N o  such p rocess  could be 
i d e n t i f k e d  t h a t  appeared t o  be c o n s i s t -  
e n t  w i th  t h e  energy a v a i l a b l e  and t h e  
physkcal c o n s t r a i n t s  o f  t h e  c0ntainmen.t. 
Even if '-such an e v e n t ' w e r e  t o  occur  and' 
t h e  co re  melted o u t s i d e  of  containment; 
a release large? than  t h a t  of ca t egory  1 
would n o t  be expected t o  occur.  ' T h i s  i-s 
so because. t h e s e  . - a c c i d e n t s  a l r e a d y  
invo lve  a l a r g e - e n e r g e t i c  dispersa1:of  
t h e  molten f u e l  i n  -the- form' of  s m a l l '  
p a r t i c l e s  'where t h e  l a r g e  s u r f a c e  t o  
volume r a t io  enhances both f u e l  
o x i d a t i o n  - and ' t h e  release 
r a d i o a c t i v i t y  from t h e  fue'l. 

5.2.2 BWR *RELEASE CATEGORIES 

The pathsr { o  -reiease. of  r a t i i o a c t i v i t y  ' in 
a BWR - . a r e  q u i t e  d i f f e r e n t ,  t han  . f o r  t h e  
PWR.  although t h e  BWR has !  containment 
sp rays ,  t hey  -: are v- n b t  designed a s  ESFs 
and are n o t  c r e d i t e d .  f o r  removal.:of 
r a d i o a c t i v i t y .  1 F u r t h e r ,  theq'vapor sup- 
p r e s s i o n  system t h a t  h a s  some'Lcapabili ty 
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f o r  removal of  r a d i o a c t i v i t y  i s  l a r g e l y  
i n e f f e c t i v e  i n  a number of t he  co re  m e l t  
cases .  Thus t h e  p r i n c i p a l  mechanism f o r  
removal of r a d i o a c t i v i t y  is n a t u r a l  
d e p o s i t i o n  on t h e  s u r f a c e s  i n s i d e  t h e  
containment and t h e  r e a c t o r  bu i ld ing .  
For t h e s e  r easons ,  t h e  BWR release cate- 
g o r i e s  are d i f f e r e n t  t han  those  f o r  t h e  
PWR. 

As i n  t h e  PWR, t h e  r e l e a s e  c a t e g o r i e s  
were determined from CORRAL Code runs of 
t hose  a c c i d e n t  sequences invo lv ing  d i f -  
f e r e n t  p h y s i c a l  processes .  Twenty-three 
CORRAL<runs w e r e  made, and subsequent 
a n a l y s e s ,  i d e n t i f i e d  t h e  f i v e  release 
c a t e g o r i e s  shown,in Table  5-1. 

A s  i n  - t h e  'PWR, category 1 invo lves  
steam exp los ion  i n  t h e  r e a c t o r  v e s s e l  
which about h a l f  t h e  c o r e  i s  invo lve  
The steam exp lps ion  ejects t h i s  h a l f 5  of 
t hea  < c o r e  from t h e  containment, The. 
r e s u l t i n g  exposure of  t h e  f i n e l y  dis;' 
persed molten f u e l  t o  an o x i d i z i n g  
atmosphere r e s u l t s  i n  a v e r y $  l a r g e  
release of r a d i o a c t i v e  material  t o  t h e  
atmosphere. 

Category 2, i nvo lves  a c o r e  meltdown 
a f t e r . con ta inmen t .  ove rp res su re  r u p t u r e  
caused *by '*  loss of  decay h e a t  removal 
systems. I n  t h i s  ca t egory  a l i m i t e d .  
amount of d e p o s i t i o n  of  t h e  r a d i o a c t i v e  
materials occur s  and t h e  release is  made 
d i r e c t l y  . t o ' t h e  atmosphere. The magni- 
t ude  of  release i s  roughly comparable t o  
category:il' f o r  a number of  t h e  i so topes .  

~ a t e g o r y ~ ~ 3  covers  ove rp res su re  r u p t u r e s  
of containment s i m i l a r  t o  ca t egory  2 b u t  
i n  t h i s  ca t egory  t h e  r a d i o a c t i v e  m a t e r i -  
a l s  r e l easFd  from t h e  c o r e  escape 
through t h e  r e a c t o r  b u i l d i n g  t o  t h e  
atmosphere. ,The r a d i o a c t i v e  release 
magn'itude 1s smaller , , t h a n  category 2 
re1ease.s , s i n c e +  d e p o s i t i p n  and some 
scrubbing a c t i o n  b y  t h e  - - t o r u s  water 
enhances r e t e n t i o n  of t h e  r a d i o a c t i v i t y .  

Category 4 covers  t h e  cases i n  which t h e  
containment f a i l s  t D  p rope r ly  i s o l a t e  
a n d ' t h e  leakage i s  enough t o  p reven t  
containment ove rp res su re  rup tu re .  I n  
t h i s  ca t egory  he magnitude of ' r ad io -  
a c t i v i t y  r ase i s  s i g n i f i c a n t l y  
reduced by a d d i t i o n a l  d e p o s i t i o n  i n  t h e  
containment due t o  t h e  longe r  release 
t i m e s  and by d e p o s i t i o n  i n  t h e  r e a c t o r  
bui lding.  I n  some cases; ,p rocess ing  
through gas  t r ea tmen t  ,systems achieves 
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Category 5 covers  t h e  case where .the 
c o r e  does n o t  m e l t  and a s m a l l  amount of  



a c t i v i t y  may b e - r e l e a s e d  from'the gap of 
t h e  f u e l  rotis. The'  s m a l l  'arhount, of 
r a d i o a c t i v i t y  which may then  l eak  from 
'containment i s  f u r t h e r  reduced by 
p rocess ing  t h r o u g h - t p e  rea'ctor b u i l d i n g  
gas  t r ea tmen t  system, which ' i n c l u d e s  
f i l t r a t i o n - .  The release t o  t h e  atmos- 
phere then  occur s  through a t a l l  s t ack ;  

5.3 PROBABILITY .OF RELEASE 

This- s e c t i o n  p r e s e n t s  t h e  p r o b a b i l i t j e s  
a s s o c i a f e d  wi th  e?ch o f  t h e  radioac-  
t i v i t y  release c a t e g o r i e s  l f o r ' t h e  PWR 
and BWR and techiiique. used t o  e s t ab -  
l i s h  t h e  b a b i l i t y  va lues  ' and t o  
account  f o r  u n c e r t a i n t i e s  i n  t h e  
magnitude o f  release ' f  f o r  v a r i o u s  
c a t e g o r i e s  i s  i d e n t i f i e d .  I n  a d d i t i o n ,  
t hose  a c c i d e n t  sequences- t h a t  w e r e  found 
t o  dominate t h e  p r o b d i l i t y  , o f  t h e  
r e s p e c t i v e  PWR and BWR.' release 
c a t e g o r i e s  are desc r ibed .  

1 I- 
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5.3.1 PWR RELEASE PROBABILITY I . I - L  

All o f  t h e  PWR-event tree sequences w e r e  
a s s igned-  t o  one of  t h e  release 
c a t e g o r i e s  d e s c r i b e d  i n  s e c t i o n  5.2: 
These assignments w e r e  made,on t h e  b a s i s  
o f * t h e i r  s i m i l a r i t y  t o - % o n e -  of t h e  38 
CORRAL Code runs.  Those 'sequences which 
c 5 n t r i b u t e d  s i g n i f i c a n t l y  t o - '  t h e  
p r o b a b i l i t y  of  'each ca t egory  a r e  c a l l e d  
dominant sequences and are l i s t e d ,  f o r  
each e v e n t  tree,  i n  Table 5-2, a long 
with t h e i r  p r o b a b i l i t i e s  and t h e  
exp lana t ion  o f  t h e  sequence symbols. 
The,median va lues  a t  t h e  bottomL of t h e  
t a b l e  were used t o  gene ra t e  the-PWR 
hibtogram shown i n  Fig.  5-1, with t h e  
e r r o r  * b a r s  r e p r e s e n t i n g  t h e  90% 
confidence l i m i t s .  

I t  should be noted t h a t  t h e  p robab i l -  
i t i e s  for t h e  i n d i v i d u a l  sequences do 
n o t  always add up t o  t h e  median va lues  
a t  t h e  bottom of t h e  t a b l e .  , There are 
two - reasons f o r  t h i s .  F i r s t ,  as 
desc r ibed  in,Appendix V t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  of . t h e  f i n a l  va lues  are 
obtained by a Monte Car lo  p rocess  which 
samples from t h e  d i s t r i b u t i o n  - -  of 
p o s s i b l e  va lues  i n  each of  t h e  
q u a n t i t i e s  being combined. The r e s u l t  
of t h i s  p rocess  may make t h e  median 
va lue  s l i g h t l y  l a r g e r  than!an arithmetic 
summation.when s i g n i f i c a n t  u n c e r t a i n t i e s  
e x i s t ;  The.  +second reason f o r .  t h e  
dif-ferences i s  t h a t  1 0 %  of t h e  - proba- 
b i l i t y -  f o r  each ca t egory  i s  assigned t o  
the,-next l a r g e r  category 'and 1 0 %  t o  . the 
next .smaller .  This  p rocess  i s  desc r ibed  
i n  s e c t i o n  4.1.2.Appendix V-and was*used 
t o  .account f o r  u n c e r t a i n t i e s  i n  t h e  
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magnitude o f  t h e  releases involved i n  

t h e  sequences a s s igned  t o  t h e  va r ious  
c a t e g o r i e s .  Thds ,- al though t h e  se- 
quences i n  ca t egory  6 have a p r o b a b i l i t y  
of t h e  va lue  assigned is  
6 x 10'6 t o  account  f o r  t h e  1 0 %  chance 
t h a t  s o m e  of  t h e  sequences i n  ca t egory  7 
may produce a ca t egory  6 release. 

The va lues  i n  t h e  his togram shown i n  
Fig. 5-1 w e r e  used as an i n p u t  to" t h e  
consequence ca lcu la t ions  o f  t h e  PWR. 

5.3.2 PWR DOMINANT ACCIDENT SEQUENCES 

A d e t a i l e d  d i s c u s s i o n  of t h e  dominant 
PWR a c c i d e n t  sequences 1 e a d i n g . t o  c o r e  
m e l t  i s  given i n  Appendix V.. B r i e f  
summaries o f  thesdominant 'contr-ibutors 
from each o f  t h e  e v e n t  trees . ,are  pre- 
s en ted  below. I n  t h i s  s e c t i o n ,  and i n  
s e c t i o n  5.3.4, t h e  dominant a c c i d e n t  
sequences f o r  t h e  PWR and t h e  BWR a r e  
discussed.  ,The p r o b a b i l i t y  f o r  each 
a c c i d e n t  sequence i s  given, a long with 
i t s  e r r o r  spread.  A s  p rev ious ly  d i s -  
cussed i n  Chapter 4 ,  i n ? d e t e r m i n i n g  t h e  
p r o b a b i l i t y  of  an a c c i d e n t  sequence , 
common mode dependencies must be 
incorpor-ated throughout each s t e p  of t h e  
c a l c u l a t i o n s .  A sequence c o n s i s t s  of 
t h r e e  elements;  i n i t i a t i n g  even t ,  
p a r t i c u l a r .  ESF f a i l u r e s  , and t h e  
containment f a i l u r e  mode. Dependencies 
w i t h i n  each o f  . the elements ,  and gnong 
t h e  elements..- must ., be cons ide red ,  t o  
ensure t h a t  r ea l i s t i c  p r o b a b i l i t y  
estimates are obtained.  

A s  i n d i c a t e d  i n  Appendix 11, t h e  i n d i -  
v idua l  ESF f a i l u r e  p r o b a b i l i t i e s  ' con ta in  
t h e  q u a n t i f i c a t i o n  of  dependencies with- 
i n  ESF systems, i n c l u d i n g  -*dependencies 
due t o  the -  i n i t l a t i n g  event .  Appendix I 
d e s c r i b e s  t h e  containment ' f a i lu re  mode 
modeling, covering t h e  dependencies 
between v a r i o u s >  i n i t i a t i n g  even t s  and 
ESF f a i l u r e s  t o  t h e  va r ious  containment 
f a i l u r e s .  Appendices V and V I 1 1  provide 
t h e  q u a n t i f i c a t i o n  of  . t hese  depend- 
enc ie s .  

The subsequent d i s c u s s i o n s  will.descr!be 
t h e  va r ious  dominant a c c i d e n t  sequences. 
I n  g e n e r a l ,  where s i n g l e  ESF f a i l u r e s  
a r e - i n v o l v e d ,  t h e  sequence p r o b a b i l i t y  
w i l l  be r e p r e s e n t e d  merely by t h e  prod- 
u c t  of t h e  va r ious  p r o b a b i l i t i e s ;  s i n c e  
t h e  a p p r o p r i a t e  dependencies w i l l  have 
a l r e a d y  ' been considered.  Where more 
than a s i n g l e  ESF f a i l u r e - i s  involved,  
t h e  d i s c u s s i o n .  . ' w i l l  i d e n t i f y  any 
s i g n i f i c a n t  dependencies -found'between 
t h e  systems. Appendix V- ' d i s cusses  t h e  
methods and mathematical  t r ea tmen t s  f o r  
q u a n t i f y i n g  dependencies between ESF 
systems. 

1 -  
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The same c o n s i d e r a t i o n s  p e r t i n e n t  t o  
p o t e n t i a l  dependencie-s w e r e  used i n  
connection with BWR dominant sequence 

5.3.2.1 Large LOCA ,-(A) . 
A l a r g e  LOCA(Event, A)  : i s .  def ined  as a 
r e a c t o r  coo lan t  sys t em,  (RCS) r u p t u r e  
having a s i > z e  l a r g e r  t han  t h e  e q u i v a l e n t  
o f  abo6t p PI'- diameter  hole .  The median 
p r o b a b i l i t  of such an e v e n t  is asses.sed 
a t  1- x 10-3'per r eac to r -yea r  (-see Appen- 
d i x  111). The dominant sequences t h a t  
c o n t r f b u t e  ' t o  co re"me1 t  a r e  ADLE and 
AH-€. 

-The AD-E sequence i s  l a r g e  RCS r u p t u r e  
followed by f a i l u r e  of  emergency c o r e  
cooling'  i n j ec t ion '  - - ( D ) .  This  f a i l u r e  
l e a d s  t o  c o r e  m e l t  a n d i f a i l u r e  of  con- 
ta inment .  caused by * t h e  molten c o r e  
me l t ing  thrbugh t h e  bottom . ' ( E ) .  Tkie 
medi'an p r o b a b i l i t y  ' fa i ' lure  I of 
emergency c o r e  c o o l i n  i n  j ect-ion w a s  
e s t ima ted  -by f a u l t '  ' tree ana lyses  
p re sen ted  i n  Appendix 11. - P o s s i b l e  
common dependencies betkeen t h e  e'ient' A 
and t h e  o p e r a t i o n  of t h e  low ' p r e s s u r e  
i n j e c t i o n  system (LPIS) 'were f u r t h e r  
examined and a dependency w a s  iden- 
t i f i e d ,  given t h a t  a rup tu re :occur red  i n  
t h e  RCS c o l d  l e g  yiping.  This  
p a r t i c y l a r  dependency, as d i scussed  i n  
Appendices I V  and V ,  stemmed from t h e  
p o s s i b i - l i t y  t h a t  ' a  missile from t h e  
f lywheel  of  t h e  main c o o l a n t  pumps could 
d i s a b l e  t h e  LPIS. With t h i s  dependency 
considered,  t h e  median va lue  of t h e  
p r o b a b i l i t y  f o r  t h e  combined sequence AD 
w a s  p r e d i c t e d  toLbe about 2 x 10-6 with 
approximately an o r d e r  of -magnitude 
e r r o r  spread. The spre*ad i s  dominated 
by t h e  u n c e r t a i n t y  of t h e  p r o b a b i l i t y  of 
a l a r g e , p i p e  break. , S i n c e  t h e  contain-  
ment ESFs,operpted.successfully i n  t h i s  
sequence, t h e  p r o b a b i l i t y  of  containment 
f a i l u r e  o c c u r r i n g  v i a  a melt-through ( E )  
w a s  $ e s t i m a t e d  t o  approach un i ty .  

The AH-€ sequence i s  a l a r g e  RCS ruptu5e 
followed by f a i l u r e  of t h e  emergency 
c o r e  coo l ing  r e c i r c u l a t i o n  system ( H ) .  
This  f a i l u r e  l e a d s  , t o  a c o r e  m e l t  
followed b y ,  t h e  E mode of  containment 
f a i l u r e .  The median p r o b a b i l i t y  va lue  
f o r  f a i l u r e  of t h e  .emergency core 
coo l ing  r ec i r cu la t ion  phas w a s  de t e r -  
mined t o  be about  -6 x 10-'r This;  value 
depended l a r g e l y  on human error .  s i n c e  
s u c c e s s f u l  o p e r a t i o n  o f  t h e  score coo l ing  
system depends on t h e . p l a n t  o p e r a t o r  to  
make proper  a l ignments  3 of the'-system 
fol lowing completion o f  t h e  i n j e c t i o n  
phase operat ion:  A s  i n  AD-E, theprange 
of u n c e r t a i n l y  of t h e  AH-€ sequence is  
a l s o  dominated. by t h e  p r o b a b i l i t y  ofjla 
large p i p e  break,  and t h e  c a l c u l a t e d  

- 1 9 '  
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median value-  o f .  t h e  p r o b a b i l i t y  .of3 t h i s  
sequence i s  A,. x 10:: pe r  year.  , -, 

A s  i n d i c a t e d  by: Table 5-2; ' thege 
sequences l e a d  ,go c a t e g o r y , -  7 releases 
which are qui. te small s i n c e , t h e  contain: 
m e n t i f a i l u r e  mode, E ,  r e s u l t s  i n -  t h e  
molten-  c o r e  me l t ing  i n t o  the,  ground 
beneath t h e  r e a c t o r  where a l a r g e  
f r a c t i o n  of  t h e  r a d i o a c t i v i t y  i s * t r a p p e d  
i n  t h e  s o i l .  The AD and AH sequences 
c a n , a l s o  l e a d  t o  o t h e r  modes, of cpntain-  
ment f a i l u r e , t h a t  g i v e  h ighe r  releases 
at* a lower p r o b a b i l i t y .  For. examp-le, 
t h e  +'a and AD-a sequences,  i nvo lv ihg  
stea@ exp los ions  i n  t h e  r e a c t o r  vessel ,  
appear, i n  ca t egory  3 ,  . b u t  a t  ' a 
p robab i l i t y ,  t h a t  i s  a f a c t o r  of 100"less  
t h e  E sequences.  

The t o t a l  " p r o b a b i l i t y  of '  co re  m e l t  
r e s u l t i n g  from t h e  l a r g e  RCS r u p t u r e  
i n i t i a t i n g  e v e n t  ~ is- approximately 
3 x 10-6 p e r  year .  The -dominant 
c o n t r i b u t o r s  t o  t h i s  p r o b a b i l i t y  a r e  
sequences AD-E and AH-€. T h e s e k c c u r  i n  
release ca t egory  7 and are s i g n i f i c a n t l y  
s m a l l e r  t h a n  t h e  t o t a l  p robab , i l i t y  , of 
3: x 10-5 p e r  y e a r  f o r  t h a t  category. 
Examination of  Table  5-2-,also i n d i c a t e s  
t h a t  none of -the o t h e r  less probable  
l a r g e  LOCA sequences makes a 
i c a n t  c o n t r i b u t i o n  to ,  t h e  
c a t e g o r i e s .  Therefore ,  t h e  
event  tree i s  a minor c o n t r i b u t o r  t o  t h e  
release histogram. 

? .( I 7 . -  *cy 
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,5.3.2.2 S m a l l  LOCA (SI),: 

The s m a l l  LOCA (SI) i s  de f ined  a s  an RCS 
r u p t u r e  of between 2" and,, 6" e q u i v a l e n t  
diameter .  I t  has  a median p r o b a b i l i t y  
of 3 x 10-4  p e r  p l a n t  p e r  year  (see 
Appendix 111). The dominant sequencgs 
are S ~ D - E  and S 1 H - E  as i n  t h e  l a r g e  
LOCA. SID-€ has  a p r o b a b i l i t y  of  
3 x 10-6 and S ~ H - E  a p r o b a b i l i t y  o f  

The t o t a l  p r o b a b i l i t y  of c o r e - m e l t  b 
SI t ype  LOCA even t s  i s  about 6 x 10- 
pe r -  year7, + wi th  an e r r o r  band of  about  
lo., .Again, t h i s  %is mainly due t o  uncer- 
t a i n t i e s  i n  t h e  p r o b a b i l i t y  of t h e  i n i -  
t i a t i n g  event.  

Although-the S i  e v e n t s  a r e . n o t  t h e . l a r g -  
e s t  c o n t r i b u t o r s  t o  core m e l t  they are 
o n l y -  a f a c t o r  of  about 3 'less . l i k e l y  
than  t h e  more l i k e l y  con t r ibu to r s ' and  so 
t h e i r  c o n t r i b u t i o n - t o  ca t egory  7 must be 
considered.  As can be s e e n '  from 'Table 
5-2, however, S1 e v e n t s  are n o t  s i g n i f i - ,  
c a n t  c o n t r i b u t o r s  to  o t h e r  r e l e a s e  'cate- 
go r i e s .  Because  ca t egory  7 r e p r e s e n t s  a 
smal1;release; S1 e v e n t s  w i l l  c o n t r i b u t e  
ve ry  l i t t l e  t o  t h e  o v e r a l l  consequences 

3 x 10-6. _ .  

iF 
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of  core m e l t .  ' . J  
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5.3.2.3 . ~ - S m a l l : L O C A  (S2). 

The'small  LOCA ( S z )  is  de f ined  as an RCS 
r u p t u r e  of between.1/2'! and 2" i n  equiv- 
a l en tzd iame te r .  This  even t  has a median 
p r o b a b i l i t y  of 10-3 p e r  r eac to r -yea r ,  o r  
1.0 t i m e s  l a r g e r  t han  t h a t  f o r .  a :  l a r g e  
RCS rup tu re .  The dominant sequences * a r e  
S2D-c and S~H-E, a s  i n  t h e  A and Si 
sequences d i scussed  above. The proba- 
b i l i t i e s  of t h e s e  two sequences are 
about  9 x 10-6 and 6 x 10-6, r e s p e c t i v e -  
l y .  Note t h a t  t h e s e  p r o b a b i l i t i e s  are 
n o t  e x a c t l y  1 0  t i m e s  t hose .  f o r  t h e  
corresponding sequences i n  a large1 LOCA 
e n e n t d r t r e e  ; s i n c e ,  under S2 LOCA condi- 
t i o n s , * t h e  p r o b a b i l i t y  of f a i l u r e s  D,and 
H are somewhat smaller because d i f f e r e n t  
subsystems of t h e  emergency c o r e  coo l ing  
system perform t h e s e  func t ions .  

The mehian p r o b a b i l i t y  o f '  c o r e  m e l t  
causGd 'by 'S2 e v e n t s  is  2 x he? 
year', 'with an & r o r  band of about t h r e e  
t h a t ' i s - p r i n c i p a l l y  due t o  u n c e r t a i n t i e s  
i n  ' t h e  p r o b a b i l i t y  of t he  i n i t i a t i n g  

I 

event'.:. ' :'" I -  

_I \. > .  

The S2 sequences con t r ibu te . - the  l a r g e s t  
p r o b a b i l i t y  to'PWR c o r e  m e l t .  'While t h e  
p r o s a b i l i t y  of a small L O C A - i s  1 0  ' t i m e s  
more- l i k e l y  than a ' l a r g e  LOCA, t h e  
ava' iPa6ili ty ' 'of  t h e  high ~ p r e s s u r e  ECCS 
r e q u i r e d  t o  cope' with . t hese  a c c i d e n t s  is 
no$ hignif i -cant ' ly  h ighe r  than t h a t  of 
t h e  low p res su r& ECCS f o r  l a r g e  rup- 
tures.? The S2 e v e n t s  dominate ca t egor -  

4 ,  5 - and  6 i n  t h e  PWR release 
histogram, al though both Si and t r a n -  
s i e n t  even t s  ( T ) -  a r e  important  con t r ibu -  
t o r s  t o  some of thFse 'categories:  

. 2 . 4  Reactor V e s s e l  Rupture ( R ) .  

The r e a c t o r  v e s s e l  r u p t u r e  event  ( R )  i s  
def inedp as a;.vessel r u p t u r e  large enough 
t o  nega te  t h e  e f f e c t i v e n e s s  of t h e  ECCS 
systems r e q u i r e d  t o  p reven t  c o r e  m e l t .  
The median va lue  of t h e  p r o b a b i l i t y  of 
such an even t  i s  ,1077 p e r  v e s s e l  pe r  
year  a s  i n d i c a t e d  , i n  AppendixlV. As in-  
d i c a t e d ,  by ,Tab le  5-2, t h e - R  even t  i s  a 
n e g l i g i b l e  c o n t r i b u t o r  t o  t h e  PWR re- 
lease ,histogram. s Gross veFsel  r u p t u r e  
would have t o  - b e  a t  l eas t  about 100 
t i m e s  more l i k e l y  than t h e , v a l u e  esti-  
mated i n  o r d e r  t o  c o n t r i b u t e  t o  t h e  PWR 
c o r e  m e l t  p r o b a b i l i t y  and t o  l a r g e  con- 
sequence acc iden t s .  

5.3.2.5 I n t e r f a c i n g  Systems ~~ LOCA (V) . 
The i n t e r f a c i n g  systems LOCA (V)  i s  
caused by the -  f a i l u r e  of check-valves  
t h a t  i s o l a t e  t h e ,  low p r e s s u r e  i n j e c t i o n  

.. 

( .  c -  

system from-khe r e a c t o r  c o o l a n t  s y s t e m .  
T h j s  even t  r e q u i r e s  t h e  f a i l u r e  of two 

i n - s e r i e s  check valves .  I f  t h i s  w e r e  t o  
occur du r ing  o p e r a t i o n ,  t h e  2250 p s i  re- 
a c t o r  c o o l a n t  system p res su re  would be 
imposed on t h e  low p r e s s u r e  i n j e c t i o n  
system . (LPIS)  which is designednfor  only 
600 p s i .  I t  i s  p r e d i c t e d  t h a t  t h e  LPIS  
w i l l  almost s u r e l y  f a i l  under t h e s e  
c o n d i t i o n s ,  so t h e  p r o b a b i l i t y  of LPIS  
f a i l u r e  i s  taken t o  be near  un i ty .  

T h e - r e s u l t  of t h i s  s e t  of e v e n t s -  i s  t o  
produce a ,  LOCA of %6" e f f e c t i v e  diame- 
ter ,  which a l s o , f a i l s  t h e  low p r e s s u r e  
i n j e c t i o n  system. I n  a d d i t i o n ,  t h e  
break i n  t h e  system w i l l  l e ad  i n t o  a 
safeguards b u i l d i n g  o u t s i d e  Athe contain-  
ment so t h e r e  w i l l  be a d i r e c t  p a t h  f o r  
r a d i o a c t i v e -  release t o  t h e  atmosphere, 
t hus  bypass ing - the  r a d i o a c t i v i t y  removal 
systems: There w i l l ,  however, be p l a t e -  
o u t  of t h e  less: vo i l a t i l e  r a d i o a c t i v i t y  
i n  t h e  r long LPIS p ipe  run and on t h e  
s u r f a c e s  of t h e  sa fegua rds  b u i l d i n g .  

The p robab i l i t y - '  of t h i s  event  has been 
c a l c u l a t e d -  t o  be 4 x 10-6 p e r  year .  
This va lue  .is somewhat l a r g e  because a 
f a i l u r e  of one of;the check va lves  i s  
n o t  d e t e c t a b l e .  I f . o n e  check va lve  w e r e  
t o  , f a i l ,  i n  an open p o s i t i o n  it w i l l  re- 
main-undetected i n  . t h i s  f a i l e d  p o s i t i o n ,  
and i f  t h e  second c h e c k , v a l v e  w e r e  then 
t o  r u p t u r e ,  t h e  _ a c c i d e n t  would occur.  
This  s i t u a t i o n i g i v e s  rise t o  a f a i l u r e  
dependency between the  check va lves  t h a t  
woutd n o t  ex i s t  in .  a d i f f e r e n t  t e s t i n g  
program. A s  ,shown i n  Appendix V a 
monthly, independent t e s t  of t h e s e  
va lves  t o  a s s u r e  t h e i r  s e a t i n g  i n t e g r i t y  
would lower t h e  . p r o b a b i l i t y  of t h e i r  
combined, f a i l u r e  b y  a f a c t o r  of about 
20. Although t h i s  sequence i s  no t  domi- 
nant  i n  a low release c o r e  m e l t  p a t h ,  it 
produces releases p r i n c i p a l l y  i n  cate- 
gory 2 (because of  t h e  containment f a i l -  
u r e )  and t h u s  ,dominates t h e  p r o b a b i l i t y  
of t h e  h igh  releases i n  t h e  PWR release 
h i s  togram. 

5.3.2.6 PWR T r a n s i e n t  Events ( T I .  

A s  d i s c u s s e d .  in. Chapter 3 , .  t r a n s i e n t  
events. ref.er to'a,wide range of condi- 
t i o n s  ,tha_t r e q u i r e  the.  r e a c t o r  t o  be 
shutdown, These inc lude  a l l  unplanned 
shutdowns. Experience has  shown t h a t  
such ,events occur a t  . the ra te  of  %lo per  
year.  Following , t h e  t r a n s i e n t  even t ,  
one of t h e  shutdown systems must o p e r a t e  
and,.su+equent t o  t h a t ,  o p e r a t i o n  of 
systems t o  remove co re  - decay h e a t  a r e  
r equ i r ed .  . T r a n s i e n t  sequences in_volying 
f a i l u r e . t o  t r i p  the  r e a c t o r  c o n t r o l  rods 
are n o t  important  c o n t r i b u t q r s  t o .  t r a n -  
s ient-produced c o r e  m e l t  s i t u a t i o n s  be- 
cause of t h e  r e l a t i v e l y  low f a i l u r e  
p r o b a b i l i t y  (about 4 x of t h e  
shutdown systems and t h e  a d d i t i o n a l  pro- 

1 .  

I - 6 3 -  



t e c t i o n  a g a i n s t  c o r e  me l t ing  provided by 
RCS s a f e t y  va lves  andr a u x i l i a r y  feed- 

Thus, sequences involving f a i l -  
u r e  t o . t - r i p  (K) .do not  appear * as -major 
c o n t r i b u t o r s  i n  any ca t egory  of :Table 5- 
2. The dominant t r a n s i e n t  c o n t r i b u t o r s  
are , t h e  TML sequences. These are t r an -  
s i e n t s  i n  which t h e  $decay .-heat removal 
systems f a i l ,  p r i n c i p a l l y  due t o  *una- 
v a i l a b i l i t y  of both o f f s i t e  and o n s i t e  
AC power. The systems involved i n  TML 
inc lude  t h e  'normal power. conversion sys- 
t e m  ( M )  and t h e  a u x i l i a r y =  feedwater sys- 
t e m  ( L ) .  + 

Analysis  of t h e  e v e n t ' t r e e ,  as i n d i c a t e d  
i n  Appendix'V, i n d i c a t e s  t h a t  t h e  most 
lilZely. way f o r  TML sequences t o  develop 
i s  f o r  t r a n s i e n t s  to 'occur a s  a , r e s u T t  
of f a i l u r e -  of o f f s i t e  power s i n c e  t h i s  
f a i l u r e  w i l l  a l s o  ca&e f a i l u r e  of t h e  
power conversion system ( M )  .. ,Experience 
d a t a  shows t h a t  t h e  p r o b a b i l i t y  of & s u c h  
t r a n s i e n t s  i s  about 0.2 p e r  r e a c t o r -  
year.  With o f f F i t e  power fa ' i led,  t h e  
f a i l u r e  of ' a u x i l i a r y  feedwater i s  
1.5 x 10-4  per- .demand'  (with * . o f f s i t e  
power a v a i l a b l e ,  t h i s  p r o b a b i l i t y -  ' i s  
4 x lO-5) - .1  I f  o f f s i t e  power 'can 'be 
recovered within-  about 1 hour, th& power 
conversion system cafi be used t o  remove 
decay - h e a t .  The p r o b a b i l i t y  of no t  
r ecove r ing  o f f s i t e '  '.power wiehin t h i s  
t i m e  i s  2 x 10-1, based 'on experience 
d a t a .  Thus, TML sequences which involve 
t h e  loss of  power hag a p r o b a b i l i t y ' o f  
( . 2  x 1 . 5  x x . 2 )  = 6 x 1 0 - 6 *  per  
year.  However t h e  consequences assoc'i- 
a t e d  with c o r e  m e l t  from TML w i l l  depend 
on t h e  - f u n c t i o n i n g  of t h e  containment 
ESFs being r e s t o r e d  w i t h  e lec t r ic  power 
p r i o r  t o  t h e  containment f a i l u r e .  - About 

1 -  . I _  L 

'The reduced a v a i l a b i l i t y  o f '  t h e  a u x i l -  
i a r y  feedwater system (AFWS) fol lowing 
t h e  loss of o f f s i t e  power i s  due, i n  
l a r g e  p a r t ,  t o  dependencies of t h e  
system's  electric pumps on t h e  o n s i t e  
emergency d i e s e l  gene ra to r s .  The d i e -  
se l  gene ra to r  arrangement i n  ? t h i s  
p a r t i c u l a r  PWR des ign  employs a swing 
d i e s e l  gene ra to r  I which ' is - sha red  
between two u n i t s  on tiie site:(- 
t h e  loss of o f f s i t e  power 'occurs:l 
swing d i e s e l  s e r v e s  on ly  one of the-ltwo 
u n i t s  on t h e  s i te ,  l eav ing  the  o t h e r  
u n i t  without  power t o  p a r t  of  t h e  AFWS.' 
This dependency caused by t h e  .swing 
d i e s e l  arrangements r e s u l t s  "in ~ a 
-reduced AFWS a v a i l a b i l i t y  f o r  one of 
t h e  t w o  u n i t s  ' as shown through f a u l t  
tree ana lyses  p re sen ted  i n  Appendi'x 11. 
It  is of  i n t e r e s t  t o  no te  t h a t  t h e  .use 
o f  such swing d i e s e l  arrangements i s  a 
p r a c t i c e  now discouraged by' AEC 
l i c e n s i n g  a u t h o r i t y  a t  m u l t i u n i t  s i tes.  

h a l f  t h e  t i m e ,  t h e  e l e c t r i c a l  power w i l l  
be recovered between 1 and 3 hours which 
i s  soon enough t o  o p e r a t e  Ik4these ESFs 
s u c c e s s f u l l y  t o  m i t i g a t e  the r a d i o a c t i v -  
i t y  r e l e a s e d  from t h e  melt ing c o r e  t o  
containment. Thus the  p r o b a b i l i t y  of 
t h e  loss  of power t r a n s i e n t  , o c c u r r i n g  
without  ESFs ,(TMLB') i s  3 x pe r  
year.  . !  

I f  the containment ESFs do no t  o p e r a t e ,  
then t h e r e  e x i s t s  a r e l a t i v e l y  high 
p r o b a b i l i t y  of about 0 . 6  t h a t  t h e  con- 
tainment w i l d 1  r u p t u r e  i n  an ove rp res su re  
mode ( 6 )  and t h i s  would l ead .  t o  ca t egory  
2 release's .  A smaller p r o b a b i l i t y  of 
about 0.2 e x i s t s  t h a t  containment f a i l -  
u r e t o c c u r s  v i a  t h e  containment m e l t -  
through ( E )  which would then l ead  t o '  a 
smaller ca t egory  6 '  release. .Thus the 
loss of power t r a n s i e n t  t h a t  occurs  
without  containment ESFs l e a d s  t o .  a 
ca$egory 2 release with d p r o b a b i l i t y , o f  
about 2 x pe r  year  and .a  ca t egory  6 
release with a p r o b a b i l i t y  of about 6 x 

p e r  year,. These TMLB' sequences 
w e r e  found t o  be important  p r o b a b i l i t y  
c o n t r i b u t o r s  over  t h e  r e l e a s e  spectrum. 

If power i s  recovered sych t h a t  contain-  
ment ESFs o p e r a t e ,  then t h e  TML sequence 
has  a , h i g h  p robab i l igy  of being a cate- 
gory 7 release. Considering a l l  t h e  TML 
sequence . c o n t r i b u t i o n s ,  e.,g., t r a n s i e n t s  
o t h e r  t han  t h e  loss of o f f s i t e  ,power, 
the.L o v e r a l l  p r o b a b i l i t y  of  TML-E se- 
quences l e a d i n g  t o e a  ca t egory  7 release 
was * a b o u t  doubled t o  6 x 1 0 - 6  p e r  yea r .  
A s  c a n -  be seen from Table 5-2, t h e  
TML-E sequence.was about equa l  t o  s m a l l  
LOCA ' (S2 )  sequences i n  i t s  c o n t r i b u t i o n  
t o  t h e  c o r e  m e l t  p r o b a b i l i t y .  

Thus t h e  t r a n s i e n t  sequences g i v e  s i g -  
n i f i c a n t ,  a l though n o t  dominant; c o n t r i -  
bu t ions  t o  t h e  PWR release histogram. 

5 . 3 . 3  BWR RELEASE PROBABILITY 

As i n  t h e  PWR, a l l  BWR event  tree se- 
quences w e r e  a s s i g n e d - t o  a release cate- 
gory based on t h e i r  s i m i l a r i t y  t o  a 
sequence analyzed by a CORRAL run. The 
dominant sequences and t h e i r  p r o b a b i l i -  
t ies  are l i s t e d  i n  Table 5-3.  The 
dominant c o n t r i b u t o r s  from each even t  
t ree  are l i s t e d  s e p a r a t e l y  f o r  conveni- 
ence. ' ,  

5 . 3 . 4  BWR DOMINANT ACCIDENT SEQUENCES 

- .  

I v .  

5 . 3 . 4 . 1  LOCA Events. 

Although t h e  p r o b a b i l i t i e s  of  t h e  i n i t i -  
a t i n g . e v e n t s  w e r e  t h e  s a m e  as t h o s e  of 
t h e  PWR, t h e  combined , a v a i l a b i l i t y  of  
t h e  ECC systems is  b e t t e r ;  t h u s  t h e  
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p r o b a g i l i t y ”  of  LOCA-caused c o r e  m e l t s  is 
l3ss ’than‘ 10-6 f o r  a l l  irelease categor-  
ies and is  n o t  a s i g n i f i c a n t q c o n t r i b u t o r  
t o  any category.  A more d e t a i l e d  
d i s c u s s i o n  of  BWRiLOCA e v e n t s  i s  given- 
i n  Appendix V. I t  should be noted t h a t  
although t h e  p r o b a b i l i t i e s  of LOCA 
induced c o r e  m e l t s  .are smaller than” i n  
t h e  ~ PWR, they r e s u l t  i n  l a r g e r -  
r a d i o a c t i v e  r e l e a s e s  i f  they occur-. 
This  happens b e c a u s e . t h e  BWR containment: 
volume is cons ide rab ly  smaller,  and when 
t h e  co re  m e l t s ,  t h e  noncondensable gases  
gene ra t ed  by t h e  . z i r ca l loy -wa te r  
r eac t i ’on -  ana molten f u e l  i n t e rac t i ‘on  
wi:th t h e  : conc re t e  ~ w i l l ’  o v e r p r e s s u r i z e  
and rupture- t h e  containment. ‘Thus, ‘ t h e  
most l i k e l y  p a t h ‘ t o  containment f a i l u r e  
i s - b y  ove rp res su re ,  r a t h e r  than by m e l t -  
th’rough.”. This” f a i l u r e  a lso nega te s , .  t h e  
r e a c t o r  -bu i ld ing  f i l t e r  system. . Thus, 
t hose  1rela.t ively s m a l l  releases as 

c2tegory’ 6 and 7 i n  t h e  PWR f o r  the. 
melt-through $?,path are n o t  l i k e l y  t o  
occur  i n  t h e  BWR. 

5.3.4.2 Reactor V e s s e l  Rupture (R) . 
4s’- w i  
is  def s a v e s s e l  f a i l u r  
enough g a t e  s u c c e s s f u l  oper  
t h e  ESFs r e q u i r e d  t o  p reven t  c o r  
Again, ‘the, p r o b a b i l i t i e s  of such e v e n t s  
are s m a l l  and make no s i g n i f i c a n t  con- 
tr ibptio‘n.  t o  t h e  release histogram i n  
Fig.  572. 

5,5.’4’.3-’ T’ran-sient Eyents , (TI  . 
T r a n s i e n t  e v e n t s  dominate 
i n  a l l  c a t e g o r i e s  of -core Fe l t  accident‘s 
except  ca t egory  4 where the  o v e r l a p  from 
t h e  h ighe r  releases i n  category 3 domi- 

- I  

-~ 
PWR, r e a c t o r  v e s s e l  rGpture 

-.. 
- 1 ,  4 .  < 
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~- 

These t r a n s i e n t  even t s  
v a r i e f y  of c o n d i t i o n s  t h  
wn of t h e  r e a c t o r .  The  
ned shukdowns t h d t  can b 

t o .  o-ccur du r ing  t h e  l i f e  of ‘ t h e ’  p l a n t .  
N o  ’matter - what t h e  cause o f ’  shutdown, 
decay heat’removal systems‘ are, r equ i r ed  

operate-  t o ’  p reven t  c o r e  m e l t .  L Since 
u t  - t e n  ’shutdowns pe r  I year  : can  be 

expected based on p l a n t  ope ra t ing -  exper- 
ience“, ’the decay h e a t  removal’*- system 
w i l l  be r equ i r ed  f r equen t ly .  The proba- 
b i l i t y  of f a i l u r e  of t he  decay h e a t  
removal systems ( W )  w a s  determined (see 
Appendix V )  t o  be 1 . 6  x 10-6. When com- 
binedLwith the  t e n  , t r a n s i e n t s  t h a t  o.ccur 
p e r  . r e a c t o r ~ y e a r ,  t h i s  y i e lds ,_* rabog t  
2 x-10-5 f o r  the-TW seqyence I J . I  

^ I  i . -  
With I t he  3 TW‘sequences, t h e  p r o b a b i l i t y  
of f a ‘ i l u re  of containment by overpres-  
s u r e  was considered t o  be near  un i ty .  
Given o v e r p f e s s u r e ‘ f a i l u r e ,  t h e  release 
pa th  f o r  r a d i o a c t i v i t y  can be e i t h e r  

through ’the containment d rywe l l  and t h e  
r e a c t o r  b u i l d i n g  where some d e p o s i t i o n  
of t h e  ’ r ad ioac t ive  materials @ccur (y )  
o r  more d i r e c t l y  t o  t h e  atmosphere (y’). 

Due t o  p l a n t  l a y o u t ,  t h e  p r o b a b i l i t y  of 
a release pa th  ( y )  th’rough t h e  r e a c t o r  
b u i l d i n g - i s  h ighe r  dt about 0.8 and t h e  
p a t h  more d i r e c t  t o - t h e  atmosphere (y’) 
is  about ~0.2. These l ead  t o  ca t egory  3 
(TW-y) * and ca t egory  2 (TW-y’) ‘ r e l e a s e s  
r e s p e c t i v e l y ,  a t  -a  p r o b a b i l i t y  of about 
1 x and 3 x 10-6-per  year .  As can 
be seen from Table 5-3 these‘TW sequence 
p r o b a b i l i t i e s  are $i.tfier equal  t o  o r  
l a r g e r  than a l l  o t h e r ’  sequences. I n  
category 3, t h e  t r ans i en t - caused  c o r e  
m e l t ‘ s  r e s u l t i n g  from f a i l u r e  t o  ach’ieve 
r a p i d  r e a c t o r  shutdown (TC) have a prob- 
a b i l i t y  about eqda l  - t o  t h e  TW-y seqence. 
For t h e s e  TC* sequences t h e  p r o b a b i l i t y  
w a s  a l s o  found t o  be about 1 x-10-5 p e r  
y e a r ,  where t h e  p r o b a b i l i t y  of f a i l u r e  
to, shutdpwn t h e  ~ r e a c t o r  is about 
1 . 2  x 10-6 p e r  year .  The TC sequences 
al’so l ead  t o  ove rp res su re  f a i l u r e  of  
containment (y  and Ty’) and t h i s  occur s  
du r ing  the  c o r e  m e l t  - a t  a. p r o b a b i l i t y  
near un i ty .  Howeyer because some >of t h e  
r a d i o a c t i v i t y  i s  r e t a i n e d  by scr-ubbing 
a c t i o n  of t h e  vapor suppression pool 
during t h e  c o r e  m e l t ,  t h e  magnitude ‘of 
r a d i o a c t i v i t y  r e l e a s e d  t o  t h e  atmosphere 
is ,  un l ike  t h e  TW sequence, n o t  a s  
s e n s i t i v e  t o  t h e  release path.  

5.3.5 OTHER INTERNAL CAUSES 

Q u a l i t a t i v e  c o n s i d e r a t i o n s  p e r t a i n i n g  t o  
t h e  p o t e n t i a l  f o r  l a r g e  e lec t r ica l  f i r e s  
l e d  t h e  s tudy t o  t h e  conclus-ions t h a t  
(1) the  s t a r t  of a f i r e  i n  o r  near  i m -  
p o r t a n t  components and c a b l e  spreading 
a r e a s  w a s  a - r e l a t i v e l y  l o w  p r o b a b j l i t y  
event  by comparison wi th  some o t h e r  
types of e v e n t s ‘ e v a l u a t e d ,  ( 2 )  t h e  use 
of f i r e  prevent ion and ,,,fire f i g h t i n g  
techniques,would,limit.the e x t e n t  of t h e  
f ire.  and- its,,damage, and ( 3 )  even i f  a 
large- f i r e  occurred-  it would be 
unlikely,:  because (of des ign  requirements 
f o r  s e p a r a t i o n  of equipment and c a b l e s ,  
t o  cause damage . that  . m i g h t  le?d t o , a  
large release of r a d i o a c t i v i t y . ’  

Recently ’a- l a r g e  f i r e  i n  ‘e lec t r ica l  
c a b l i n g  occurred a t  t h e  Browns -Ferry 
Nuclear8 P l a n t  and t h i s  s p e c i f i c  event  
enabled a ‘more q u a n t i t a t i v e  check t o  0 be 
made o n - ’ t h e  v a l i d i t y  of t h e  s t u d y ’ s  
q u a l i t a t i v e  judgment. A ‘  somewhat con- 
s e r v a t i v e  > ‘ q u a n t i t a t i v e  assessment w a s  
made of t h e  cour se  of even t s  - t h a t  oc- 
c u r r e d .  t o .  esfimate how c l o s e - t h i s  f i r e  
came t o  causing unacceptable  c o r e  t e m -  
p e r a t u r e s  and a p o t e n t i a l  r e l e a s e  of 
r a d i o a c t i v i t y .  The r e s u l t s  of t h i s  as- 
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sessment i n d i c a t e d  t h a t  . t he  pro_babill;ty, 
of a p o t e n t i a l  f i r e - i n d u c e d ,  c o r e -  m e l t  
would be about 20%,  of t h a t  obt,+ined_Erom 
a l l  othe_r c a u s e s  analyzed. S ince -  
estimate of about 1 x 10-5 per  
to r -yea r  w a s  found t o  b e . e i t h e r  covered 
by o r  f e l l  .wi thin the  band ,of uncg,;rta'in- 
t y  of o t h e r  p r e d i c t i o n s  ,made i n .  t h i s  
s tudy ,  if seems reqsonable  t o  & e l l e v e  
t h a t ,  i f  $he Browns ,Fqrry , f i r e  is  ~ . . t y p i -  
c a l  o f -  t h e  gamut of- l a r g e  e lec t r ica l  
f i r e s ;  a t  quclear p l a n t s ,  $$en- t h e  
s t u d y ' s  q u a l i t a t i - v e  judgmen t -abou t - f i r e s -  
remains v a l i d .  I t  should be reqognllzed 
however, t h a  , t h e  q u a n t i t a t i v e  I ass e s,s -, 
ment of the-Browns Ferry f i r e  necessar-  
i l y .  concerned i t s e l f  w i th  the  
f i r e  ,damage i a * even t s  3 t h a t  !, 
p l u s  , , some p o t e n t i a 4  
t h e s e  s p e c i f i c  events .  
conclusi-on ,,-may of somewhat-l imited 
app l i c a b i  1 i t y  . I .  ; - n i I 

Y .  ! -t. 

O q e  ".of $he l e s s o n s  t h a t .  
cl'ea'rly from' th? $ a n a l y s i s  
t h a t  t h e r e  are . r a t h e r  s 
measurks, s u c h - a s  may a l re  
o t h e r ;  .nuclear  plants;. 
f i r e  p y e n t i o n  and f i r  
b i l i t y  and t h a t  thes'e 

and a n a l y s i s  of d a t a '  a s s o c i a t e d  wi'th" 
f i r e s  as w e l l  a s  t h e  development of a 
r i s k  model f o r  ts 'eatment of t h e  e f f e c t  
of f i r e s .  

L -  , 1 -  

5.4 PROBABILITY OF RELEASES FROM 
c EXTERNAL CAUSES 

. 
The p r o b a b i l i t i e s  and leases given i n  
t h e  p'revious sect 'ion a f e - a s s o c i a t e d  w i t f i 7  
a v a r i e t y  of i n t r i n s i c  f a i l u f e s  t h a t  cap' 
p o g e n t i a l l y  occur 'w i th in  a huclear 'power.  
p l a n t .  The d a t a  on- which"the p robab i l i -  
t ies  are' based inc lude  a wide v a r i e t y  'of 
causes- .  such as design." errors5,. f a j l u r e s '  
i n  QA and QC p'rocGdures, ope ra t ing  \er-  
r o r s ,  etc.  However they  do n o t  'explic- 
i t l y  i nc lude  c o n s i d e r a t i o n  of p o t e n t i a l  
f a i l u r e s  due t o  l a r g e  ex te rna l - even tk '  
which might a f f e c t  t h e  p l a n t .  Events 
such as major earthquakes,., If loods,  wind-: 
s torms,  a i r c r a f t  impacts,  e tc . ; . i f - .  they 
w e r e  t o  cause an a c c i d e n t ,  would have t o  
produce c o r e  m e l t  by one of ,-&he .pa ths  
desc r ibed  by t h e  even t  trees. The 
t i o n  i s  whether * t hey  could .make 
sequence p r o b a b i l i t i e s  estLimated i n  .the 
a n a l y s i s  i n  s e c t i o n  5.2 h ighe r  .than they 
would be due on ly  t o  i n t r i n s i c i f a i l u r e s .  
I t  i s  important  . t he re fo re  t o  e s t i m a t e  
t h e  . p r o b a b i l i t i e s  a s s o c i a t e d  wilthithese 
e x t e r n a l  even t s  and determine t i'f they 
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are . l a r g e  enough t o ,  c o n t r i b u t e  

release c a t e g o r i e s .  
- ,- 
I ,  

.. 
~ # I  

5 .'il.i EARTHQUAKE"'RISK' '.! ! 

it t o  p r e d i c t  y i t h  
p r e c i s i o n  t h e  p r o b a b i l i t y .  of p o t e n t i a l  
a c c i d e n t s  due t o  earthquake damage t o , a  
nuc lea r  power p l a n t  because of t h e  .- gen-, 
e r a 1  , s p a r s i t y  of q u a n t i t a t i v e  d a t a  on 
t h e  s i z e s  and e f f e c t s  of ear thquakes,  it, 
appeaEs p o s s i b l e  t o  make o r d e r  of ma-gni-, 
t ude  *estimates- t h a t  rare u s e f u l  i n  
type of ~ r i s k  assessment performed i n  
t h i s  study. ~ Recently published , papers  
are , r of p a r t i c u l a r  i n t e r e s t  f i n  t h i s  
r ega rd .  I These papers  ,provide- ,addi t ional  
information on, t h e  approximate probabi l -  
i , t y r<d i s t r , i bu t ion  of peak, seismic accel- 
e r a t i o n s -  i n  t h e  U.S. ( R e f .  1) :and t h e  
p r o b a b i l i t y  of p r e d i c t e d  seismic, damage 
toi s a f e t y  systems ins t a l l ed , , i n . -nuc lea r i  
power p l a n t s  (Ref. 2 ) .  , . r s 7 1  , I .  

Hsieh e t  a l .  bal 'culate '  t h e  p r o b a b i l i t i e s '  
of ground a c c e l e r a t i o n s  of ,various mag- 
nicudas fpr both.  t h e  Eas t e rn  and Western' 
U.S..: The a n a l y s i s  uses ,  s e v e r a l  of the-  
c u r r e n t l y  publ ished curves . for- cart$-- 
quake p r?bab i l l t ' i e s  and - information on- 
fh?,- Attenuat ion of ' ground motipn.'' I t  
a lFo  usys t h e  work of Brazee (Ref. 3 )  t o  
o b t a i n  f a c t o r s  f o r  t h e  a t t e n u a t i o n  of,  
earthquake f o r c e s  with t h e  d i s t a n c e  from 
t h e  ear thquake e p i c e n t e r .  Typ ica l ly ,  
B r a z e e ' s  r e s u l t s  g i v e  ardas above a 

i e d  Modified,, Mercalli I n t e n  
about !four t i m e s  l a r g e r  than t 

used by Cornel? (Ref. 4 ) ;  
. .  c ,  , . . . . , .  . 

S h c e  t h e  p r o b a b i l i t y  of a .  p o i n t  experi-  
i ng  a given i n t e n s i t y ,  i s  roughly 

q r o p o r t i o n a l  t o  t h i s  a r e a ,  t h e  probabil;., 
i t i es  t h a t  are p r e d i c t e d  on t h e  b y i s  o f  
Braqee's d a t a  w i l l  be a b o u t .  -four t i m e s  
h igher .  Hs ieh ' s  work, a s , , i n d i c a t e d  i n  
Table 6 which i s  reproduced belpw,- g i v e s  
t h e  p r o b a b i l i t y -  of occurrence of e a r t h -  
quakes as a func t ion  of a c c e l e r a t i o n  a t  
any2 g i v e n ' p o i n t  i n  t h e  Eastern'U.S.1 ' 

- . r  1 -  1 -  , 
f -  - 

. *  c , 
8 )  

'Eastern, U.S; is  meant t o  -mean east  o f  
atlie Rocky mountains. .The -same type. of 
a n a l y s i s  would apply t o  r e a c t o r s  l o c a t -  
ed on t h e  w e s t  coas t .  Although t h e  
frequency. of .earthquakes t h e r e  its high-. 
er, r e a c t o r s  a r e  designed to ,  wi,ths.tand 
h&gher SSE va lues  so t h e  o v e r a l l  proba- 
b i l i t i e s  _p red ic t ed ihe re in  :would no t  -. be, 
s i g n i f i c a n t l y  a f f e c t e d .  ~ 



: I  4 Table 6. Probability of Ground Acceleration per 
2 -  Year in the.Eastern U.S. for Different Site Conditions 

- r  
Gpound AcceL. 
(indremdntal) * Soft - '' Average Firm 

- _  1 I "  

0.lg 7.7 x 10 - 3.6 1.4 -3 I 

0.2g .1.9 x 10 6.5 x 10 -4 1.5 x 10-4 -3 

4.6 

1.0 10:~ 

7.9 x 

6.9 

. .*The increment includes a band of accelerations around that specified, e-g., the probability at 
": 0;lg ,is equal to. the average,of the.-two probabilities 0.5g to 0.lg and 0.lg to 0.15g. 

._ I -: I' . 
- **This-entry encompasses accelerations greater than 1.Og. 

Probability of Producing Failure of Two Systems, Given an Earthquake 
for Reactors Designed for an SSE of 0.2g. 

Ground': 2 c i Newark' Prob. of Damage Prob. of - D+nage Error 

. - "  , 

1 -  

Acceleration Factor Single System TWO systems . Factor 

0.2q 20 -001 30  

,.. - \  I ,  

The. values ,in T-able -B- can n Table A to boduce the values in Table C. 

' -- 
- I  , - 'I: 

c . - e .  - r . . *  Probahlity Probability df Core 
er reactor - 

f .,.( 1 - -,If.probability of damage to a single 
, 'assuming completendependence, then the~Or2g probability is increased bytp L' . i  I . '  ., 

em. is usual, which, is equAva1ent cor? $$$ 
'L 

.factor of 30, the,0.5gcprobability by a--fac_tor of 7, and the-.l.Og probability -, 
by a factor of- 3 .  
3 x 10-71 for the firm case. 

The total, probabiliti ould then be approximately 
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Although most U.S.  r e a c t o r s  are l o c a t e d  
on f i rm s i tes ,  a few might be. b e t t e r .  8 

termed average s i tes  i n  t h e  n o t a t i o n  of 
Table 6. I n  t h i s  a n a l y s i s , .  t h e  r e s u l t s  
are computed on t h e  b a s i s  of two assump- 
t i o n s  : 

a. A l l  r e a c t o r s  are l o c a t e d  on f i rm 
sites. 

b. A l l  r e a c t o r s  are l o c a t e d  on average 
s i tes .  

I n  o r d e r  t o  estimate t h e  p robab i l igy  of 
an earthquake pr0ducing.a  c o r e  m e l t  ac- 
c i d e n t ,  t he  p r o b a b i l i t y  of t h e  e a r t h -  
quake (PE)  must be combined' w i th  t h e  
p r o b a b i l i t y  t h a t  t h e  ear thquake w i l l  
produce enough damage (PD)  t o  cause 
p o t e n t i a l  a c c i d e n t s  i nvo lv ing  c o r e  m e l t  
(PcM). Thus, 

< -  PCM = P x PD E 

Newmark's work p rov ides  a b a s i s  f o r  es-' 
t ima t ing  t h e  va lue  of PD. Figure 9 of  
h i s  paper g i v e s  t h e  p r o b a b i l i t y  of dam- 
age t o  s a fe ty  s y s t e m s - i n  terms of t h e  
s i z e  of p o t e n t i a l  ear thquakes.  This  
f i g u r e  i n d i c a t e s  t h a t  dhe s a f e t y  f a c t o r  
f o r  r e a c t o r  systems is  about-20 f o r  t h e  - - 
SSE, and g i v e s  a system damage probabi l -  
i t y  PD .001 f o r  t h a t  s i z e  event.  

The a n a l y s i s  of p o t e n t i a l '  'core m e l t  
a c c i d e n t s  i nd ica t eAs  t h a t  g e n e r a l l y  two 
systems would -have to '  f a i l  t o  produce 
such an event.  I f  t h e  f a i l u r e  probabi l -  
i t y  of any system i s  . 0 0 1  then t h e  prob- 
a b i l i t y  t h a t  two would f a i l  could be as 
low as  However, it i s  reasonable  
t o  expec t  t h a t ,  i n  some cases, t h e  u s e  
of independent. f a i l u r e  p r o b a b i l i t i e s  
t h a t  would be i m p l i c i t  i n  a va lue  of  
10'6 may n o t  be t r u e .  The p o t e n t i a l  f o r  
common mode f a i l u r e s  between t h e s e  sys- '  
t e m s  should tend i n  g e n e r a l  t o  increase 
t h e  l i k e l i h o o d  of t h e i r  f a i l u r e .  On t h e  
o t h e r  hand, i f  t h e  systems were t o  have 
t o t a l l y  dependent f a i l u r e  p robab i l i ; t i e s ,  
then t h e i r  va lue  would be Since 
n e i t h e r  of t h e s e  extremes i s . l i k e l y ,  i n  
t h e  absence of  more p r e c i s e  information 
a reasonable  va lue  f o r  t h e i r  j o i n t  f a i l -  
u r e  would be t h e  log  normal mean,:or 
3 x 10-5 f a f a c t o r  of 30. The v a l u e s  
i n  Table B were -gene ra t ed  using t h i s  
procedure and Newmark's d a t a .  

1 

Thus i f  average 
va lue  of 5 x 10-7 
obtained;  f o r  f 
6 x 10'8. Since 
p r i n c i p a l l y  on f . .  . _  

sites are assumed, a * 

estimate is 10-7 and cons ide r ing  t h e  
u n c e r t a i n t i e s  i n  damage p r o b a b i l i t i e s ,  
it seems reasonable  t o  b e l i e v e  t h a t  t h e  
t r u e  va lue  . l i e s  between 10-6 t o  
A t  t h i s  l e v e l  of p r o b a b i l i t y ,  e a r t h -  
quake-induced a c c i d e n t s  should.no,t con- 
t r i b u t e  s i g n i f i c a n t l y  t o  r e a c t o r  a c c i -  
d e n t  r i s k s .  

5.4.2 TORNADOES 

All U.S.  power r e a c t o r s  a r e  now being 
designed t o  withstand t h e  e f f e c t s  of ' 
s i z e a b l e .  tornadoes.  The design b a s i s  
tornado f o r  t h e  bulk of t h e  country i s  
assumed . t o  have * i n t e r n a l  winds of about 
300 MF" and t o  move*with a t r a n s l a t i o n a l  

. v e l o c i t y ,  o f -  about 60 MPH. I t  i s  assumed 
t o  develop p r e s s u r e  d i f f e r e n t i a l s  of 

- about 3 p s i  i n  , 3  sec. I n  a d d i t i o n  t o  
withstanding t h e  wind and p r e s s u r e  load- 
i n g s ,  a l l  v i t a l  r e a c t o r  systems m u s t  be 
p r o t e c t e d  a g a i n s t  tornado generated m i s -  
siles. ' A  review of tornado r i s k s  t o  
r e a c t o r s  by Doan (Ref. 5)  has  r e c e n t l y  
been publ ished.  The main p o i n t s  are 
reviewed. here.  

The p r o b a b i l i t y  p e r  year  t h a t  a tornado 
will h i t  a given p o i n t  can be expressed 
as : 

. a .  

- p  = an 
S 

where "a", t h e  area a f f e c t e d ,  averages 
2.8 square m i l e s  and "n" is t h e  average 
annual frequency i n  an area of " s "  
square m i l e s  having tornado c h a r a c t e r i s -  
t i c s  s i m i l a r  t o  t h e  s i t e  where t h e  
r e a c t o r  i s  loca ted .  Doan r e p o r t s  torna-  ' 

' d o  s t r i k e  p r o b a b i l i t i e s  of l o T 3  - 10-4 
pe r  y e a r . f o r  a number of r e a c t o r -  s i tes .  
The average f o r  t h e  r e a c t o r  s i tes  is 
about  5 x p e r  year.  These es t i -  
mates are comparable t o  those  publ ished 
r e c e n t l y  by A E C ' s  r e g u l a t o r y  s t a f f  (Ref. 
6 ) .  

The va lues  above a r e  t h e  s t r i k e  proba- 
b i l i t y  of a tornado of  any s-ize. A 
l i m i t e d  number of tornadoes have been 
c a r e f u l l y  analyzed and i n t e r n a l  wind 
v e l o c i t i e s  of 1 7 0  t o  270 m i l e s  pe r  hour 
have been est imated.  Doan concludes 
t h a t  s i g n i f i c a n t l y  less than  1% of a l l  
tornadoes would be expected t o  be as 
l a r g e  as t h e  des ign  b a s i s  tornado. . The 
p r o b a b i l i t y  of such a tornado s t r i k i n g  a ' 
nuc lea r  power p l a n t  would be o n '  t h e  
average less than 5 x 10'6 p e r  year.  

The on ly  seismic ca t egory  I s t r u c t u r e s ,  
- 

. and 'equipment. considered vu lne rab le  t o  
p e r  r e a c t o r  year  i s  *--;I tornado1 damage *are  those  a s s o c i a t e d  wi th  
rm sites - the r e s u l t  i s  t h e  .emergency d i e s e l - g e n e r a t o r s  i n  each 
r e a c t o r s  are l o c a t e d  'plant. .  The s t r u c t u r a l  i n t e g r i t y  and 
rm sites, a r easonab le  m i s s i l e  r e s i s t a n c e  of -the diesel-genera-  
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t o r  b u i l d i n g s  w a s  examined as w e l l  as 
t h e  v u l n e r a b i l i t y  of t h e  bu r i ed  f u e l  
s t o r a g e  t anks  t o  p e n e t r a t i o n '  by planks 
and te lephone poles .  Except f o r  t h e  
p o t e n t i a l  l o s s  of t h e  PWR d i e s e l  genera- 
t o r  b u i l d i n g  doors  fol lowing impact by 
t h e  most e n e r g e t i c  missile ( l e a d i n g  t o  
p o t e n t i a l  exposure of t h e  a s s o c i a t e d  
d i e s e l  t o  the  e f f e c t s  of wind-driven 
r a i n  and h a i l ) ,  t h e  d i e s e l - g e n e r a t o r  
b u i l d i n g s  and f u e l  t anks  were considered 
t o  be tornado-proof . Therefore ,  t h e  
p r o b a b i l i t y  of a tornado-caused c o r e  
m e l t  sequence i s  considered t o  be very 
S m a l l  compared t o  t h e  o t h e r  c o r e  m e l t  
sequences. 

5.4.3 FLOODS 

A l l  r e a c t o r s  on r i v e r s  s u b j e c t  t o  flood- 
ing must be designed t o  su rv ive  a hypo- 
t h e t i c a l  f l ood  c a l l e d  t h e  Probable Maxi- 
mum Flood (PMF). This  approach has  been 
developed f o r  t h e  design of dams and 
o t h e r  major s t r u c t u r e s  s u b j e c t  t o  f lood 
hazards.  The PMF is based on an es t i -  
m a t e  made by combining t h e  worst  recog- 
nized va lues  of a l l  f a c t o r s  t h a t  c o n t r i -  
bu te  t o  producing a f l o o d ,  r a t h e r  t han  
being based only on s t u d i e s  of observed 
f lood  frequencies .  For example, t he  PMF 
on t h e  upper reaches of t h e  M i s s i s s i p p i  
River used i n  t h e  a n a l y s i s  of t he  
Monticel lo  Reactor S i t e  was developed as 
fol lows : 

The h e a v i e s t  snow pack observed i n  t h e  
l a s t  1 0 0  yea r s  w a s  sub jec t ed  t o  t h e  
maximum temperature  sequence. The re- 
s u l t i n g  runoff w a s  f u r t h e r  i nc reased  by 
assuming t h a t  t h e  l a r g e s t  p o s t u l a t e d  
r a ins to rm occur red  s imultaneously over  
t h e  e n t i r e  a r e a .  The r e s u l t i n g  r i v e r  
flow was 365,000 c f s  and i s  nea r ly  1 0  
t i m e s  h ighe r  than t h e  maximum observed 
flood of 4 7 , 0 0 0  c f s .  I n  addi t ion t o  the 
foregoing,  t h e  e v a l u a t i o n  of r e a c t o r  
s i tes  a l s o  i n c l u d e s ,  where a p p r o p r i a t e ,  
t h e  p o t e n t i a l  e f f e c t s  of t h e  f a i l u r e  of 
dams l o c a t e d  upstream of  t h e  r e a c t o r  
s i te .  These f a c t o r s  suggest  t h a t  t h e  
approach t o  d e a l i n g  with t h e  e f f e c t s  of 
p o t e n t i a l  f l oods  on r e a c t o r s  is  gener- 
a l l y  q u i t e  conse rva t ive .  

5.4.4 AIRCRAFT IMPACTS 

The AEC 'has eva lua ted  ' the  p r o b a b i l i t y  of 
p o t e n t i a l l y  damaging a i r c r a f t  impacts a t  
some s i tes  l o c a t e d  w i t h i n  f i v e  m i l e s  of 
a i r p o r t s .  The p r o b a b i l i t y  f o r  a poten- 
t i a l l y  damaging c r a s h  per  year a t  these' 
s i tes  w a s  between 10-6 and 10-7  based on 
a conse rva t ive  c a l c u l a t i o n .  The majori-  
t y  of r e a c t o r s  are loca ted  f a r t h e r  than 
f i v e  m i l e s  from a i r p o r t s  and w i l l  have 

s i g n i f i c a n t l y  smaller p r o b a b i l i t i e s  of 
c r a shes  than t h e s e  si tes.  The probabi l -  
i t y  f o r  most p l a n t s  would f a l l  i n  t h e  
range of 10'6 t o  10-8. Because t h e  
containment i s  a f a i r l y  s t r o n g  s t r u c t u r e  
and t h e  v i t a l  p a r t s  of  t h e  p l a n t  p r e s e n t  
q u i t e  a small area, t h e s e  impacts would 
have a small  p r o b a b i l i t y  of producing a 
c o r e  m e l t  sequence. I t  i s  t h e r e f o r e  
concluded t h a t  a i r c r a f t  impacts have a 
very much smaller  p r o b a b i l i t y  of causing 
a c o r e  m e l t  than t h e  a c c i d e n t  sequences 
a l r eady  considered.  

5.4.5 TURBINE MISSILES 

The l i k e l i h o o d  t h a t  t h e  impact of a 
t u r b i n e  m i s s i l e  could cause radioac- 
t i v i t y  t o  be r e l e a s e d  from t h e  c o r e  o r  
from the  spen t  f u e l  s t o r a g e  pool 
i n d i c a t e  t h a t  even t s  such a s  these  a r e  
not  expected t o  c o n t r i b u t e  t o  the  
o v e r a l l  r i s k s .  

Bush (Ref. 7 )  has e s t ima ted  t h e  proba- 
b i l i t y  of a t u r b i n e  f a i l u r e  r e s u l t i n g  i n  
t h e  gene ra t ion  of l a r g e  missiles t o  be 
approximately 10-4  pe r  year. H e  has  
a l s o  a s ses sed  t h e  p r o b a b i l i t y  of 
missi les  s t r i k i n g  s p e c i f i c  p l a n t  loca-  
t i o n s  where systems could be a f f e c t e d  
and sources  of r a d i o a c t i v i t y  could be 
p o t e n t i a l l y  r e l e a s e d .  For a t y p i c a l  PWR 
and BWR p l a n t ,  t he  s t r i k e  p r o b a b i l i t i e s  
depend l a r g e l y  on t h e  o r i e n t a t i o n  of t h e  
t u r b i n e  with r e s p e c t  t o  t h e  s t r i k e  a r e a  
of i n t e r e s t  and t o  t h e  t a r g e t  a r e a  
presented t o  the  m i s s i l e  once it i s  
generated by the  t u r b i n e  f a i l u r e .  The 
p r o b a b i l i t y  of damage being caused once 
the  m i s s i l e  s t r i k e s  a p a r t i c u l a r  p o i n t  
depends l a r g e l y  on whether o r  no t  t he  
m i s s i l e  i s  r e q u i r e d  t o  p e n e t r a t e  a 
s u b s t a n t i a l  b a r r i e r ,  such a s  r e i n f o r c e d  
conc re t e  s t r u c t u r e s ,  p r i o r  t o  damaging 
any pa r t i cu la r  component o r  system of 
i n t e r e s t .  I f ,  f o r  example, t h e  t u r b i n e  
missile is  r e q u i r e d  t o  p e n e t r a t e  
conc re t e  b a r r i e r s  of t h i cknesses  ap- 
proaching 6 f e e t ,  then t h e  p r o b a b i l i t y  
of p e n e t r a t i o n  approaches zero. On the  
o t h e r  hand, t h e  p r o b a b i l i t y  of penetra-  
t i o n  could approach one should a d i r e c t  
s t r i k e  occur on c o n c r e t e  b a r r i e r s  having 
th i cknesses  of about t h r e e  f e e t  o r  less.  
Of cour se ,  t h e  m i s s i l e  damage p o t e n t i a l  
fol lowing such p e n e t r a t i o n  would be 
reduced s i n c e  much of i t s  energy would 
be d i s s i p a t e d  i n  t h e  process .  Review of  
t h e  s p e c i f i c  p l a n t  l a y o u t s  f o r  t h e  PWR 
and t h e  BWR p l a n t s  used i n  t h i s  s tudy 
i n d i c a t e d  t h a t  t h e  miss i le  s t r i k e  
p r o b a b i l i t i e s  p re sen ted  by Bush should 
provide a reasonably conse rva t ive  repre-  
s e n t a t i o n  of t h e  s t r i k e  p r o b a b i l i t i e s  t o  
be expected. These a r e  presented a s  
fol lows : 
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Limit ing Missile 
S t r i k e  

P l a n t  S t r u c t u r e s  P r o b a b i l i t i e s  

PWR - 
Containment Wall -0 .24  

Containment Dome -8 x 

Spent Fuel  Storage -4 

Primary Aux i l i a ry  
Bldg. -1.2 

D i e s e l  Generator  
Bldg . -4 

1 BWR - 
Spent Fuel  S torage  -6.7 x 

Rad Waste Bldg . -4.8 X 

Contro l  Room -8.2 

Reactor Heat Removal 
Heat Exchangers -3 

D i e s e l  Generators  - 6 . 4  x lom3 

The h ighes t  s t r i k e  p r o b a b i l i t y  f o r  a 
t u r b i n e  m i s s i l e  e x i s t s  f o r  t h e  PWR 
containment w a l l  p r i n c i p a l l y  because it 
p r e s e n t s  a l a r g e  t a r g e t  area. The con- 
ta inment  wa l l  t h i ckness  of about  4.5 f t .  
of r e in fo rced  conc re t e  can p o s s i b l y  
prevent  t h e  p e n e t r a t i o n  of a l l  b u t  very 
e n e r g e t i c  missiles. Assuming a proba- 
b i l i t y  of p e n e t r a t i o n  of about  0.5, t h e  
o v e r a l l  p r o b a b i l i t y  f o r  a t u r b i n e  
m i s s i l e  e n t e r i n g  i n s i d e  containment i s  
approximately: 

' N o t e  t h a t  t h e  BWR containment s t r u c t u r e  
i s  n o t  l i s t e d .  This  i s  so because t h e  
number and th i ckness  of conc re t e  w a l l s  
and b a r r i e r s  i nc lud ing  t h e  smaller tar-  
g e t  area of containment make t h e  proba- 
b i l i t y  of miss i le  s t r i k e  and 
p e n e t r a t i o n  n e g l i g i b l y  l o w .  

A = P r o b a b i l i t y  of  Missile Genera- 
( t ion  by Turbine F a i l u r e  (10-41) 

( ( 0 . 2 4 )  
B = P r o b a b i l i t y  o f  Missile 

c = P r o b a b i l i t y  of Missile Pene- ( t r a t i o n  of S t r u c t u r e  (0 .5 )  ) 
( 1 . 2  x 10-5) ) Missile Enter- 

I f  t h e  m i s s i l e  pa s ses  through t h e  con- 
ta inment  wa l l  it w i l l  l i k e l y  be stopped 
by t h e  r e in fo rced  concre te  c rane  wa l l  
which provides  a t  l e a s t  an a d d i t i o n a l  
two f e e t  o f  t h i ckness  through which the  
missi le  would be r equ i r ed  t o  pass  before  
i t  reaches  the  ope ra t ing  f l o o r  above t h e  
reactor coo lan t  system. The p r o b a b i l i t y  
of t h e  t u r b i n e  m i s s i l e  causing damage t o  
t h e  r e a c t o r  coo lan t  system and a 
poss ib l e  LOCA i s  thus  n e g l i g i b l y  small .  
Even i f  t h e  m i s s i l e  does n o t  p e n e t r a t e  
t h e  crane w a l l ,  it is  p o s s i b l e  t h a t  
damage may be done t o  components l oca t ed  
i n  t h e  annulus between t h e  containment 
and crane  w a l l s .  The p r i n c i p a l  
components l oca t ed  i n  t h i s  a r e a  of t h e  
PWR containment are t h e  main steam p ipes  
and it i s  p o s s i b l e  t h a t  t h e  m i s s i l e  
a long with s p a l l e d  conc re t e  could f a l l  
on to  t h e  p ip ing  and cause damage. Even 
i f  a p r o b a b i l i t y  of 1 . 2  x 10-5 w a s  taken 
f o r  r u p t u r e  of a main steam l i n e ,  it 
would be a very minor c o n t r i b u t o r  t o  
p ipe  f a i l u r e  p r o b a b i l i t y  used i n  t h i s  
s tudy  and t h u s  can be neg lec t ed  as a 
s i g n i f i c a n t  pa th  f o r  r a d i o a c t i v i t y  
releases. 

One o t h e r  p r o b a b i l i t y  of i n t e r e s t  i s  t h e  
p r o b a b i l i t y  of  a t u r b i n e  m i s s i l e  s t r i k -  
i ng  t h e  spen t  f u e l  s t o r a g e  pool  i n  t h e  

b i l i t y  e s t ima ted  by Bush (-4 x 1 0 - ~ ~ o % i  
f o r  t h e  PWR. Examination of t h e  PWR 
l a y o u t  of  i n t e r e s t  t o  t h i s  s tudy  
i n d i c a t e d  t h a t  t h e  s p e n t  f u e l  pool  could 
be s t r u c k  on ly  by h ighe r  t r a j e c t o r y  
miss i les  e n t e r i n g  from above t h e  pool;  
t hus  t h e  use of t h i s  h i g h e s t  es t imated  
s t r i k e  p r o b a b i l i t y  could be o v e r l y  
conserva t ive .  Compensating s l i g h t l y  f o r  
t h i s  conservat ism i s  t h e  f a c t  t h a t  
e i t h e r  of  t h e  two t u r b i n e s  a t  t h e  t w o  
u n i t  s i tes could gene ra t e  missiles t o  
p o t e n t i a l l y  s t r i k e  t h e  f u e l  and thus  
double t h e  s t r i k e  p r o b a b i l i t y .  These 
f a c t o r s  are taken ,  however, t o  be wi th in  

PWR o r  BWR. The h i g h e s t  s t r i k e  - 
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t h e .  bounds of error t h a t  could  be 
a s s o c i a t e d  wi th  such p r o b a b i l i t y  es t i -  
mates. Thus use of 4 x 10-3 a s  an 
ove ra l l  s t r i k e  p r o b a b i l i t y  f o r  t h e  s p e n t  
f u e l  pool  seems reasonable .  Given t h a t  
t h e  t u r b i n e  m i s s i l e  e n t e r s  t h e  s p e n t  
f u e l  s t o r a g e  pool ,  t h e  p r o b a b i l i t y  o f  
f u e l  damage w a s  assumed t o  be un i ty .  
The overa l l  p r o b a b i l i t y  f o r  spen t  f u e l  
damage v ia  t h i s  a c c i d e n t  even t  was t h u s  
taken t o  be about  (10-4) ( 4  x 
(1) = 4 x 10-7 and t h i s  va lue  was con- 
s i d e r e d  by t h e  s tudy  a s  an incrementa l  
p r o b a b i l i t y  c o n t r i b u t i o n  f o r  those  acci- 
d e n t s  n o t  involv ing  t h e  r e a c t o r  c0re.l  

Thus, t h e  p r o b a b i l i t y  t h a t  a l a r g e  r a d i -  
o a c t i v i t y  release could  be caused by a 
t u r b i n e  m i s s i l e  does  n o t  r e p r e s e n t  a 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  o v e r a l l  
r i s k s  from r e a c t o r  acc iden t s .  

5.4.6 OTHER EXTERNAL CAUSES 

Some p l a n t s  are l o c a t e d  on t h e  sea  sho re  
where t h e  p o s s i b i l i t y  of t i d a l  waves, 
and waves and high w a t e r  l e v e l s  due t o  
hu r r i canes  e x i s t .  The p l a n t  des ign  i n  
t h e s e  cases must accommodate t h e  l a r g e s t  
waves and w a t e r  l e v e l s  t h a t  can be 
expected. Such even t s  w e r e  a s ses sed  t o  
r e p r e s e n t  n e g l i g i b l e  r i s k s .  

An area o f t e n  ques t ioned  is t h e  poss i -  
b i l i t y  o f  d e l i b e r a t e  human a c t s  t o  
d e s t r o y  t h e  p l an t .  An i n v e s t i g a t i o n  o f  
t h i s  a r e a  has  l e d  t h e  s tudy  t o  t h e  
fo l lowing  conclus ions  r ega rd ing  sabo- 
t age  : 

1. 

2. 

3 .  

4. 

Nuclear p l a n t s  have i n h e r e n t  charac- 
teristics t h a t  provide  b u i l t - i n  d i f -  
f i c u l t i e s  f o r  s u c c e s s f u l  sabotage  
e f f o r t s .  

Add i t iona l  s e c u r i t y  measures have 
r e c e n t l y  been r equ i r ed  a t  nuc lea r  
power p l a n t s  and o t h e r s  are under 
cons ide ra t ion .  

The wors t  consequences a s s o c i a t e d  
wi th  acts of  sabotage  a t  reactors 
a r e  n o t  expected t o  l e a d  t o  conse- 
quences more seve re  than t h e  maximum 
consequences p r e d i c t e d  by t h e  s tudy.  
The expected consequences of suc- 
c e s s f u l  sabotage  a r e  b u t  a smal l  
f r a c t i o n  of  t h e s e  maximum conse- 
quences. 

Nuclear power p l a n t s  appear  f a r  less 
s u s c e p t i b l e  t o  sabotage  than  m o s t  
o t h e r  c i v i l  o r  i n d u s t r i a l  t a r g e t s .  

'See s e c t i o n  5 o f  Appendix I. 

Because t h e r e  c u r r e n t l y  i s  no comprehen- 
s i v e  method f o r  e s t i m a t i n g  t h e  probabi l -  
i t y  o f  a c t s  of  sabotage  d i r e c t e d  a t  any 
t a r g e t ,  t h e  c o n s i d e r a t i o n  of t h e  l e v e l  
of p r o t e c t i o n  a g a i n s t  a c t s  of  sabotage  
is thus  q u i t e  important .  Curren t  USNRC 
g u i d e l i n e s  (Sa fe ty  Guide 1 . 1 7  and pro- 
posed Sec t ion  73.55, 1 0  CFR), which are 
s i g n i f i c a n t  improvements ove r  prev ious  
s e c u r i t y  p r a c t i c e s ,  have been substan-  
t i a l l y  implemented a t  o p e r a t i n g  reac-  
tors. Furthermore, r e c e n t  s t u d i e s  have 
produced f u r t h e r  recommendations f o r  
p l a n t  countermeasures t o  supplement t h e  
c u r r e n t  s e c u r i t y  measures. A s  a r e s u l t  
of t h e s e  recommendations, a d d i t i o n a l  
requirements  are under cons ide ra t ion .  
The implementation of t h e s e  improved 
requirements  should f u r t h e r  reduce t h e  
p r o b a b i l i t y  of  s u c c e s s f u l  sabotage.  

With t h e  implementation of c u r r e n t  
s e c u r i t y  measures, it appears  t h a t  t h e  
p r o b a b i l i t y  of s u c c e s s f u l  sabotage  i s  
low, and f u r t h e r  r educ t ions  i n  probabi l -  
i t y  can be a n t i c i p a t e d  i n  t h e  f u t u r e .  

5.5 RISKS FROM ACCIDENTAL RELEASES 
A s  d i scussed  i n  Chapter 2 ,  t h e  r i s k s  
a s s o c i a t e d  wi th  r e a c t o r  acc iden t s  can be 
expressed i n  s e v e r a l  ways. However, a l l  
t hese  express ions  r e q u i r e  knowledge of 
t h e  p r o b a b i l i t i e s  and consequences of 
t h e  va r ious  a c c i d e n t s  cons idered .  

The p r o b a b i l i t i e s  of va r ious  a c c i d e n t a l  
r e l e a s e s  have been d i scussed  i n  t h e  pre- 
ceding  s e c t i o n s  of t h i s  chap te r .  The 
consequences have been c a l c u l a t e d  us ing  
t h e  consequence model desc r ibed  i n  
Chapter  4 and Appendix V I .  This  model 
uses  as i t s  inpu t  t h e  va lues  from t h e  
release his tograms desc r ibed  i n  s e c t i o n  
5.2 i n  combination wi th  t h e  p o s s i b l e  
weather  s t a t e s  and popula t ion  d e n s i t i e s .  

The c a l c u l a t i o n  determines t h e  probabi l -  
i t y  and magnitude of seven d i f f e r e n t  
consequences. These a r e  e a r l y  f a t a l i -  
t ies  ( those  t h a t  occur  wi th in  a year  
a f t e r  a p o t e n t i a l  a c c i d e n t ) ,  e a r l y  
i l l n e s s ,  t hy ro id  i l l n e s s ,  l a t e n t  cancer  
f a t a l i t i e s ,  g e n e t i c  e f f e c t s ,  p roper ty  
damage and land contaminat ion.  By 
i n t e g r a t i n g  over  t h e  e n t i r e  acc iden t  
spectrum, weighted by t h e  p r o b a b i l i t y  of 
occur rence ,  t h e  r i s k  can be obta ined  i n  
one of s e v e r a l  forms. The i n d i v i d u a l  
h e a l t h  r i s k  i s  t h e  average number of 
people  p e r  year  expected t o  be a f f e c t e d  
by a g iven  consequence d iv ided  by t h e  
popula t ion  a t  r i s k .  The s o c i e t a l  h e a l t h  
r i s k  i s  t h e  number of people  expected t o  
be a f f e c t e d  by a p a r t i c u l a r  consequence 
p e r  year .  S o c i e t a l  r i s k  a l s o  inc ludes  
t h e  es t imated  annual d o l l a r  c o s t  ex- 
pected from r e a c t o r  acc iden t s .  Perhaps 
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t h e  most informative ou tpu t s  of t h e  
c a l c u l a t i o n ,  however, are t h e  complemen- 
t a r y  cumulative d i s t r i b u t i o n  f u n c t i o n s  
which show the  p r o b a b i l i t y  of exceeding 
consequences of a given magnitude as a 
r e s u l t  of r a d i o a c t i v e  r e l e a s e s .  The 
fol lowing s e c t i o n s  d e s c r i b e  t h e  r e s u l t s  
f o r  both types of r e a c t o r s  expressed i n  
a l l  t h e  above ways f o r  each of t h e  
consequence types considered. 

The probabili ty-consequence r e l a t i o n s h i p  
shown i n  these  curves and i n  t h e  ones 
t h a t  follow a r e  based on populat ion and 
weather d i s t r i b u t i o n s  a p p l i c a b l e  t o  t h e  
s i tes  a t  which t h e  f i r s t  1 0 0  r e a c t o r s  
w i l l  be loca t ed .  Thus, they r e p r e s e n t  
t h e  combined r i s k  from a l l  s i t es  and are 
no t  n e c e s s a r i l y  t h e  c o r r e c t  curves  f o r  a 
given p l a n t  on a given s i te .  

For example, a p l a n t  on a very low popu- 
l a t i o n  s i t e  would have a d i f f e r e n t  curve 
than a p l a n t  on a very high populat ion 
s i te .  Therefore ,  t h e s e  curves should 
n o t  be used t o  estimate t h e  r i s k s  a t  
s p e c i f i c  s i tes .  

5.5.1 EARLY FATALITIES 

The p r o b a b i l i t y  of a c c i d e n t s  which pro- 
duce f a t a l i t i e s  versus  t h e  expected 
number of f a t a l i t i e s  w a s  c a l c u l a t e d  us- 
i ng  t h e  inpu t  d a t a  p rev ious ly  descr ibed.  
These r e s u l t s  a r e  shown i n  Fig.  5-3 f o r  
both t h e  PWR and t h e  BWR. The d i f f e r -  
ences between t h e  curves f o r  t h e  PWR and 
BWR are less than t h e  u n c e r t a i n t i e s  
i n h e r e n t  i n  t h e  c a l c u l a t i o n a l  method. 
Thus Fig.  5-3 a l s o  shows a curve which 
i s  t h e  average of t h e  two curves f o r  t he  
i n d i v i d u a l  r e a c t o r s  The u n c e r t a i n t i e s  
i n  t h e  va lues  of t h e  average curve are 
i n d i c a t e d  by t h e  foo tno te  on Fig.  5-3. 

A s  can be seen from t h e  averaged curve,  
t he  p r o b a b i l i t y  of an a c c i d e n t  t h a t  re- 
s u l t s  i n  more than 1 0  f a t a l i t i e s  i s  
p r e d i c t e d  t o  be about 3 x 10-7  per  
r eac to r -yea r .  Thus, i n  3 , 0 0 0 , 0 0 0  reac- 
t o r -yea r s  of o p e r a t i o n  i n  p l a n t s  of t h i s  
t ype ,  d i s t r i b u t e d  over  s i tes  s i m i l a r  t o  
c u r r e n t  U.S. s i tes ,  one such event  would 
be expected on t h e  average. Accidents 
involving 1 0 0  o r  more f a t a l i t i e s  a r e  
p r e d i c t e d  t o  have a p r o b a b i l i t y  of about 

and would be expected on the  
average t o  occur only once i n  1 0  m i l l i o n  

'In averaging , t h e  two i n d i v i d u a l  curves  
are weighted t o  account f o r  t h e  f a c t  
t h a t  t h e r e  a r e  about twice a s  many 
PWR's as ,BWR's  i n  t h e  1 0 0  r e a c t o r s  
covered by t h i s  study. 

r e a c t o r  yea r s  of ope ra t ion .  The l a r g e s t  
number of f a t a l i t i e s  a r e  p red ic t ed  t o  be 
about 3300 and have a p r o b a b i l i t y  of 
about one i n  a b i l l i o n  per  
r eac to r -yea r .  

The p r o b a b i l i t y  va lues  from Fig. 5-3 can 
be thought of a s  being comprised of fou r  
c o n t r i b u t i n g  f a c t o r s ;  t he  abso lu te  prob- 
a b i l i t y  of c o r e  m e l t ,  t he  r e l a t i v e  
p r o b a b i l i t y  of va r ious  r a d i o a c t i v e  
r e l e a s e  c a t e g o r i e s  following co re  m e l t ,  
t h e  p r o b a b i l i t y  of t h e  e x i s t i n g  weather 
cond i t ions  and t h e  p r o b a b i l i t y  t h a t  a 
p a r t i c u l a r  populat ion d e n s i t y  w i l l  be 
exposed. 

Since t h e  consequences r e s u l t  only from 
p o t e n t i a l  co re  m e l t  a cc iden t  sequences, 
t h e  p r o b a b i l i t y  of c o r e  m e l t  a f f e c t s  t he  
a b s o l u t e  value of t h e  p r o b a b i l i t y  scale 
b u t  no t  t h e  shape of t h e  curve.  Changes 
i n  t h i s  p r o b a b i l i t y  would p r i n c i p a l l y  
a f f e c t  mu l t ip ly ing  t h e  s c a l e  by a con- 
s t a n t  f a c t o r .  The shape of t h e  curve 
would be p r i n c i p a l l y  determined by t h e  
o t h e r  t h r e e  f a c t o r s .  Thus, t h e  l a r g e s t  
consequences involve t h e  simultaneous 
occurrence of t h e  l a r g e s t  r e l e a s e  ca t e -  
gory,  t h e  worst  w e a t h e r ,  and the  wind 
blowing i n  t h e  d i r e c t i o n  of one of t h e  
high populat ion d e n s i t y  sectors. Since 
t h e  poores t  wea the r  occu r s  less than 10% 
of  t h e  t i m e ,  high populat ion d e n s i t i e s  
occur i n  less than 1% of t h e  s e c t o r s ,  
and t h e  l a r g e s t  r e l e a s e  occur s  i n  
somewhat less than 1 0 %  of t h e  c o r e  m e l t  
c a s e s ,  t h e  l a r g e s t  consequences would be 
expected t o  occur with a p r o b a b i l i t y  of 
less than one i n  1 0 , 0 0 0  fol lowing a c o r e  
m e l t  a cc iden t .  S ince ,  as i n d i c a t e d  i n  
Appendix V I  a p o t e n t i a l  c o r e  m e l t  ac- 
c i d e n t  has a p r o b a b i l i t y  of about 
5 x t h e  p r o b a b i l i t y  of t h e  l a r g e s t  
consequence even t s  i s  i n  t h e  range of 
lo-' per  r eac to r -yea r  a s  shown i n  Fig.  
5-3. 

Add i t iona l  p e r s p e c t i v e  can be gained on 
t h e  meaning of t h e  co re  m e l t  p r e d i c t i o n  
from t h e  c o n s i d e r a t i o n s  l i s t e d  below. 
I t  should be noted t h e s e  c o n s i d e r a t i o n s  
were not  used i n  t h e  s t u d y ' s  c a l c u l a -  
t i o n s .  

a. Counting commercial and m i l i t a r y  
power r e a c t o r s  , t h e r e  have been 
almost 2000  r eac to r -yea r s  of experi-  
ence with no nuc lea r  a c c i d e n t s  
a f f e c t i n g  t h e  pub l i c .  This sugges t s  
t h a t  t he  l i k e l i h o o d  of an acc iden t  
i s  less than 10-3 p e r  r eac to r -yea r .  

b. Examination of a c c i d e n t  experience 
i n  many f i e l d s  sugges t s  t h a t  l a r g e  
a c c i d e n t s  occur with much lower 
frequency than small  acc iden t s .  
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This  can be seen from t h e  many 
consequence curves  shown i n  Chapter 
6 f o r  both man-made and n a t u r a l  
events .  They show cont inuous de- 
creases i n  frequency of occurrence 
a s  t h e  consequences increase .  This  
happens because t h e  l a r g e s t  acc i -  
d e n t s ,  as i s  t r u e  wi th  many o t h e r  
low p r o b a b i l i t y  processes ,  r e q u i r e  
t h e  s imultaneous occurrence of 
s e v e r a l  u n l i k e l y  random events .  

c. Since power r e a c t o r s  have n o t  y e t  
had even s m a l l  a c c i d e n t s ,  or s i t u -  
a t i o n s  t h a t  have r e s u l t e d  i n  ab- 
normally high f u e l  tempera tures ,  
t h i s  again sugges ts  t h a t  c o r e  m e l t -  
i n g  should be much less l i k e l y  than 
10-3 p e r  reac tor -year  and t h a t  
l a r g e r  a c c i d e n t s  should have an even 
smaller frequency. I t  should be 
noted t h a t  t h e r e  i s  only a f a c t o r  of 
2 0  i n  p r o b a b i l i t y  between a va lue  of 
10-3 and t h e  p r e d i c t e d  va lue  of  
5 x 10-5 p e r  r e a c t o r  year .  

Based on t h e s e  arguments it i s  
reasonable  t o  b e l i e v e  t h a t  t h e  c o r e  m e l t  
p r o b a b i l i t y  p r e d i c t e d  by t h i s  s tudy 
should n o t  be s i g n i f i c a n t l y  l a r g e r .  

Given t h e  p r o b a b i l i t y  of c o r e  m e l t  a t  
about  5 x 10-5 p e r  y e a r ,  t h e  p r o b a b i l i t y  
of a c c i d e n t s  wi th  f a t a l i t i e s  g r e a t e r  
than  1 0  i s  3 x 10-7/5 x 10-5 = 0.006 
t h a t  t h e  consequence w i l l  be l a r g e r  than  
1 0  f a t a l i t i e s .  Sa id  another  way, 1 o u t  
of 1 7 0  c o r e  m e l t  a c c i d e n t s  a r e  p r e d i c t e d  
t o  cause more than  1 0  f a t a l i t l e s .  
S i m i l a r l y  1 o u t  of 500 core  m e l t  acci- 
d e n t s  are p r e d i c t e d  t o  cause more than  
1 0 0  f a t a l i t i e s .  

The societal  r i s k s  f o r  e a r l y  f a t a l i t i e s  
a r e  obta ined  from a p r o b a b i l i t y  weighted 
average of t h e  consequences. T h i s  aver-  
age va lue  is 3 x 10-5 d e a t h s  p e r  
reac tor -year  and i s  e s s e n t i a l l y  t h e  same 
f o r  both types  of p l a n t s .  However, such 
an average can have r e a l  meaning only  
when it i s  r e p r e s e n t a t i v e  of many repe- 
t i t i v e  events .  While t h i s  i s  n o t  t h e  
case for  t h e s e  l o w  p r o b a b i l i t y  r e a c t o r  
a c c i d e n t s ,  t h e  use of such a c a l c u l a t e d  
average . can be of some va lue  i n  
comparing r e a c t o r  a c c i d e n t  r i s k s  t o  
o t h e r  s o c i e t a l  r i s k s  involv ing  acci- 
dents .  Such comparisons w i l l  be made i n  
Chapter 6 .  

An i n d i v i d u a l  r i s k  could be obta ined  by 
d i v i d i n g  t h e  s o c i e t a l  r i s k  by t h e  U.S. 
PO u l a t i o n .  This  g i v e s  3 x 10-5/2 x 
105  2 2 x 10-13 p e r  person p e r  r e a c t o r -  
year .  However, s i n c e  f a t a l i t i e s  are 
only  expected w i t h i n  25 m i l e s  of t h e  
r e a c t o r  s i t e ,  a more meaningful number 

may be t h e  i n d i v i d u a l  r i s k  t o  t h e  
approximately 15 m i l l i o n  people l i v i n g  
w i t h i n  25  m i l e s  of nuc lear  si tes.  This  
g i v e s  an avera  e i n d i v i d u a l  r i s k  of 
3 x 10-5/15 x 10% = 2 x 10-12 p e r  person 
p e r  reac tor -year .  The i n d i v i d u a l  r i s k  
as a f u n c t i o n  of d i s t a n c e  from t h e  
r e a c t o r  i s  es t imated  i n  Appendix V I .  

5.5.2 TABULAR SUMMARY OF RESULTS 

The previous s e c t i o n ,  5.5.1, p resented  
t h e  e a r l y  f a t a l i t y  consequences as a 
f u n c t i o n  of p r o b a b i l i t y  f o r  a c c i d e n t s  i n  
PWRs and BWRs and a l s o  presented  an 
average of t h e  two curves.  S imi la r  
curves  w i l l  be presented  i n  t h e  s e c t i o n s  
which fol low f o r  t h e  o t h e r  consequences. 
This  s e c t i o n  summarizes t h i s  consequence 
d a t a  i n  t a b u l a r  form f o r  t h e  convenience 
of  t h e  reader .  Table 5-4 shows t h e  
e a r l y  f a t a l i t i e s ,  e a r l y  i n j u r i e s ,  pro- 
p e r t y  damage, and land  a r e a  r e q u i r i n g  
decontamination o r  r e l o c a t i o n  of people 
a s  a f u n c t i o n  of p r o b a b i l i t y .  Table 5-5 
covers  l a t e n t  cancer  f a t a l i t i e s ,  t h y r o i d  
i l l n e s s  and g e n e t i c  e f f e c t s .  These 
t a b l e s  show p r o b a b i l i t i e s  f o r  having 
consequences g r e a t e r  than  t h e  v a l u e s  
l i s t e d  and each consequence i s  d iscussed  
i n  g r e a t e r  d e t a i l  i n  t h e  s e c t i o n s  which 
f 01 low. 

5.5.3 EARLY ILLNESSES 

Ear ly  i l l n e s s  i s  d e f i n e d  i n  t h i s  s tudy  
t o  be those  i l l n e s s e s  which r e q u i r e  
medical  a t t e n t i o n  s h o r t l y  a f t e r  t h e  ac- 
c i d e n t ;  some of t h e s e  w i l l  r e q u i r e  
cont inuing  t rea tment .  The most impor- 
t a n t  i l l n e s s  i n  t h i s  ca tegory  i s  
r e s p i r a t o r y  impairment. C a l c u l a t i o n s  
showed t h a t  t h e  r a t i o  of e a r l y  i l l n e s s e s  
t o  e a r l y  f a t a l i t i e s  i s  approximately 15 
i n  l a r g e  p o t e n t i a l  a c c i d e n t s .  The 
p r o b a b i l i t y  d i s t r i b u t i o n  f o r  i l l n e s s  i s  
shown i n  Fig.  5 - 4 .  Some a d d i t i o n a l  
temporary i l l n e s s e s  are d iscussed  i n  
Appendix V I .  

5.5.4 LONG-TERM' HEALTH EFFECTS 

Exposure t o  even l o w  l e v e l s  of r a d i a -  
t i o n ,  i n  a d d i t i o n  t o  t h e  n a t u r a l  back- 
ground of r a d i a t i o n  t h a t  e x i s t s ,  i s  
g e n e r a l l y  be l ieved  t o  i n c r e a s e  t h e  
l i k e l i h o o d  of c e r t a i n  d i s e a s e s  and t o  
i n c r e a s e  c e r t a i n  g e n e t i c  e f f e c t s .  Since 
t h e s e  e f f e c t s  may be evidenced many 
y e a r s  a f t e r  t h e  exposure,  they a r e  
c l a s s e d  a s  long-term h e a l t h  e f f e c t s .  
These inc lude  l a t e n t  cancer  f a t a l i t i e s ,  
g e n e t i c  d e f e c t s ,  and t h y r o i d  i l l n e s s .  
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5.5.4.1 Laten t  Cancer F a t a l i t i e s .  

Radiation-induced cancers  can cause an 
i n c r e a s e  i n  the  number of o t h e r  cancer  
f a t a l i t i e s  i n  the  exposed popula t ion .  
The B E I R  Report (Ref. 8 )  cons ide r s  t h i s  
ques t ion  and concludes t h a t  an upper 
bound on t h e  number of such cancers  t h a t  
might occur a f t e r  t h e  exposure can be 
obta ined  by us ing  a l i n e a r  e x t r a p o l a t i o n  
from high exposure da t a .  The s tudy 
bene f i t ed  from t h e  advice  of a pane l  of 
h e a l t h  c o n s u l t a n t s  which unanimously 
recommended t h a t  t he  l i n e a r  hypothes is  
be used only as  an upper bound and t h a t  
a more r e a l i s t i c  e s t ima te  be used which 
accounted f o r  t h e  f a c t  t h a t  exposure 
from a r e a c t o r  acc iden t  would be predom- 
i n a n t l y  gamma r a d i a t i o n  of low magni- 
tudes  de l ive red  a t  l o w  dose r a t e s .  

The panel  f e l t  t h a t ,  a l though t h e r e  is  
no t  s u f f i c i e n t  evidence t o  j u s t i f y  t h e  
use of a th re sho ld  dose,  t h e r e  i s ,  
however, enough evidence t o  j u s t i f y  t h e  
use of lower dose-response e f f e c t i v e n e s s  
app l i cab le  t o  l o w  dose rates and/or l o w  
t o t a l  doses.  The assignment of such 
f a c t o r s  i s  d iscussed  i n  Appendix V I  and 
they have been used i n  t h e  s t u d y ' s  
c a l c u l a t i o n s .  

The e f f e c t  of t h i s  procedure i s  t o  lower 
t h e  o v e r a l l  B E I R  r e p o r t  es t imates  by 
about  a f a c t o r  of 2. However, t h e  
number of cancer  f a t a l i t i e s  w a s  pre- 
d i c t e d  i n  t h e  s t u d y ' s  consequence model 
by adding ind iv idua l  cancers  on an 
organ-by-organ b a s i s  r a t h e r  than  by 
bas ing  t h e  number on t h e  whole body 
dose. I n  gene ra l ,  t h i s  change increased  
the  number by about  a f a c t o r  of t w o .  
The o v e r a l l  e f f e c t  of t h e s e  two changes 
w a s  t o  g ive  a t o t a l  number of p red ic t ed  
cancers  t h a t  i s  equ iva len t  t o  about  1 0 0  
cancer  f a t a l i t i e s  p e r  106 man-rem, based 
on a whole body dose. F igure  5-5 i s  a 
p l o t  of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of 
l a t e n t  cancer  f a t a l i t i e s  pe r  year  m o s t  
of which could occur approximately over  
a per iod  of 1 0  t o  4 0  yea r s  fol lowing a 
p o t e n t i a l  acc iden t .  I n  t h e  l a r g e s t  ac- 
c i d e n t  p red ic t ed  i n  t h e  s tudy  t h e  1500 
l a t e n t  cancer  f a t a l i t i e s  would be d i s -  
t r i b u t e d  over  approximately 1 0  m i l l i o n  
people.  The normal inc idence  r a t e  of 
f a t a l  cancer  i n  t h i s  popula t ion  is about  
17,000 (Ref. 9 )  pe r  year .  Thus t h e  
l a r g e s t  p o t e n t i a l  acc iden t  would repre-  
s e n t  an inc rease  over  t h e  normal r a t e  of 
1500/17000, or about  9%.  This  e f f e c t  
would probably not  be measurable s ta t i s -  
t i c a l l y  because of t h e  l a r g e  v a r i a t i o n s  
i n  t h e  normal rate. 

The p r o b a b i l i t y  of 500. l a t e n t  cancer 
f a t a l i t i e s / y r  o r  more i s  about  l o m 7  p e r  

reac tor -year .  Thus 80% of core m e l t s  
are p red ic t ed  t o  cause less than 500 
l a t e n t  cancers /yr .  

5.5.4.2 Thyroid Nodules 

I t  has been observed t h a t  r a d i a t i o n  
exposure of t h e  thy ro id  gland inc reases  
t h e  l i k e l i h o o d  of t hy ro id  nodules.  On 
the  average,  cons ider ing  d i f f e r e n t  age 
groups,  about  1 / 3  of a l l  nodules  would 
be malignant.  Both types  of nodules  can 
be medical ly  t r e a t e d  wi th  good success .  
I n  t h i s  s tudy ,  it has been assumed t h a t  
1 0 %  o f s t h e  malignant  nodules  w i l l  have a 
f a t a l  outcome and t h i s  number has been 
added t o  t h e  number of l a t e n t  cancer  
f a t a l i t i e s .  F igure  5-6 p re sen t s  t h e  
inc idence  r a t e  f o r  a l l  nodules.  This 
r a t e  would be expected t o  p r e s i s t  from 
about 1 0  t o  40 yea r s  a f t e r  t h e  acc iden t  
on t h e  average. In  t h e  l a r g e s t  acc iden t  
p red ic t ed  i n  t h i s  s tudy ,  t h e  8000  cases  
per  year  would be d i s t r i b u t e d  over  about  
10 m i l l i o n  people.  The normal annual 
inc idence  rate of nodules  i n  t h i s  popu- 
l a t i o n  is  about  8000  per  year .  Thus t h e  
l a r g e s t  acc iden t  would approximately 
double t h e  normal inc idence  ; t h i s  e f f e c t  
would be d e t e c t a b l e  i n  t h e  popula t ion  a t  
r i s k .  

A s  noted i n  Appendix V I  hypothyroidism 
may a l s o  r e s u l t  from i r r a d i a t i o n  i n  s o m e  
cases. Hypothroidism i s  a de f i c i ency  of 
t hy ro id  a c t i v i t y  which occurs  sponta- 
nously and may be induced by i r r a d i a t i o n  
of t h e  thyro id .  Hyperthyroidism (over- 
a c t i v i t y  of t h e  thy ro id  g land)  and 
thy ro id  cancer  a r e  o f t e n  t r e a t e d  by 
admin i s t e r ing  t o  t h e  p a t i e n t  a dose of  
iodine-131 which, taken up by t h e  
t h y r o i d ,  reduces t h e  thy ro id  func t ion  
and des t roys  t h e  cancerous cel ls .  A 
hypothyroid person i s  normally pre- 
s c r ibed  replacement thy ro id  hormones 
which are taken o r a l l y  and are inexpen- 
s i v e ,  e f f e c t i v e  and s a f e .  Nei ther  t h e  
B E I R  r e p o r t  or UNSCEAR provide r i s k  
estimates f o r  hypothyroidism. Based on 
t h e  l i m i t e d  d a t a  p r e s e n t l y  a v a i l a b l e  and 
on t h e  f a c t  t h a t  it may no t  be 
a p p l i c a b l e  t o  t h e  gene ra l  popula t ion  as 
summarized i n  Appendix V I ,  t h e  s tudy  has  
roughly es t imated  t h a t  t h e  number of 
cases of hypothroidism may be of t h e  
same orde r  as the  number of nodules.  A 
more d e f i n i t e  estimate must await 
f u r t h e r  work. 

5.5.4.3 Genet ic  E f f e c t s  

Genet ic  mutat ions can occur  spontaneous- 
t y ,  from unknown causes ,  or  'can be 
induced by a v a r i e t y  of phys i ca l  o r  
chemical agen t s ,  one of which i s  
ion iz ing  r a d i a t i o n .  The e f f e c t s  of 
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mutat ions can be very obvious,  e.g. 
a l b i  n i  s m  , o r  d e t e c t a b l e  only by 
l a b o r a t o r y  tests;  they can be so s l i g h t  
as t o  be n e i t h e r  i n c a p a c i t a t i n g  nor 
d i s f i g u r i n g  o r  so seve re  as t o  produce 
pronounced l i f e  sho r t en ing  i n  a s m a l l  
percentage of t he  cases. The e f f e c t  of 
r a d i a t i o n  i s  t o  i n c r e a s e  t h e  mutation 
rate but  g e n e t i c  d i s o r d e r s  t h a t  would 
arise from radiat ion-induced mutation 
would no t  d i f f e r  from those  t h a t  have 
been o c c u r r i n g  n a t u r a l l y  f o r  a s  long a s  
man has e x i s t e d .  The i n c r e a s e s  i n  
g e n e t i c a l l y  caused d i s e a s e s  expected f o r  
a p a r t i c u l a r  exposure have been 
summarized i n  Appendix V I  based on 
estimates from s e v e r a l  sources.  

The p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  
number of g e n e t i c  e f f e c t s  t h a t  might 
occur a r e  given i n  Fig.  5-7. In  t h i s  
curve t h e  g e n e t i c  e f f e c t s  pe r  year apply 
t o  t h e  f i r s t  gene ra t ion  and would occur 
over  about a 30 year  pe r iod .  Add i t iona l  
g e n e t i c  e f f e c t s  could a l s o  occur i n  
l a t e r  gene ra t ions .  The t o t a l  e f f e c t  can 
be  c a l c u l a t e d  approximately by assuming 
t h a t  t h e  f i r s t  gene ra t ion  r a t e  would 
p e r s i s t  f o r  about  1 5 0  yea r s .  The number 
of cases of g e n e t i c  d e f e c t s  t h a t  could 
be produced by the  l a r g e s t  acc iden t  
p r e d i c t e d  i n  t h i s  s tudy i s  190/yr. 
Since t h e  normal incidence r a t e  of 
g e n e t i c  e f f e c t s  i n  t h e  approximately 10 
m i l l i o n  people  a f f e c t e d  i s  approximately 
8000 p e r  y e a r ,  t h e  1 9 0  c a s e s  pe r  year  
would r e p r e s e n t  an inc rease  i n  t h e  
normal r a t e  of approximately 2 % .  

5.5.5 PROPERTY DAMAGE 

The p rope r ty  damage model provides  an 
approximate estimate of  t h e  more s i g n i f -  
i c a n t  s o c i e t a l  c o s t s  t h a t  might occur as 
t h e  r e s u l t  of a p o t e n t i a l  a c c i d e n t  i n  a 
nuc lea r  power p l a n t .  Although t h e  
damage t h a t  might occur i s  called 
prope r ty  damage, it m u s t  be recognized 
t h a t  no p rope r ty  loca t ed  off t h e  r e a c t o r  
s i t e  would be p h y s i c a l l y  damaged; r a t h e r  
it may become s u f f i c i e n t l y  contaminated 
with r a d i o a c t i v e  material  so t h a t  i t s  
use fu lness  is  t empora r i ly  o r  permanently 
impaired. This  means t h a t  be fo re  it 
would become u s e f u l  aga in ,  t h e  radioac-  
t i v i t y  must decay o r  weather away u n t i l  
it reaches accep tab le  l e v e l s  o r  
decontamination a c t i o n  must be taken t o  
achieve t h e s e  l e v e l s .  The p rope r ty  
damage model cons ide r s  t h e  e f f e c t s  of 
both decay and decontamination. 

The p o t e n t i a l  c o s t s  t o  s o c i e t y  con- 
s i d e r e d  i n  t h e  model are accumulated 
from f i v e  sources .  They a r e  t h e  c o s t  of 
1) evacuat ing people t o  reduce t h e i r  
exposures t o  t h e  r a d i o a c t i v i t y  r e l e a s e d  

2 )  t h e  temporary r e l o c a t i o n  of people  
who may be i n  an area t h a t  i s  
contaminated t o  h ighe r  t han  accep tab le  
l e v e l s  f o r  long-term occupat ion,  3 )  de- 
contamination of t h i s  area, 4 )  prope r ty  
t h a t  cannot  reasonably be decontami- 
na t ed  and 5) a g r i c u l t u r a l  products  f o r  
a growing season,  i f  t h e  contamination 
l e v e l s  w e r e  t o  be high enough t o  p reven t  
t h e i r  use .  The t r ea tmen t  of each of 
t h e s e  e f f e c t s  i s  d i scussed  i n  d e t a i l  i n  
Appendix V I .  

The major c o n t r i b u t o r  t o  t h e  o v e r a l l  
c o s t  would be from those  a r e a s  where 
reasonable  decontamination procedures 
could no t  reduce l e v e l s  of  r a d i o a c t i v i t y  
t o  accep tab le  l e v e l s  of dose. I n  t h i s  
s tudy an accep tab le  dose l e v e l  w a s  
chosen t o  be 2 5  r e m  i n  30 y e a r s  f o r  
urban a r e a s  and 1 0  rem i n  30 yea r s  f o r  
areas where the  popu la t ion  d e n s i t y  i s  
low.' These va lues  a r e  based on concepts  
contained i n  t h e  Federal  Radiat ion 
Council (Ref. 10,ll) and B r i t i s h  Medical 
Research Council (Ref. 1 2 )  p u b l i c a t i o n s  
which s t a t e  t h a t  t h e  1 0  o r  15  r e m  
r e f e r e n c e  dose i s  one below which 
countermeasures are u n l i k e l y  t o  be 
j u s t i f i e d .  When a r a d i a t i o n  dose 
appears  l i k e l y  t o  exceed t h e  r e fe rence  
dose,  a balance should be achieved 
between t h e  r i s k  t o  t h e  community from 
r e l o c a t i o n  versus  t h e  r i s k  due t o  some 
inc reased  exposure. 

The d o l l a r  c o s t s  charged f o r  permanent 
r e l o c a t i o n  a r e  on t h e  b a s i s  of 
$17,00O/capita t o  account f o r  value of 
p r o p e r t y ,  land and r e l o c a t i o n  c o s t s .  A 
somewhat l a r g e r  land a r e a  than t h e  
r e l o c a t i o n  a r e a  w i l l  remain h a b i t a b l e ,  
b u t  w i l l  r e q u i r e  some decontamination. 
T h i s  decontamination can range from a 
simple washing (which may y i e l d  decon- 
taminat ion f a c t o r s  of 2 )  t o  more 
thorough procedures which w i l l  y i e l d  a 
decontamination factor of about 2 0 .  The 
model assumes t h a t ,  should an a c c i d e n t  
occur ,  such measures w i l l  be regarded a s  
reasonable  and w i l l  be implemented where  
a p p r o p r i a t e ,  t hus  reducing t h e  a r e a  t h a t  
cannot  be inhab i t ed .  The c o s t  f o r  
thorough decontamination i s  e s t ima ted  t o  
be about 1 0 %  of t h e  va lue  of t he  
p rope r ty  and i s  included i n  t h e  o v e r a l l  
p rope r ty  damage estimate. 

A g r i c u l t u r a l  c o s t s  are a s ses sed  by 
determining t h e  f r a c t i o n  of land ( i n  
each s t a t e )  t h a t  i s  i n  a g r i c u l t u r a l  
product ion and determining t h e  value of 
any l o s t  crops.  Milk product ion f o r  a 
few weeks t o  a few months i s  very 
s e n s i t i v e  t o  r ad io iod ine  contamination 
so it i s  t r e a t e d  by a s e p a r a t e  
c a l c u l a t i o n .  A g r i c u l t u r a l  c o s t s  a r e  a 
minor c o n t r i b u t o r  t o  o v e r a l l  p rope r ty  
damage. 
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The p r e d i c t e d  p rope r ty  damage c o s t s  a r e  
shown i n  Fig.  5-8. The curve shows t h a t  
80% of a l l  c o r e  m e l t  c a ses  would have 
damage c o s t s  of less than $300  m i l l i o n  
and t h a t  99% would have c o s t s  less than 
$4  b i l l i o n .  These curves a r e  considered 
t o  r e p r e s e n t  a conse rva t ive  es t imate  of 
t h e  c o s t s  because t h e  e f f e c t s  of wind 
d i r e c t i o n  change and wind shea r  are not  
accounted f o r  by t h e  consequence model. 
The i n c l u s i o n  of t h e s e  e f f e c t s  would 
tend t o  reduce the  land a r e a  t h a t  might 
be contaminated t o  higher  than accept-  
a b l e  l e v e l s .  

Figure 5-9 shows t h e  p r o b a b i l i t y  d i s t r i -  
bu t ion  of land a r e a  a f f e c t e d  f o r  t h e  two 
c o n d i t i o n s  descr ibed above. The h ighe r  
curve i s  an a r e a  from which people would 
no t  be r e l o c a t e d  bu t  i n  which decontami- 
n a t i o n  would be r equ i r ed .  The lower 
curve i s  an a r e a  from which people would 
have t o  be r e loca ted .  Although a por- 
t i o n  of t h i s  a r e a  would become u s e f u l  
a f t e r  decontamination, t h e  d o l l a r  damage 
estimates inco rpora t ed  t h e  t o t a l  va lue  
of s t r u c t u r e s  and land w i t h i n  t h i s  a r e a .  

The a r e a s  i n  Fig.  5-9 are c a l c u l a t e d  on 
t h e  basis of t h e  accep tab le  l e v e l  of 
dose f o r  cont inued occupat ion of 25 rem 
i n  30 yea r s .  A s  i s  shown i n  Appendix 
V I ,  on the  average, i f  t h i s  l e v e l  were 
t o  be inc reased  t o  50 r e m ,  t h e  a r e a s  
shown i n  these  curves would be reduced 
by a f a c t o r  of 4 ;  however, t h i s  would 
cause  about a 1 0 %  i n c r e a s e  i n  l a t e n t  
cance r s  and g e n e t i c  e f f e c t s .  S i m i l a r l y ,  
a decrease t o  1 0  r e m  would i n c r e a s e  the  
a r e a  by a f a c t o r  of 2.5 and dec rease  t h e  
l a t e n t  cancers  and g e n e t i c  e f f e c t s  by 
about 1 0 % .  

I t  can be seen from Fig. 5-9, t h a t  i n  
8 0 %  of a l l  p o t e n t i a l  co re  m e l t  a cc i -  
d e n t s ,  t h e  a r e a  t h a t  might r e q u i r e  
r e l o c a t i o n  i s  less than 20 square miles 
and t h e  a r e a  r e q u i r i n g  decontamination 
i s  less than  400  square m i l e s .  

I t  can be seen from Fig. 5-9, t h a t  i n  
8 0 %  of a l l  p o t e n t i a l  c o r e  m e l t  acci- 
d e n t s ,  t h e  area t h a t  might r e q u i r e  
r e l o c a t i o n  i s  less than 2 0  square m i l e s  
and t h e  area r e q u i r i n g  decontamination 
is.1es.s than 400 square m i l e s .  

I n  o r d e r  t o  keep r a d i o a c t i v i t y  o u t  of  
t he  human food cha in  it would be 
necessary t o  impound c e r t a i n  a g r i c u l -  
t u r a l  products  over  a somewhat l a r g e r  
area. The most s e n s i t i v e  a g r i c u l t u r a l  
product  i s  milk and t h e  area over  which 
milk would have t o  be monitored f o r  a 
few weeks t o  a few months i s  about 5 
t i m e s  l a r g e r  than t h e  decontamination 

curve.  The c o s t s  a s s o c i a t e d  with these  
a g r i c u l t u r a l  products  i s  less than 5% of 
t h e  t o t a l  c o s t .  

The e f f e c t s  of contamination of water 
s u p p l i e s  have n o t  been considered i n  
d e t a i l  i n  t h e  study. I n  t h e  case of 
streams and r i v e r s  t h e  e f f e c t  of contam- 
i n a t i o n  of water t o  l e v e l s  of radioac-  
t i v i t y  above d r ink ing  water t o l e r a n c e s  
would be t o  r e s t r i c t  u s e  of t h e  water 
during t h e  pe r iod  t h a t  contaminated 
water would flow p a s t  water supply 
in t akes .  This  type of c o n t r o l  procedure 
should have s m a l l  e f f e c t s  on pub l i c  
hea l th .  Contamination of a water supply 
r e s e r v o i r  would r e q u i r e  t h a t  an a l t e r -  
n a t e  supply be used u n t i l  t h e  radioac- 
t i v e  l e v e l s  decayed t o  d r ink ing  water 
l e v e l s  o r  u n t i l  t h e  c i t y  water supply 
can adequately f i l t e r  t o  achieve 
accep tab le  l e v e l s .  Contamination of a 
l a r g e  l a k e  o r  r e s e r v o i r  t h a t  r ep resen ted  
t h e  major water supply t o  a c i t y  would 
r e q u i r e  r e s t r i c t i o n s  on i t s  u s e  u n t i l  
l e v e l s  w e r e  s u i t a b l y  low o r  u n t i l  proper  
f i l t e r i n g  could be implemented. I t  i s  
be l i eved  t h a t  t h e  p rope r ty  damage va lues  
c a l c u l a t e d  f o r  land would cover t h e  
c o s t s  of a d d i t i o n a l  w a t e r  f i l t r a t i o n  
when it i s  r equ i r ed .  

5.6 ACCDENT RISKS DUE TO 100 
NUCLEAR POWER PLANTS 

The r i s k s  r e p o r t e d  i n  t h e  p rev ious  sec- 
t i o n s  were on a p e r  p l a n t  b a s i s .  An 
e s t i m a t e  o f  t h e  t o t a l  r i s k  t o  s o c i e t y  o f  
1 0 0  r e a c t o r s  o p e r a t i n g  a t  t h e  c u r r e n t l y  
a s s igned  sites can be ob ta ined  by 
m u l t i p l y i n g  t h e  PWR and t h e  BWR cu rves  
by t h e  number o f  each type of p l a n t  i n  
t h e  popu la t ion  o f  1 0 0  and then adding 
t h e  r e s u l t .  However, t h e  d i f f e r e n c e s  i n  
t h e  c a l c u l a t i o n  o f  t h e  r i s k s  involved i n  
t h e  two p l a n t s  a r e  w e l l  w i t h i n  t h e  
u n c e r t a i n t i e s  involved i n  t h e  a n a l y s i s ,  
so  t h e  t o t a l  r i s k  has  been ob ta ined  by 
t ak ing  t h e  weighted average of  t h e  PWR 
and BWR r e s u l t s  and mul t ip ly ing  t h e  
r e s u l t  by 100 .  

I t  must be  recognized t h a t  t h e r e  are 
c e r t a i n  assumptions invo lved  i n  expand- 
i n g  t h e  r e s u l t s  t o  inc lude  100  r e a c t o r s  
which r e q u i r e  d i scuss ion .  Such a proce- 
du re  assumes t h a t  a l l  r e a c t o r s  i n  t h e  
populat ion have t h e  same o v e r a l l  r i s k .  
As d i s c u s s e d  i n  Chapter 2 ,  t echno log ie s  
t y p i c a l l y  show improvements i n  t h e i r  

p o i n t e d  o u t  i n  Chapter 1, s i n c e  about 
two t h i r d s  o f  t h e  first 100  l a r g e  p l a n t s  
w i l l  be o f  newer v in t age  than t h e  p l a n t s  
s t u d i e d ,  it would be expected t h a t  t h i s  
s t u d y  h a s  somewhat over-predicted t h e  
r i s k .  Furthermore,  improvements i n  
r e l i a b i l i t y  and s a f e t y  can reasonably be 

s a f e t y  as  a f u n c t i o n  o f  t i m e .  As 
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a n t i c i p a t e d  d u r i n g  t h e  n e x t  decade o r  
more as a r e s u l t  of o p e r a t i n g  exper ience  
and improved designs.  These improve- 
m e n t s  (some o f  which are a l r e a d y  i n c o r -  
p o r a t e d  i n  newer p l a n t s )  make it 
i n a p p r o p r i a t e  t o  ex tend  t h e  r e s u l t s  o f  
t h i s  s t u d y  t o  more than 100  p l a n t s  o r  
beyond a 5-10 y e a r  per iod .  

Using t h e  process  d e s c r i b e d  above, t h e  
p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  v a r i o u s  
a c c i d e n t  consequences s imi la r  t o  t h o s e  

shown e a r l i e r  f o r  1 r e a c t o r  can be 
obta ined  f o r  100 reactors. Table 5-6 
shows t h e  approximate annual  s o c i e t a l  
and i n d i v i d u a l  r i s k s  due t o  p o t e n t i a l  
n u c l e a r  p l a n t  a c c i d e n t s  f o r  1 0 0  r e a c t o r s  
l o c a t e d  a t  t h e  68 s i tes  used i n  t h e  
s tudy.  Tables  5-7 and 5-8 p r e s e n t  t h e  
var ious  consequences vs. p r o b a b i l i t y  fo r  
1 0 0  r e a c t o r s .  These show p r o b a b i l i t i e s  
f o r  having consequences g r e a t e r  than  t h e  
va lues  l i s t e d .  F i g u r e s  5-10 - 5-16 show 
t h e  v a r i o u s  consequence curves.  
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TABLE5-1 SUMMARY OF ACCIDENTS INVOLVING CORE! 

DURATION WARNING ELEVATION coNgiF 
FRACTION OF CORE INVENTORY RELEASED'~) 

TIME OF OF TIME FOR OF 
RELEASE P R o B ~ ~ ~ l T Y  RELEASS RELEASE EVACUATION RELEASE FE CATEGORY Reactor-Yr (Hr) (Hr) (Hr) (Meters) (10 Btu/Hr) Xe-Kr Org. I I Cs-Rb Te-Sb Ba-Sr Ru(~) La(') 

PWR 1 ~ x I O - ~  2.5 0.5 1.0 25 520(d) 0.9 6 ~ 1 0 - ~  0.7 0.4 0.4 0.05 0 . 4  ~ x I O - ~  

PWR 2 8x10-6 2.5 0.5 1.0 0 170 0.9 7 ~ 1 0 - ~  0.7 0.5 0 .3  0.06 0.02 ~ x I O - ~  
PWR 3 4 ~ 1 0 - ~  5.0 1.5 2.0 0 6 0.8 6 ~ l O - ~  0.2 0.2 0.3  0.02 0.03  ~ x I O - ~  

PWR 4 ~ x I O - ~  2.0 3.0 2.0 0 1 0.6 2xlOw3 0.09 0.04 0.03 ~ x I O - ~  ~ x I O - ~  ~ x I O - ~  

P m  5 7x1~-7 2.0 4 .0  1.0 0 0 . 3  0.3 2 ~ l O - ~  0 . 0 3  ~ X U J - ~  5 ~ 1 0 - ~  l ~ l O - ~  6 ~ 1 O - ~  T x ~ O - ~  

PWR 6 6 ~ 1 0 - ~  12.0 10.0 1.0 0 N/A 0 .3  2x1~-3 8x1~-4 1 x 1 ~ - 3  9x1~-5 7x1~-5 1x1~-5 

PWR 8 0.5 0.5 N/A 0 N/A 2x1~-3 5x10+ 1x1~-4 5x1~-4 1x1~-6 1x1~-8 0 0 

PWR 9 ~ x I O - ~  0.5 0.5 N/A 0 N/A 3 ~ 1 0 - ~  7x1~-9 1x1~-7 6x1~-7 lX10-' lX1o- l1 0 0 

PwR 7 4x1~-5 10.0 10.0 1.0 0 N/A 6 ~ 1 0 - ~  2 ~ l O - ~  Z X ~ O - ~  l ~ l O - ~  Z X ~ O - ~  1 ~ 1 0 - ~  1 ~ 1 0 - ~  2 ~ 1 0 - ~  

BWR 1 1 ~ 1 0 - ~  2.0 2.0 1.5 25 130 1.0 7 ~ 1 0 - ~  0.40 0.40 0.70 0.05 0.5 ~ x I O - ~  

BWR 2 6 ~ 1 0 - ~  30.0 3 .0  2.0 0 30 1.0 7x1Oh3 0.90 0.50 0.30 0.10 0.03 ~ x I O - ~  
BWR 3 2x1~-5 30.0 3.0 2.0 25 20 1.0 7 ~ 1 0 - ~  0.10 0.10 0.30 0.01 0.02 3x10-~ 

BWR 4 2 ~ 1 0 - ~  5.0 2.0 2.0 25 N/A 0.6 ~ x I O - ~  E x ~ O - ~  ~ x I O - ~  ~ x I O - ~  6 ~ 1 0 - ~  6 ~ l O - ~  l ~ l O - ~  

BWR 5 1x1~-4 3.5 5.0 N/A 150 N/A 5 ~ 1 0 - ~  2xlO-' 6x10-l1 4x10-' 8 ~ 1 0 - l ~  8 ~ 1 0 - l ~  0 0 

(a) A discussion of the isotopes used in the study is found in Appendix VI. 
mechanisms is found in Appendix VII. 

Background on the isotope groups and release 

(b) Includes Mo, Rh,  Tc, Co. 

(c) Includes Nd, Y, Ce, Pr, La, Nb, Am, Cm, Pu, Np, Zr. 

(a) 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. FELEASE CATEGORIES 
No C o r e  Melt RELEASE CATEGORIES core neit 

7 8 9 

AD-1- 
2x10'6 

1x10-6 
AH-E 

A - B  
2x1~-7 4 x ~ o - 9  

AHF-E 
3x10-' LARGE LOCA 

A AOF-E 
2x10-10 

I~IO-' 

~ K ~ I O - ~  
s -8  

3 ~ 1 0 - ~  

S10-E 
~ X I O - ~  

' ~ X I O - ~  
S H-E 

6 ~ 1 0 . ~  

S D-E 
29x10-6 

S H-E 
26x10-6 

A Probabilities 

s co-a s 0-6 
' 7 ~ 1 0 ' ~ ~  ~ X I O - ~ ~  

S F - a  S1"F-Y.ll 
13x10-10 6x10 

s c-a 
13x10'10 

SMALL U X A  

S1F-6 
3x10-' 

l 3x10- '  
s c-6 

j l  Probabilities 

2 2 x ~ ~ - 0  2 8 x 1 ~ - 9  

Ixlo-O 2x10-' 
j2H-B S2Co-E I 0-6 

26x10-8 

S 2 F - 6  
H-a I ~ I O - ~  I SHALL U X A  

s2 

S2HF-E 
lX10-' 

s2c-6 
2x10-6 

29x10-8 
S G-6 

3x10-' 2 ~ 1 0 - ~  t 5 Probabilities 

REACTOR VESSEL 
RUPTURE - R 

R Probabilities 

INTERFACING 
SYSTEMS L a 3  

(CHECK VALVE) - 3 
I v  ~ x I O - ~  

V Probabilities 

TML-E 
6 ~ 1 0 - ~  

~ X I O - ~  

TmQ-C-, 

TKQ-E 

1x10 

I~IO-' 

TRANSIENT 
N E N T  - T 

T Probabilities 

(E) S W T I O N  OF AL& ACCIDENT SEQUENCES PER RELEASE CATEGORY 

Note: The probabilities for each release category for each event tree and the 1 for all accident sequences are the median 
values of the dominant accident sequences s-d by Uonte Carlo simulation plus a lo\ 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 

A - Intermediate t o  large LOCA. 

B - Failure of e lec t r ic  power t o  ESFs. 

B' - Failure t o  recover e i ther  onsi te  o r  o f f s i t e  e l ec t r i c  power within about 1 to  3 hours following 
an in i t i a t ing  transient which is a loss  of o f f s i t e  AC power. 

C - Failure of the containment spray injection system. 

D - Failure of the emergency core cooling injection system. 

F - Failure of the containment spray recirculation system. 

G - Failure of the containment heat removal system. 

H - Failure of the emergency core cooling recirculation system. 

K - Failure of the reactor protection system. 

L - Failure of the secondary system steam re l ie f  valves and the auxiliary feedwater system. 

M - Failure of the secondary system steam re l i e f  valves and the power conversion system. 

Q - Failure of the primary system safety r e l i e f  valves t o  reclose a f t e r  opening. 

R - Massive rupture of the reactor vessel. 

S - A small LOCA with an equivalent diameter of about 2 t o  6 inches. 

S2 - A small LOCA with an equivalent diameter of about 1 / 2  t o  2 inches. 

T - Transient event. 

1 

V - LPIS check valve fai lure .  

a - Containment rupture due t o  a reactor vessel steam explosion. 

6 - Containment fa i lure  resul t ing from inadequate isolat ion of containment openings and penetrations. 

y - Containment fa i lure  due t o  hydrogen burning. 

6 - Containment fa i lure  due t o  overpressure. 

E - 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 

No Core Melt Core Melt 

RELEASE CATEGORIES 

3 

AE-Y 

AJ-Y 

1x1~-7 

1x10-8 

1x10+ 

lxlo-8 

AI-Y 

AHI-Y 

4 

AGJ-6 
6 ~ 1 0 - l ~  

7xlO-l' 

6xlO-l' 

REG-6 

AGHI-6 

1 .. . 
AE-a 

2 x 1 ~ - 9  

1x10-10 

lxl0-1~ 

lxlo-lo 

AJ-CI 

AHI-CI 

AI-O 

. .  

LARGE LOCA WMINANT 
ACCIDENT SEQUENCES (AI 

~ 

~ ~ l o - ~  

S E-a  
12x1~-9 

S 1 J 4  
3x10-10 

s I-a 

S HI-O-10 
' 4x10  

A Probabilities 1x1~-4 2x1~-7 

SE-Y 
1x1~-7 

SI J-Y 
3x10" 

s I-y 
'4x10" 

S1HI-Y_* 
2x10 

3x10-' 
SIC-Y 

2x104 

SlGJ-6- 
2x10 lo 

s 1GE-6- l o  

11x10 lo 

12x10-10 

2x10 

S EI-E- 

s GHI-6 

6xl@-' 

S1E-Y'-8 

1xlo-8 

M O - ~  

s11-Y--9 

4x10 

S1E-6 

SIJ-Y' 

7x10 

S1HI-Y_9 
6x10 

SMALL LOCA WMINANT 
ACCIDEIlT SEQUENCES IS1 

2x104 

S2CG-6-11 
6x10 

6x10 lo 
S,GHI-~ 

S2EG-6_,, 
3x10 

S2GJ-6 
~ x ~ O - ~ O  

~ ~ ~ 1 - 6  
2x10-10 

2x1~-7 

S2E-Y 

S2J-Y 

4x10-8 

8X10+ 

9x10-8 
s21-Y 

S2HI-Y-8 
9x10 

s c-Y 
28x1~-9 

9x10" 

S2E-Y 
1x10 

24x10-9 
S E-6 

S2J-Y* 
2x10+ 

2 x 1 0 4  
S21-Y 

S~HI-Y:~ 
2x10 

1x10-8 

21x1~-9 

21x1~-9 

s J-a 

s 1-0 

S2HI-O- 
1x10 

S E-O 
25x10-10 

S Probabilities 

SMALL LOCA DOMINANT 
ACCIDENT SEQUENCES IS2 

S Probabilities 4x10-' 2x10-6 

Tn-a 
2x10-7 

M O - ~  
TC-(1 

T Q w  -a_ 
5x10 

PWNSIENT WMINANT 
4CCIDENT SEQUENCES IT) 

T Probabilities 6 ~ 1 0 - ~  2x10-6 1x10+ 

PRESSURE VESSEL 
RUPTURE ACCIDENTS IRI 

P.V. RUPT. 

Oxidizing 
Atmospherf 

lxlo-~ 
P.V. RUPT 

iX10-7  
Non- 
ox id i z ing 
Atmosphere 

2x1~-9 1x10-8 2 x 1 0 4  R Probabilities 

SUMNATION OF ALL ACCIDENT SEQUENCES PER RELEASE CATEGORIES 

NOTE: The probabilities for each release category for each event tree and the z for all 
accident sequences a r e  the median values of the dominant accident sequecces 
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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KEY TO BWR ACCIDENT SEQUENCE SYMBOLS 

A - Rupture of reactor coolant boundary with an equivalent diameter of greater than six inches. 

B - Failure of electric power to ESFs. 

C - Failure of the reactor protection system. 

D - Failure of vapor suppression. 

E - Failure of emergency core cooling injection. 

F - Failure of emergency core cooling functionability. 

G - Failure of containment isolation to limit leakage to less than 100 volume per cent per day. 

H - Failure of core spray recirculation system. 

I - Failure of low pressure recirculation System. 

J - Failure of high pressure service water system. 
M - Failure of safety/relief valves to open. 
P - Failure of safety/relief valves to reclose after opening. 

Q - Failure of normal feedwater system to provide core make-up water. 

S1 - Small pipe break with an equivalent diameter of about 2"-6". 

S2 - Small pipe break with an equivalent diameter of about 1/2"-2" .  

T - Transient event. 
U - Failure of HPCI or RCIC to provide core make-up water. 
V - Failure of low pressure ECCS to provide core make-up water. 

W - Failure to remove residual core heat. 
a - Containment failure due to steam explosion in vessel. 

6 e- Containment failure due to steam explosion in containment. 

y - Containment failure due to overpressure - release through reactor building. 
y '  - Containment failure due to overpressure - release direct to atmosphere. 
6 - Containment isolation failure in drywell. 
E - Containment isolation failure in wetwell. 
5 - Containment leakage greater than 2400 volume per cent per day. 
ll - Reactor building isolation failure. 
0 - Standby gas treatment system failure. 

8 mY TO TABLE 5-3 

-82- 



TABLE 5-4 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS 
PROBABILITIES FOR ONE REACTOR 

Consequences 

T o t a l  
Chance per E a r l y  E a r l y  P r o p e r t y  Decontamination A r e a  Re loca t ion  A r e a  

Reactor-Year F a t a l i t i e s  I l l n e s s  Damage $10' Square Miles Square Miles 

One i n  2 0 , 0 0 0 ' ~ )  <1.0 C1.0 <o. 1 c o . 1  <0.1 

One i n  1,000,000 c1.0 300 0.9 2000 130 

One i n  10,000,000 110 3000 3 3200 250 

One i n  100,000,000 900 14,000 8 - 290 

One i n  1 ,000,000,000 3300 45,000 14 - - 
~~ 

( a ) T h i s  is t h e  p r e d i c t e d  chance of c o r e  m e l t  per r e a c t o r  y e a r .  

TABLE 5-5 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS PROBABILITIES 
FOR ONE REACTOR 

Consequences 

(b 1 Genetic E f fec t s  ( C )  
Latent Cancer (b) 

Chance Per F a t a l i t i e s  Thyroid Nodules 
Reactor-Year (per year) (per  year) (per  year)  

One i n  20 ,000 '~ )  <1.0 

One i n  1,000,000 170 

One i n  10,000,000 460 

One i n  100,000,000 860 

One i n  1,000,000,000 1500 

Normal Incidence 17,000 

<1.0 

1400 

3500 

6000 

8000 

8000 

<1.0 

2 5  

60 

110 

170 

8000 

(a) This is  the predicted chance of core melt pe r  r eac to r  yea r .  
(b) This r a t e  would occur approximately i n  the 10 t o  40 year period following a 

( c )  This r a t e  would apply t o  the f i r s t  generation born a f t e r  a p o t e n t i a l  accident.  
p o t e n t i a l  accident.  

Subsequent generations would experience e f f e c t s  a t  a lower r a t e .  
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TABLE 5-6 APPROXIMATE AVERAGE SOCIETAL AND INDIVIDUAL RISK PROBABILITIES 
PER YEAR FROM POTENTIAL NUCLEAR PLANT ACCIDENTS (a) 

Consequence S o c i e t a l  I n d i v i d u a l  
~~ 

3 2 x (b 1 E a r l y  F a t a l i t i e s  

E a r l y  I l l n e s s  (b) 2 x 10-1 1 x 

L a t e n t  Cancer F a t a l i t i e s  ( C )  7 x 1Om2/yr 3 x 10- lO/y r  

Thyroid  Nodules ( C )  7 x 10-’/yr 3 1 0 - ~ / ~ ~  

Gene t i c  Effects (dl  1 x 10-2/yr  7 x l o - l l j y r  

6 
P r o p e r t y  Damage ($1  2 x 1 0  - 

(a) Based on 100 reactors a t  68 c u r r e n t  s i tes.  

( b )  The i n d i v i d u a l  r i s k  v a l u e  i s  based  on t h e  15 m i l l i o n  p e o p l e  l i v i n g  i n  
t h e  g e n e r a l  v i c i n i t y  of t h e  first 100 n u c l e a r  power plants. 

period f o l l o w i n g  a p o t e n t i a l  a c c i d e n t .  The i n d i v i d u a l  ra te  is  based 
on t h e  t o  t a l  U. S . p o p u l a t i o n .  

(d )  T h i s  v a l u e  is  t h e  rate o f  o c c u r r e n c e  per y e a r  f o r  t h e  first g e n e r a t i o n  
bo rn  a f te r  a p o t e n t i a l  a c c i d e n t ;  subsequen t  g e n e r a t i o n s  would experi- 
ence  e f f e c t s  a t  a lower  rate. The i n d i v i d u a l  rate i s  based  on t h e  
t o t a l  u.S. p o p u l a t i o n .  

(c) T h i s  v a l u e  i s  t h e  rate of o c c u r r e n c e  per y e a r  €o r  abou t  a 30-year 

TABLE 5-7 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS 
PROBABILITIES FOR 100 REACTORS 

Consequences 

Decontamination Reloca t ion  T o t a l  Prop- 
Chance P e r  E a r l y  E a r l y  e r t y  Damage Area Area 

Year F a t a l i t i e s  I l lness  $10,~ Square M i l e s  Square Miles 

One i n  200‘~) <1.0 <1.0  <o. 1 < 0 . 1  <0.1 

One i n  10,000 <1.0 300 0.9 2000 130 

One i n  1’00,000 110 300 3 3200 250 

One i n  1,000,000 900 14000 8 (b) 290 

One i n  10,000,000 3300 45000 14 (b) (b ) 

( a ) T h i s  i s  t h e  p r e d i c t e d  chance p e r  y e a r  of co re  mel t  c o n s i d e r i n g  100 r e a c t o r s .  
(b) No change from p r e v i o u s l y  l i s t e d  v a l u e s .  
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TABLE 5-8 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS PROBABILITIES 
FOR 100 REACTORS 

Consequences 

(b) L a t e n t  Cancer. 
(C)  Chance P e r  F a t a l i t i e s  Thyroid  Nodules (b) Gene t i c  Effects 

Year ( p e r  y e a r )  (per y e a r )  ( p e r  y e a r )  

<1.0 <1.0  < 1 . 0  One i n  200 (a) 

One i n  10 ,000  170 1400 25 

One i n  100,000 460 3500 60 

One i n  1 ,000 ,000  860 

One i n  10 ,000 ,000~  1500 

6000 

8000 

110 

170 

Normal I n c i d e n c e  17,000 8000 8000 

(a)  T h i s  i s  t h e  p r e d i c t e d  chance  per y e a r  of c o r e  m e l t  f o r  100 r e a c t o r s .  

(b) T h i s  ra te  would o c c u r  approx ima te ly  i n  t h e  10 t o  40 y e a r  p e r i o d  a f t e r  
a p o t e n t i a l  a c c i d e n t .  

(c)  T h i s  rate would app ly  t o  t h e  f i rs t  g e n e r a t i o n  born a f t e r  t h e  a c c i d e n t .  
Subsequent  g e n e r a t i o n s  would e x p e r i e n c e  effects  a t  d e c r e a s i n g  ra tes .  
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FIGURE 5-1 Histogram of PWR Radioactive Release Probabilities 
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FIGURE 5-2 Histogram of BWR Radioactive Release ProbabilTties 
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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 114 and 4 on consequence magnitudes and by factors . 
of 115 and 5 on probabilities. 

-88- 



10-9 -. 
1 00 101 102 103 105 

Early Illness, X 

FIGURE 5-4 Probability Distribution for Early Illness per Reactor Year 

Note: Approximate uncertainties are estimated to be represented by 
factors of 114 and 4 on consequence magnitudes and by factors 
of 115 and 5 on probabilities. 
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FIGURE 5-5 P r o b a b i l i t y  D i s t r i b u t i o n  for  L a t e n t  Cancer F a t a l i t y  I n c i d e n c e  
per Reac to r  Year 

Note: Approximate uncertainties are estimated to be represented by 
factors of 116 and 3 on consequence magnitudes and by factors 
of 1/5 and 5 on probabilities. n 
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Thyroid Nodules per Year 

' FIGURE 5-6 P r o b a b i l i t y  D i s t r i b u t i o n  for Thyroid  Nodule I n c i d e n c e  
per Reac to r  Year 

Notes: 1. Approximate uncertainties are estimated to be represented 
by factors of 113 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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FIGURE 5-7 Probability Distribution for Incidence of Genetic Effects 
per Reactor Year 

Note: Approximate uncertainties are estimated to be represented by 
factork of 113 and 6 on consequence magnitudes and by factors 
of 115 and 5 on probabilities. 
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FIGURE 5-8 Probability Distribution €or Property Damage per Reactor Year 

Note: Approximate uncertainties are estimated to be represented by 
factors of 115 and 2 on consequence magnitudes and by factors 
of 1/55 and 5 on probabilities. 
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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 I5 and 2 on consequence magnitudes and by factors 
of 115 and 5 on probabilities. 
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FIGURE 5-10 Probability Distribution for Early Fatalities .per Year for 
100 Reactors 

Note: Approximate uncertainties are estimated to be represented by 
factors of 114 and 4 on consequence magnitudes and by factors 
of 115 and 5 on probabilities. 
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FIGURE 5-11 P r o b a b i l i t y  D i s t r i b u t i o n  for E a r l y  I l l n e s s  p e r  Year for 
100 Reac to r s  

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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' Latent Cancer Fatalities per Year, X 

FIGURE 5-12 Probability Distribution €or Latent Cancer Fatality Incidence 
per Year for 100 Reactors 

Note: Approximate uncertainties are estimated to be represented by 
factors of 116 and 3 on consequence magnitudes and by factors 
of 1/5 and 5 on probabilities. 
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FIGURE 5-13 P r o b a b i l i t y  D i s t r i b u t i o n  for  I n c i d e n c e  o f  Gene t i c  Effects 
per Y e a r  for  100 Reactors 

Note: 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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* FIGURE 5-14 P r o b a b i l i t y  D i s t r i b u t i o n  f o r  Thyroid  Nodule I n c i d e n c e  per 
Year f o r  100 R e a c t o r s  

Note: Approximate uncertainties are estimated to be represented 
by factors of 113 and 3 on consequence magnitudes and by. 
factors of 115 and 5 on probabilities. 
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FIGURE 5-15 P r o b a b i l i t y  D i s t r i b u t i o n  f o r  P r o p e r t y  Damage per Year 
f o r  100 Reac to r s  

Note: Approximate uncertainties~are estimated to be represented by 
factors of 115 and 2 on consequence magnitudes and by factors 
of 1.5 and 5 on probabilities. 
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FIGURE 5-16 P r o b a b i l i t y  D i s t r i b u t i o n  f o r  Re loca t ion  and Decontamination A r e a  
p e r  Year f o r  100 Reac to r s  

Note: Approximate uncertainties 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. 
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Chapter 6 

Comparison of Nuclear Accident Risks to Other Societal Risks 

6.1 INTRODUCTION AND SUMMARY 

The meaning o f  r i s k  h a s  been d i scussed  
i n  d e t a i l  i n  Chapter 2 ,  and i t  w a s  noted 
t h a t  r i s k  can be expres sed  i n  d i f f e r e n t  
ways, each o f  which i s  u s e f u l  i n  under- 
s t a n d i n g  some a s p e c t s  o f  t h e  o v e r a l l  
r i s k .  I n  t h i s  c h a p t e r  t h e  p o t e n t i a l  
r i s k s  a s s o c i a t e d  w i t h  a c c i d e n t a l  r ad io -  
a c t i v e  releases from n u c l e a r  power 
p l a n t s  t h a t  w e r e  p r e d i c t e d  i n  Chapter 5 
are compared t o  o t h e r  r i s k s  t o  which 
s o c i e t y  i s  exposed. Ea r ly .  f a t a l i t i e s ,  
l a t e n t  i l l n e s s e s ,  and p rope r ty  damage 
are compared on t h e  b a s i s  o f  r i s k  t o  
i n d i v i d u a l s  a s  w e l l  a s  t h e  o v e r a l l  s o c i -  
e t a l  r i s k s . 1  

I n  t h e  i n d i v i d u a l  r i s k  comparisons i n  
s e c t i o n  6.2 and t h e  s o c i e t a l  r i s k  com- 
p a r i s o n s  i n  s e c t i o n  6.3, t h e  r i s k  from 
p o t e n t i a l  r e a c t o r  a c c i d e n t s  i s  shown as 
a combined average r i s k .  It  i s  o b t a i n e d  
by m u l t i p l y i n g  t h e  consequences a s s o c i -  
a t e d  wi th  each  o f  t h e  release c a t e g o r i e s  
by i t s  p r o b a b i l i t y  i n  o r d e r  t o  e x p r e s s  
t h e  r i s k  as  an average consequence per 
year .  The summation o f  t h e s e  g i v e s  t h e  
combined average r i s k  from p o t e n t i a l  
r e a c t o r  a c c i d e n t s .  I n  s e c t i o n  6.4, com- 
p a r i s o n s  . t o  r i s k s  from o t h e r  l a r g e  
consequence e v e n t s  are made on t h e  b a s i s  
o f  consequence/frequency d i s t r i b u t i o n s .  
These provide p e r s p e c t i v e  on t h e  rela- 
t i v e  s i g n i f i c a n c e  of t h e  e s t i m a t e d  con- 
sequence .of r e a c t o r  - a c c i d e n t s ,  which 
have never  occur red ,  compared t o  acci- 
d e n t s  w h i c h  have a c t u a l l y  occur red  o r  
can be e s t i m a t e d  as  -a r e s u l t  o f  n a t u r a l  
phenomena and o t h e r  t e c h n o l o g i c a l  en- 
deavors o f  man. S e c t i o n s  6 . 2 ,  -6.3,  -and 
6 . 4  provide suppor t ing  i n f o r m a t i o n - f o r  
t h e  fol lowing summary- o f  t h e s e  r i s k  
comparisons. 

%n less o the rwise  no ted ,  the. s t a t  i s t i ca l  
information p resen ted  i n  t h e  tables i n  
t h i s  c h a p t e r  f o r  non-nuclear r i s k s  w a s  
o b t a i n e d  from the .  fo l lowing  sources:  
( a )  S t a t j s t i c a l  Abstracts o f  t h e  

United S t a t e s  1973, U . S .  Dept. of 
Commerce 

( b )  Accident  F a c t s  1972, Nat'ional 
S a f e t y  Council  

(c)  World Almanac, 1972 

In  Table 6-1,  t h e  p r e d i c t e d  i n d i v i d u a l  
and s o c i e t a l  r i s k s  from nuc lea r  power 
p l a n t  acc iden t s  are compared with t h e  
t o t a l  r i s k  from a l l  o t h e r  a c c i d e n t s .  

Reactor a c c i d e n t  consequences a s  f unc- 
t i o n s  o f  a c c i d e n t  p r o b a b i l i t i e s  a r e  
compared w i t h  o t h e r  low p r o b a b i l i t y - h i g h  
consequence e v e n t s  i n  Figs .  6-1, 6-2 ,  
and 6-3. Comparisons o f  f a t a l i t i e s  i n  
man-caused e v e n t s  and n a t u r a l  e v e n t s  are 
shown, r e s p e c t i v e l y ,  i n  F igs .  6 -1  and 
6-2. A comparison o f  bo th  man-caused 
and n a t u r a l  e v e n t s  i s  shown i n  F ig .  6-3. 
On a l l  t h r e e  f i g u r e s ,  t h e  cu rves  f o r  
r e a c t o r  a c c i d e n t s  a r e  based on 1 0 0  oper-  
a t i n g  r e a c t o r s .  

I t  i s  appa ren t  from Table 6-1  and F i g s .  
6-1, 6-2 ,  and 6-3 t h a t  t h e  t o t a l  n u c l e a r  
r i s k  i s  small compared t o  t h e  t o t a l  
r i s k s  from man-caused.or n a t u r a l  even t s .  
Also, t h e  f i g u r e s  i n d i c a t e  t h a t  e a r t h -  
quakes,  h u r r i c a n e s ,  dam f a i l u r e s ,  and 
c h l o r i n e  a c c i d e n t s  a l l  have . t h e  poten- 
t i a l  f o r  l a r g e  consequence e v e n t s  a t  
f r equenc ie s  g r e a t e r  t han  r e a c t o r s .  

6.2 INDIVIDUAL RISK OF FATALITY AND 
INJURY 

6 . 2 . 1  FATALITIES. 

Table 6-2 shows t h e  dea th  rates and r i s k  
of d e a t h  pe r  i n d i v i d u a l  f o r  t h r e e  gener- 
a l  c a t e g o r i e s :  d i s e a s e s ,  a c c i d e n t s ,  and 
o t h e r  causes .  Although these data from 
t h e  1973 S t a t i s t i c a l  A b s t r a c t s  of t h e  
U.S. are f o r  -1969, a review of o t h e r  
y e a r s  shows t h e  va lues  change very 
l i t t l e  from year  t o  year.  

I t  is- to  be expected t h a t  c e r t a i n .  popu- 
l a t i o n  subgroups, .  c l a s s i f i e d  by age,  
occupat ion,  l e i s u r e -  a c t i v i t y ,  etc. ,  w i l l  
show s i g n i f i c a n t  d e v i a t i o n  from t h e s e  
averages.  

I t  i s  l o g i c a l  t h a t '  r i s k s  from nuc lea r  
a c c i d e n t s  should be compared to  r i s k s  
from o t h e r  a c c i d e n t s  and .from n a t u r a l  
phenomena i n  o r d e r  t o .  g i v e  added per- 
s p e c t i v e  t o - t h e i r  meaning. I n  a d d i t i o n ,  
s i n c e  nuc lea r  accident-s can be expected 
t o  a f f e c t .  a l l  groups wi th in  t h e  exposed 
popu la t ion ,  i t  is  also u s e f u l  to  compare 
them t o  those  groups t h a t  have t h e  
s m a l l e s t  r i s k  of a c c i d e n t a l  f a t a l i t y .  

-103- 



The s t a t i s t i c s  on a c c i d e n t a l  f a t a l i t i e s  
f o r  t h e  e n t i r e  U . S .  popula t ion  are given 
i n  Table 6-3. C l e a r l y  many of t h e s e  
f a t a l i t i e s  are a s soc ia t ed  wi th  voluntary  
a c t i v i t i e s  and it i s  t o  be expected t h a t  
c a u t i o u s  i n d i v i d u a l s  can s u b s t a n t i a l l y  
reduce t h e i r  r i s k  r e l a t i v e  t o  t h a t  of  
t h e  popula t ion  average. Such p o t e n t i a l  
r i s k  r educ t ions  are i n d i c a t e d  by t h e  
fo l lowing  t w o  examples. 

I n  r e c e n t  yea r s  about  200 f a t a l i t i e s /  
year  have occurred  i n  commercial a i r -  
c r a f t  acc iden t s .  Of t h e s e ,  about  20 fa -  
t a l i t i e s  pe r  year  involved people  on t h e  
ground who were k i l l e d  by t h e  f a l l i n g  
a i r c r a f t .  Thus, even t h e  i n d i v i d u a l  who 
does n o t  f l y  cannot reduce h i s  r i s k  t o  
z e r o  because of  t h i s .  H i s  r i s k  of dea th  
from t h i s  cause becomes about  p e r  
yea r  (20  d iv ided  by t h e  popula t ion  of 
t h e  U . S . ) .  

I n  t h e  case of automobile f a t a l i t i e s ,  
t h e  average ind iv idua l  r i s k  i s  about  
3 x p e r  year .  Of t h e  approximately 
50,000 f a t a l i t i e s  pe r  yea r ,  about  2 0 %  
are p e d e s t r i a n s  ( i .e. ,  n o t  occupants  of  
t h e  v e h i c l e ) .  By no t  r i d i n g  i n  v e h i c l e s  
t h e  i n d i v i d u a l ' s  r i s k  can, on t h e  aver-  
age,  be  reduced by about  a f a c t o r  of  5. 
Table 915  of t h e  S t a t i s t i c a l  Abs t r ac t s  
of t h e  U.S. f o r  1973 f u r t h e r  i n d i c a t e s  
t h a t  about  500 motor v e h i c l e  f a t a l i t i e s  
occur  each year  t o  people  who a r e  
n e i t h e r  au to  occupants  nor  p e d e s t r i a n s  
on t h e  roadway (i.e.,  c r o s s i n g  a t  i n t e r -  
s e c t i o n s ,  walking along t h e  highway 
etc.)  . Thus, even a person who never  
r i d e s  i n  a motor v e h i c l e  or e n t e r s  a 
roadway can,  on the  average,  reduce h i s  
i n d i v i d u a l  r i s k  from t h i s  cause by only  
a f a c t o r  of  about  1 0 0 ,  o r  t o  about  
3 x 10-6. C l e a r l y  it i s  almost impossi- 
b l e  t o  l i v e  i n  t h e  U.S. and n o t  r i d e  i n  
a motor v e h i c l e  o r  c r o s s  a s t ree t ,  so 
very  few people would be a b l e  t o  achieve  
such a r educ t ion  i n  t h e i r  r i s k  of dea th  
i n  a motor veh ic l e  acc ident .  

A review of t h e  l a r g e  v a r i e t y  of acci- 
d e n t  r i s k s  t h a t  e x i s t s ,  as shown i n  
Table 6-3, shows t h a t  a l though a c a r e f u l  
person can probably t ake  some a c t i o n  t o  
reduce h i s  r i s k  t o  some types  of acc i -  
d e n t s ,  he c e r t a i n l y  cannot  make h i s  to- 
t a l  a c c i d e n t  r i s k  zero.  Thus, it seems 
reasonable  t o  assume t h a t  even t h e  most 
c a r e f u l  of i n d i v i d u a l s  could n o t  expec t  
t o  reduce h i s  r i s k s  from acc iden t s  by 
more than  a f a c t o r  of 1 0 0 .  Furthermore,  
t o  achieve  t h i s  would r e q u i r e  a s i g n i f i -  
c a n t  depa r tu re  from t h e  t y p i c a l  U.S. 
l i f e  s t y l e .  Thus, t h e  r i s k  of acciden- 
t a l  dea th  t o  a very s a f e t y  conscious in-  
d i v i d u a l  could no t  be made rnuch smaller 
than  about  6 x pe r  year  ( a  f a c t o r  
of about  1 0 0  less than t h e  ind iv idua l  

r i s k ,  noted i n  Table 6-3 f o r  a l l  - 
a c c i d e n t s ) .  

The average e a r l y  f a t a l i t y  rate predic-  
t e d  f o r  p o t e n t i a l  nuc lear  acc iden t s  f o r  
a t o t a l  of  1 0 0  ope ra t ing  nuc lea r  p l a n t s  
i n  t h e  U . S .  (see Chapter 5)  i s  0.003 p e r  
year .  The s tudy  has a l s o  shown t h a t  
only persons  w i t h i n  about 25 m i l e s  o f  a 
nuc lea r  p l a n t  may s u f f e r  e a r l y  e f f e c t s .  
The t o t a l  number of  people l i v i n g  w i t h i n  
25 m i l e s  of t h e  68 reactor s i t e s  i n  t h e  
U.S. i s  approximately 15  m i l l i o n  (see 
Appendix V I ) .  (Note t h a t  some sites 
have more than  one p l a n t ,  so t h e  68 
si tes are c o n s i s t e n t  with 100  p l a n t s . )  
Thus, t h e  es t imated  r i s k  p e r  i n d i v i d u a l  
from reactors i n  t h i s  exposed group i s  
thus  0.003 d iv ided  by 15 m i l l i o n ,  
y i e l d i n g  2 x 10-10 e a r l y  f a t a l i t i e s  pe r  
person-year i n  t h e  exposed populat ion.  

In  Table 6-4, t h i s  r i s k  i s  compared t o  
t h e  i n d i v i d u a l  r i s k  of dea th  from acci- 
d e n t s  due t o  a l l  o t h e r  causes .  Even i f  
s i g n i f i c a n t  f a c t o r s  a r e  allowed i n  t h e  
e s t ima t ion  of t h e  nuc lear  r i s k ,  it is 
s t i l l  s m a l l  compared t o  o t h e r  acc iden t  
r i s k s .  

6.2.2 I N J U R I E S  

Most acc iden t s  produce a s i g n i f i c a n t l y  
l a r g e r  number of  i n j u r i e s  than  f a t a l i -  
t ies.  The number of  a c u t e  i l l n e s s e s  
r e s u l t i n g  from r e a c t o r  acc iden t s  has  
been determined i n  t h e  consequence ana l -  
yses  desc r ibed  i n  s e c t i o n  4.3 and 
Appendix V I .  I n  Table 6-5 t h e  average 
r i s k  of a c u t e  i l l n e s s  from nuc lea r  acc i -  
d e n t s  ( f o r  a t o t a l  of 1 0 0  nuc lear  
p l a n t s )  i s  compared t o  t h e  average r i s k s  
of i n j u r y  i n  motor v e h i c l e  a c c i d e n t s  and 
i n  a l l  non-nuclear acc iden t s ,  a s  w e l l  as 
t o  an e s t ima ted  average acc iden t  r i s k  of 
a very r i s k  ave r se  person. 

Table 6-5 i n d i c a t e s  t h a t  an i n d i v i d u a l ' s  
r i s k  of i n j u r y  from nuc lea r  acc iden t s  i s  
s m a l l  compared t o  t h e  i n j u r y  r i s k  from 
o t h e r  a c c i d e n t s ,  even f o r  t h e  h igh ly  
r i s k  ave r se  person. 

6.3 SOCIETAL RLSK 

6.3.1 FATALITIES AND INJURIES 

The i n d i v i d u a l  r i s k s  d iscussed  i n  t h e  
previous s e c t i o n  can be expressed i n  a 
way t h a t  shows t h e i r  e f f e c t s ' o n  s o c i e t y  
a s  a whole. Table 6-6 shows t h e  number 
of f a t a l i t i e s  and i n j u r i e s  expected i n  
t h e  t o t a l  U.S .  and a l s o  t h e  numbers 
expected among the  15 m i l l i o n  people  who 
l i v e  wi th in  25 m i l e s  of r e a c t o r  s i tes .  
The numbers f o r  r e a c t o r  acc iden t s  a r e  
taken f r o m  Chapter 5 and inc lude  both 
acu te  and l a t e n t  e f f e c t s .  The t a b l e  
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i n d i c a t e s  t h a t  t h e  r i s k s  a s s o c i a t e d  with 
/ \ nuc lea r  power p l a n t  a c c i d e n t s  are s m a l l  

compared t o  t h e  t o t a l  s o c i e t a l  r i s k  from 
acc iden t s .  

6.3.2 ECONOMIC LOSSES 

The economic losses t o  s o c i e t y  from 
va r ious  . acc iden t s  are cons ide rab le .  
They are dominated by au tomib i l e  -acci- 
d e n t s  and f i r e s .  Some r e a d i l y  a v a i l a b l e  
s t a t i s t i c s  are shown i n  Table 6-7. 

Table 6-7 i n d i c a t e s  t h a t  r e a c t o r  acci- 
d e n t s  have a n e g l i g i b l e  impact on t h e  
t o t a l  r i s k  of economic l o s s  from man's 
a c t i v i t i e s  and from n a t u r a l  events .  

6:4 RBK FROM LARGE CONSEQUENCE 
EVENTS, 

The previous s e c t i o n  i n d i c a t e s  t h a t  t h e  
r i s k  t o  s o c i e t y  and i n d i v i d u a l s  from 
nuc lea r  p l a n t  a c c i d e n t s  i s  s m a l l  com- 
pared t o  o t h e r  more common r i s k s  t h a t  
s o c i e t y  and i n d i v i d u a l s  accept .  How- 
e v e r ,  it it recognized t h a t  s o c i e t y  may 
be r e l u c t a n t  t o  accep t  l a r g e  consequence 
even t s  a t  t h e  Fame l e v e l  of r i s k  as 
s m a l l  consequence events .  (See Chapter 
2 . )  The p o s s i b i l i t y  of l a r g e  conse- 
quence a c c i d e n t s  i s  o f t e n  r a i s e d  by 
those  ques t ion ing  t h e  wisdom of wide- 
spread use o f  n u c l e a r  power. Therefore ,  
it is  important  t o  compare t h e  p robab i l -  
i ty/consequence d i s t r i b u t i o n s  of nuc lea r  
a c c i d e n t s  w i th  those  of o t h e r  p o t e n t i a l  
l a r g e  consequence even t s .  

I n  g e n e r a l ,  l a r g e  consequence e v e n t s  can 
be d iv ided  i n t o  two types ,  n a t u r a l  
even t s  and man-made e v e n t s  (i.e.,  t hose  
d i r e c t l y  invo lv ing  man-made f a c i l i t i e s ,  
s t r u c t u r e s ,  e tc . ) .  Na tu ra l  e v e n t s  which 
can cause l a r g e  consequences inc lude  
ea r thquakes ,  f l o o d s ,  h u r r i c a n e s ,  torna-  
does,  and meteor impacts. Those classi- 
f i e d  as man-made e v e n t s - i n c l u d e :  f i r e s ,  
exp los ions ,  a i r p l a n e  c r a s h e s ,  dam f a i l -  
u r e s ,  release of  t o x i c  chemicals ; and 
release of r a d i o a c t i v i t y . .  These g e n e r a l  
c a t e g o r i e s  d i s t i n g u i s h  between e v e n t s  
ove r  which man. has  l i t t l e  c o n t r o l  and 
those  f o r  which he i s  p r i m a r i l y  respon- 
s i b l e .  While t r e a t e d  independent ly  i n  
t h e  fol lowing d i s c u s s i o n ,  t h e s e  two cat- 
e g o r i e s  are n o t  e n t i r e l y  independent 
s i n c e  n a t u r a l  phenomena can cause seri- 
ous a c c i d e n t s  i nvo lv ing  t h e  man-made 
f a c i l i t i e s  and s t r u c t u r e s  (e.g., an 
ear thquake might cause a dam f a i l u r e ) .  

From a review o f - t h e  h i s t o r i c a l  r eco rd  
of t h e  l a s t  50 to  100 y e a r s  it is possi-  
ble t o  c a l c u l a t e ,  f o r  many of t h e  above 
e v e n t s ,  t h e  ra te  of occurrence of e v e n t s  
w i t h  l a r g e  consequences. Thus, informa- 
t i o n  on some l a r g e  consequence even t s  

with p r o b a b i l i t i e s  l a r g e r  th?n 1 i n  
about 1 0 0  can be ob ta ined  from a c t u a l  
experience.  However, it i s  a l s o  poss i -  
b l e  t o  imagine sets of c i rcumstances 
which could r e s u l t  i n  consequences much 
worse than those  t h a t  have a c t u a l l y  been 
observed. General ly ,  such e v e n t s  have 
p r o b a b i l i t i e s  so s m a l l  t h a t  it would be 
unusual f o r  them t o  have been observed 
i n  a pe r iod  of  1 0 0  years .  I n  many 
cases, t h e  magnitude and p r o b a b i l i t y  of 
t h e s e  e v e n t s  can be e x t r a p o l a t e d  from 
known d a t a .  I n  o t h e r  cases, such as the  
nuc lea r  p l a n t  a c c i d e n t s  t r e a t e d  i n  t h i s  
r e p o r t ,  t h e  p r o b a b i l i t i e s  and magnitudes 
must be e s t ima ted  from an understanding 
of t h e  n a t u r e  of t h e  phenomena. Both of 
t h e s e  t echn iques  were used i n  t h e  
ana lyses  t h a t  suppor t  t h e  fol lowing 
d i scuss ion .  

The p r o b a b i l i t y  ve r sus  consequence 
curves i n  t h i s  s e c t i o n  are based on 
obse rva t ions  of a c t u a l  occurrences ( p l u s  
some s m a l l  e x t r a p o l a t i o n ) .  Since they 
are s t a t i s t i c a l  estimates based d i r e c t l y  
on d a t a ,  s t anda rd  confidence bounds can 
be c a l c u l a t e d  which' show t h e  i n c e r t a i n -  
t ies  i n  t h e  curves.  For a p a r t i c u l a r  
cu rve ,  t h e  spread of  t h e  confidence 
bounds w i l l  i n c r e a s e  as t h e  consequences 
i n c r e a s e ,  showing t h e  i n c r e a s i n g  uncer- 
t a i n t y  as consequences become l a r g e r .  

T rea t ing  t h e  observed phenomenon as a 
Poisson p rocess ,  t h e  95% upper bound on 
t h e  p r o b a b i l i t y  f o r  a p a r t i c u l a r  conse- 
quence i s  ob ta ined  by mul t ip ly ing  t h e  
b e s t  estimate p r o b a b i l i t y  by t h e  f a c t o r  

s e r v a t i o n s  u s e d i n  determining t h e  proba- 
b i l i t y  va lue  and ~ 2 , ~ ~ , ~ , + ~  i s  t h e  95th 
p e r c e n t i l e  of t h e  t a b u l a t e d  c h i  squa re  
d i s t r i b u t i o n  w i t h  2 r + 2  deg rees  of f r e e -  
dom. The 5% lower bound is  ob ta ined  by 
d i v i d i n g  by t h e  factor 21-/~2~~, 2r w h e r e  

squa re  wi th  2 r  deg rees  of freedom. 
These f a c t o r s  are ob ta ined  by s t anda rd ,  
Poisson s t a t i s t i c a l  t r ea tmen t s .1  

The table b e l o w  g i v e s  r e p r e s e n t a t i v e  
va lues  of t h e  confidence f a c t o r s  as a 
f u n c t i o n  of t h e  number of  o b s e r v a t i o n s  r 
( f o r  t h e  p r o b a b i l i t y  -'versus consequence 
c u r v e s -  r is  t h e  number of  obse rva t ions  
w i t h  consequences g r e a t e r  t han  a p a r t i c -  
u l a r  v a l u e ) .  

x 2 95,zr+2 / 2 r ,  where r i s  t h e  number of ob- 

x 2 .05,Zr i s  t h e  5 t h  p e r c e n t i l e  of t h e  c h i  

'See f o r  example, N. L. Johnson and S. 
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CONFIDENCE FACTORS 

r 95% Upper Bound 5% Lower Bound 

50 1.3 
20  1 . 4  
10 1.7 
5 2 . 1  
1 4.7 

1.3 

1.8 
2.5 

19.4 

1.5. 

A s  seen from t h e  t a b l e ,  t h e  confidence 
f a c t o r s  ( ' ' e r ror  f a c t o r s " )  d r a m a t i c a l l y  
i n c r e a s e  f o r  on ly  one obse rva t ion  (r=l) .  

The smallest  consequence va lues  on t h e  
p r o b a b i l i t y  ve r sus  consequence curve 
w i l l  have t h e  l a r g e s t  r va lues  and hence 
w i l l  have r e l a t i v e l y  s m a l l  confidence 
f a c t o r s  mul t ip ly ing  and d i v i d i n g  the  
e s t ima ted  p r o b a b i l i t y  value.  For t h e  
cu rves  which are p l o t t e d ,  t h e  va lue  of r 
f o r  t h e  lowest consequences i s  roughly 
50 thereby g iv ing  confidence f a c t o r s  of 
1 .3  (i.e.,  t h e r e  i s  approximately 30% 
e r r o r  on t h e  corresponding p r o b a b i l i t y  
es t imates) .  

The l a r g e s t  consequence p o i n t  on a curve 
w i l l  have t h e  value r=l, indepehdent of 
t h e  p a r t i c u l a r  curve,  s i n c e  one observa- 
t i o n  g i v e s  the  peak consequence value.  
From t h e  t a b l e  t h e  upper bound f a c t o r  i s  
t h u s  approximately 5 and t h e  lower bound 
f a c t o r  approximately 20. While, t h e  
p l o t t e d  cu rves  show only t h e  va lues  
c a l c u l a t e d  from t h e  d a t a ,  t h e  preceding 
f a c t o r s  can be a p p l i e d  t o  any of t h e  
cu rves  t o  o b t a i n  t h e  p r o b a b i l i t y  spread 
a t  t h e  maximum consequence value.  

6 .4 .1  HURRICANES 

The U.S. Department of Commerce has 
r e c e n t l y  i s sued  a r e p o r t  e n t i t l e d  "Some 
Devastat ing Hurricanes of t h e  20th 
Century. Table 6-8 summarizes  some 
p e r t i n e n t  d a t a  from t h a t  r e p o r t .  The 
p o i n t s  shown i n  Fig.  6-4 are based on an 
a n a l y s i s  of t h e s e  d a t a .  A log-log p l o t  
has  been used t o  accommodate t h e  l a r g e  
changes i n  t h e  v a r i a b l e s .  

The manner i n  which t h e  d a t a  i n  t h e  
t a b l e s  i n  t h i s  s e c t i o n  of t h e  r e p o r t  are 
used t o  gene ra t e  d a t a  p o i n t s  f o r  t h e  
corresponding f i g u r e s  i s  i n d i c a t e d  by 
t h e  fol lowing example f o r  Table 6-8 and 
Fig. 6-4. For convenience t h e  individu-  
a l  d a t a  i t e m s  i n  Table 6-8 a r e  l i s t e d  
and numbered according t o  t h e  number of 
f a t a l i t i e s .  There are f i v e  h u r r i c a n e s  
of  more. than 4 0 0  f a t a l i t i e s .  Since t h e  
experience r eco rd  i s  73 yea r s  (1900- 
1 9 7 2 1 ,  t h e  frequency i s  5/73 = 0.068. 

Thus, Fig. 6-4 has a d a t a  p o i n t  a t  400 
f a t a l i t i e s  and a p r o b a b i l i t y  of about  
7 x 10'2. S i m i l a r l y ,  Table 6-8 shows 
t h a t  du r ing  t h e  73 years  pe r iod  t h e r e  
w e r e  32 h u r r i c a n e s  with 11 o r  more 
f a t a l i t i e s .  Thus, Fig. 6-4 has  a d a t a  
p o i n t  a t  11 f a t a l i t i e s  and a p r o b a b i l i t y  
of 32/73 %= 0.44. The o t h e r  d a t a  p o i n t s  
i n  Fig. 6-4 as w e l l  as those i n  o t h e r  
f i g u r e s  i n  t h i s  s e c t i o n  w e r e  s i m i l a r l y  
c a l c u l a t e d .  

The l a r g e s t  observed even t  i n  U.S. 
h i s t o r y  w a s  t h e  6000 f a t a l i t i e s  i n  t h e  
Galveston Hurricane of 1900.  Based on 
one occurrence i n  73 yea r s ,  such an 
event  has  a p r o b a b i l i t y  of about '0.013. 
A roughly e s t ima ted  e r r o r  band f o r ,  t h e  
f a t a l i t y  curve i n  Fig.  6-4 should l i e  
mostly below such a p o i n t  s i n c e  i t  i s  
reasonable  t o  expect  t h a t  with t o d a y ' s  
understanding of  hu r r i canes  and t h e  com- 
municat ion 'systems a v a i l a b l e  i n  t h e  U.S. 
an even t  of such consequences w i l l  be  
cons ide rab ly  less l i k e l y  than it was i n  
1900.  For s i m i l a r  reasons t h e r e  may be 
a temptat ion t o  say t h a t - s u c h  an even t  
could n o t  occur today; however, such a 
h u r r i c a n e  d i d  occur  on ly  s i x  y e a r s  ago, 
w i th  over  300 f a t a l i t i e s .  

I t  s e e m s  clear t h a t  a h u r r i c a n e  more 
s e v e r e  than  any. y e t  recorded,  p a r t i c u -  
l a r l y  one a f f e c t i n g  t h e  e v e r  i n c r e a s i n g  
populat ion d e n s i t y  i n  t h e  e a s t e r n  U.S., 
could produce very l a r g e  numbers of 
f a t a l i t i e s .  Thus, a l though t h e  extrapo-  
l a t i o n  i n  Fig.  6-4 cannot  be  claimed t o  
have high p r e c i s i o n ,  it appears  t o  be  a 
reasonable  estimate. 

A s  might be expected,  because of t h e  
inc reased  amount and value of p rope r ty  
exposed, t h e  p rope r ty  damage p e r  h u r r i -  
cane has been i n c r e a s i n g  d r a m a t i c a l l y  i n  
r e c e n t  years .  The curve (see Fig.  6-4 
showing p rope r ty  damage has , t h e r e f o r e ,  
been based on o n l y  t h e  l a s t  2 1  yea r s  
(1952-1972). The e x t r a p o l a t i o n  of t h i s  
curve i n d i c a t e s  t h a t  hu r r i canes  l i k e  
Agnes ($3.5 b i l l i o n  damage) might be 
expected wi th  a p r o b a b i l i t y  of 0.01-0.05 
o r  a r e t u r n  pe r iod  of every 2 0  t o  1 0 0  
years.  During t h e  l a s t  2 0  y e a r s  t h e r e  
have been fou r  h u r r i c a n e s  wi th  damages 
i n  t h e  1 b i l l i o n  d o l l a r  range and1 an 
average of one hu r r i cane  p e r  y e a r w i t h  
damage exceeding 1 0  m i l l i o n  d o l l a r s .  

/ I  ' 
6.4 .2  TORNADOES 

The s t a t i s t i c s  on tornadoes have been 
summarized by t h e  Department of Commerce 
i n  a r e c e n t  b u l l e t i n  (Ref. 1). I n  addi- 
t i o n ,  major tornadoes from 1925 t o  1971, 
i n c l u s i v e ,  are l i s t e d  i n  t h e  1973 Worla 

n 

n 
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The major ear thquakes  i n  t h e  U.S. s i n c e  
1900 and t h e i r  consequences are l i s t e d  
i n  Table 6-9. These . da t a  have been0 used 
t o - o b t a i n  t h e  p o i n t s  on- t h e  curves  i n  
Fig.  6-6. A r e c e n t  NOAA s tudy  (Ref. 2 )  
h a s  es t imated  t h a t  a r e c u r r e n c e * . o f  - t h e  
San Franc isco  ear thquake today would 
r e s u l t  i n  1 b i l l i o n  d o l l a r s  damage -.to 
s i n g l e ,  family dwel l ings  and presumably 
about  a n t e q u a l  amount l t o  o t h e r  struc-: 
t u r e s .  Therefore ,  t h e  damage curve  of  
Fig. 6-6 has been a d j u s t e d  t o  reflect? 
t h i s  estimate. A similar upward a d j u s t -  
ment has  a l so  been made i n  t h e  f a t a l i t y  
curve  t o  account  f o r  probable  increased  
f a t a l i t i e s .  The e x t r a p o l a t i o n  of  t h e  
curves,' beyond .the p o i n t s  +based on p r i o r -  
ear thquakes ,  is a i d e d  by t h e  NOAA s tudy  
t h a t  estimated t h e  consequences of a 
l a r g e  ear thquake i n  t h e  c i t y  of  Los  

T h i s  s t u d y  est imated-  the' 
a l i t i e s  and p r o p e r t y  damage 

f r o m  an  ear thquake w i t h  a r e t u r n  p e r i o d  
of about  1 0 0  years .  . .  The f a t a l i t i e s  were 
es t imated  . t o  be between. -+10,000 and 
20,000. The p r o p e r t y  damage- t o  s i n g l e  
fami ly  dwel l ings  w a s  :estimated torbe 
between -1.5 and 2.5 b i l l i o n  d o l l a r s .  I n  
t h e  United S t a t e s .  s i n g l e  fami ly  dwell-- 
i n g s  r e p r e s e n t  about  40% o f ' t h e  v a l u e  of 
a l l  dwel l ings  and.  t h e r e f o r e z t h e  t o t a l .  
p r o p e r t y  damage could e a s i l y  be a factor 

Thus: f o r , a - f r e q u e n c y  of about  0.01 p e r  
year  (i.e., 1 i n  100 y e a r s )  t h e  NOAA 
r e p o r t  estimates f a t a l i t i e s  of 1 0 , 0 0 0  t o  
20,000 and p r o p e r t y  damage of 3 t o  5 
b i l l i o n  dollars.  (The estimates become- 
s u b s t a n t i a l l y  l a r g e r  i f  t h e  p o t e n t i a l  
f a i l u r e  of c e r t a i n  dams i n  t h e  Los 

of  :2.+ l a r g e r .  . > .  3 .  

-+- 2 I 1 .  

Almanac. Based on t h e s e  records ,  Fig.  
6-5 provides  a p l o t  of tornado frequency 
v e r s u s  f a t a l i t i e s .  The t o t a l  number of 
tornado-re la ted  f a t a l i t i e s  d u r i n g .  t h e  
1953-1971 p e r i o d  i s  .2124, - o r  an ' a v e r a g e  
of 118 p e r  year.  The l a r g e s t - ' e v e n t  i n ,  
t h e  1925-1971 p e r i o d  caused 689 f a t a l i -  
t ies  i n  Indiana  on March 18, 1925. Even 
though a tornado warning system w a s  i n  
efifect, 271 w e r e  k i l l e d  by tornadoes on 
A p r i l  11, 1965. Thus, a l though such a 
system is  u s e f u l ,  it e v i d e n t l y  cannot  
prevent  l a r g e  consquence events .  

The p r o p e r t y  damage from tornadoes has  
exceeded 50 m i l l i o n  d o l l a r s  p e r  y e a r  
dur ing  t h e  p e r i o d  1965-1971. D e t a i l e d  
d a t a  on-  damage p e r  e v e n t  have n o t  been 
found, b u t  because of  t h e i r  ' l o c a l i z e d  
n a t u r e  t h e  d o l l a r s  of damage p e r  tornado 
is expected t o  be a t  l eas t  a f a c t o r  of  
1 0  less than  f o r  hur r icanes .  For t h i s  
reason tornado damage has  n o t  been 
est imated.  

6.4.3 EARTHQUAKES 
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Angeles a r e a  i s  taken i n t o  account.  ) 
These two e s t i m a t e d  p o i n t s  a r e  shown by 
squares  on Fig. 6-6. Since t h e  e a r t h -  
quake frequency is  s u b s t a n t i a l l y  h i g h e r  
i n  C a l i f o r n i a  than elsewhere i n  t h e  U.S. 
t h e s e  p o i n t s  are assumed t o  r e p r e s e n t  
such ear thquakes f o r  t h e  e n t i r e  U.S. 
The f a c t  t h a t  t h e s e  v a l u e s  of damage a r e  
so much h igher  than  h i s t o r i c a l  d a t a  
r e f l e c t s  t h e  f a c t  t h a t  both t h e  popula- 
t i o n  d e n s i t y  and p r o p e r t y  v a l u e s  have 
g r e a t l y  increased  i n  , C a l i f o r n i a  i n  
r e c e n t  years ; -  This  i s  e v i d e n t  from t h e  
f a c t  t h a t  t h e  San Fernando ear thquake 
had a r e l a t i v e l y  modest magnitude of 6.6 
( R i c h t e r  scale) and d i d  480 m i l l i o n  
d o l l a r s  damage t o  s t r u c t u r e s ,  whi le  t h e  
1906 San Franc isco  ear thquake ,  of  magni- 
tude  8.3, ' d i d  only  about  80 m i l l i o n  
d o l l a r s  damage t o  s t r u c t u r e s ,  t h e  ba- 
lahce being done by a subsequent f i r e .  
I t  seems reasonable  t o  b e l i e v e  t h a t  t h e  
d a t a  p o i n t s  i n d i c a t e  consequences t h a t  
are 'Tow compa'red- t o  t h e  probable  conse- 
quences of s i m i l a r  ear thquakes  o c c u r r i n g  
today. 

Since t h e  d a t a  are r e l a t i i j e l y  s p a r s e  t h e  
curves  shown ' i n  Fig. 6-6 must be consid- 
e red  t o  have ' s izable  error. However, a 
review of  ear thquakes  t h a t  have occurred  
around t h e  world shows f a t a l i t i e s  as 
h igh  a s  143,000 i n  Tokyo i n  1923 and 
n ine  o t h e r s  wi th  f a t a l i t i e s  g r e a t e r  t h a n  
l b - , O O O .  Such p o t e n t i a l  consequences 
canhot- be - d i r e c t l y  a p p l i e d  t o  t h e  U.S .  
because of ma-jor d i f f e r e n c e s  i n  b u i l d i n g  
codes '- and o t h e r  f a c t o r s .  Never the less ,  
an earthgliake wi th  very  l a r g e  conse- 
quences could.- a l so  occur  i n  t h e  U.S. 
For example,' ' the r e c e n t  San Fernando 
ear thquake almost f a i l e d  t h e  Van Norman 
Dam. Such a f a i l u r e  probably could  have 
r e s u l t e d -  i n '  r t ,  about 70,000 o r  more 
fa ta l i t i es .  

Based both on worldwide exper ience  and 
e s t i m a t e s  such as  described above, ex- 
t r a p o l a t i o n  ind ica tes  t h a t ,  up t o  lo5 
f a t a l i t i e s  might occur  f o r  a s e v e r e  
ear thquake o c c u r r i n g  i n  , the U . S .  

_ -  

6.4.4 METEORITES 

Major.  meteorite .impacts o n t o  t h e  e a r t h  
are known t o  have occurred- i n  Arizona 
and Siber ia .  Should ~ such .an ?.impact 
occur on a h i g h l y  .popul.atedL- s i te  v e r y  
s i z a b l e  loss of l i f e  and p r o p e r t y  damage 
would be expected.  , Blake-'(Ref. 3 )  h a s  
e s t i m a t e d  t h e  p r o b a b i l i t y  of such 
impacts  and t h e  expec,ted loss o f  l i f e .  
H i s  p r e d i c t i o n s  are - for- t h e  . . , . en t i re  
world. The f a t a l i t y  curve  i n  Fkg. 6-7 
shows Blake ' s  . r e s u l t s  b u t , w i t h  t h e  prob- 
abi l i t ies  reduced by a factor of 16  t o  
r e f l e c t  t h e  f a c t  t h a t  t h e  U.S. contains  
6% of  t h e  e a r t h ' s  l a n d  area. 

. .  



quakes. 

6.4.5 AIRPLANE CRASHES 

I n  t h e  1 9 6 0  t o  1973 pe r iod  t h e r e  have 
been 67 major a i r p l a n e  c r a s h e s  through- 
o u t  t h e  world. The number of c r a s h e s  
f o r  several s p e c i f i c  ranges of numbers 
of  f a t a l i t i e s  are summarized i n  Table 

S ix t een  of t h e  a i r p l a n e  c ra shes  summar- 
i z e d  i n  Table 6-10 occurred i n  t h e  U.S. 
Analysis  of  t h e  d a t a  f o r  t h e  U.S.  g i v e s  
t h e  number of  crashes/year  w i th  f a t a l i -  
t i es  g r e a t e r  than 50 as 1 .2  p e r  yea r ,  
g r e a t e r  than 1 0 0  as 0.47 p e r  yea r ,  ,and 
g r e a t e r  t han  150 as 0 .11  p e r  year .  
These r e s u l t s  are p l o t t e d  i n  Fig.  6-8. 
These f a t a l i t i e s  w e r e  a lmost  a l l  occu- 
p a n t s  of t h e  a i r c r a f t ,  and so t h e  curve 
would appear t o  have a c u t o f f  a t  a 
maximum of about 350, about  t h e  c a p a c i t y  
of t h e  l a r g e s t  planes.  However, t h i s  
l i m i t  does n o t  apply t o  non-occupant 
f a t a l i t i e s  t h a t  could occur i n  t h e  even t  
of an a i r p l a n e  crash. I n  four of t h e  
noted c r a s h e s  f i v e  o r  more f a t a l i t i e s  
involved people on t h e  ground." One 
crash included 71 such f a t a l i t i e g .  
Okrent (Ref. 4 )  has  r e c e n t l y  e s t ima ted  
t h e  p r o b a b i l i t i e s  and f a t a l i t i e s  a s s o c i r  
a t e d  wi th  p o t e n t i a l  a i r c r a f t  c r a shes  
i n t o  l a r g e  g a t h e r i n g s  o r  people ,  such as 
occur  a t  f o o t b a l l  s t a d i a ,  r a c e t r a c k s ,  
etc.  Figure 6-8 i n c l u d e s  a p o i n t ,  re- 
p r e s e n t a t i v e  of Okren t ' s  e s t i m a t e s  which 
provides  t h e  b a s i s  f o r  t h e  curve extend- 
ing  t o  high consequences a t  r e l a t i v e l y  
low p r o b a b i l i t i e s .  Since t h e r e  a r e  
numerous t h e a t e r s ,  shopping c e n t e r s  and 
s t a d i a  throughout  t h e  country t h i s  ex- 
t r a p o l a t i o n  seems reasonable .  

6.4.6 EXPLOSIONS 

6-10. 

~ 

6.4.7 DAM FAILURES , I  

There have been a number of dam f a i l u r e s  
i n  t h e  world i n  t h e  l a s t  100  years .  The 
major dam f a i l u r e s  t h a t  occurred i n  t h e  
U.S. over t h e  l a s t  85 y e a r s  a r e  l i s t e d  
i n  Table 6-12. 

I n  t h e  U.S. t h e r e  are over  a hundred 
major dams whose f a i l u r e  ra te  has  been 
e s t ima ted  t o  be about 10-4  p e r  dam p e r  
year  (Ref. 5 ) .  Recent estimates (Ref:,. 
6) i n d i c a t e  t h a t  a t  least  20% of t h e s e  
dams have s u b s t a n t i a l  popu la t ions  ex- 
posed below them, and t h a t  f a t a l i t i e s  i n  
t h e  range of 1000  t o  1 0 0 , 0 0 0  could occur 
i n  t h e  even t  of  f a i l u r e  of one of t h e s e  
dams. I f -  t h e r e  i s  a 50% chance tha t1  
f a i l u r e  of one of t h e s e  dams would 
r e s u l t  i n  1 0 , 0 0 0  f a t a l i t i e s ,  then t h e  
p r o b a b i l i t y  of a dam f a i l u r e  t h a t  
r e s u l t s  i n  1 0 , 0 0 0  f a t a l i t i e s  is given by 
t h e  fol lowing equat ion:  

x (0.5) = 1 x 10-3/year 

A s  shown i n  Fig. 6-10 t h i s  ag rees  q u i t e  
w e l l  w i t h  the  e x t r a p o l a t i o n  of t h e  data.  

6.4.8 FIRES 

Considering on ly  f i r e s  t h a t  have oc- 
cu r red  i n  the U . S .  s i n c e  1 9 0 0 ,  t h e  
l a r g e s t  number of f a t a l i t i e s ,  6 0 2 ,  
occurred i n  t h e  famous 1903 I roquo i s  
Theater  f i r e  i n  Chicago. However, 4 9 1  
f a t a l i t i e s  occurred i n  t h e  Coconut Grove 
f i r e  i n  Boston i n  1942. 

The f a t a l i t y  d a t a  p o i n t s  p l o t t e d  i n  Fig.  
6-11 a r e  based on t h e s e  d a t a  and . t h a t  
from o t h e r  f i r e s  t h a t  occurred i n  t h e  
U.S. s i n c e  1 9 0 0 .  

I n  t e r m s  of p rope r ty  damage, t h e  two 
l a r g e s t  f i r e s  have been t h e  1871 Chicago 
f i r e  with l o s s e s  of about  $200,000,000, 
and t h e  1906  San F ranc i sco  f i r e  t h a t  
produced several hundred m i l l i o n  d o l l a r s  
damage. Since t h e  l a t t e r  occurred as a 
r e s u l t  of an ear thquake,  i t s  damage has  
been included i n  t h e . p r e v i o u s  e s t i m a t e s  
of ear thquake consequences. The Nation- 
a l  Fire P r o t e c t i o n  Assoc ia t ion  l i s ts  t h e  
major 'U.S. f i r e s  each year  i n  i t s  
p u b l i c a t i o n ,  F i re  Jou rna l .  The r e s u l t s  
of an a n a l y s i s  of t h e  major f i r e s  from 
1964 through 1972 a r e  given i n  Table 
6-13. These d a t a  a r e  p l o t t e d  i n  Fig. 
6-11. 

The l a r g e s t  f i r e s  included i n  t h e  analy- 
sis were.an i n d u s t r i a l  f i r e  a t  75 m i l -  
l i o n  d o l l a r s  damage and t h r e e  l a r g e  

n 
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f o r e s t  f i r e s ,  each of which burned ove r  
4 0 , 0 0 0  acres, The va lue  of t h e  loss i n  
t h e  f o r e s t  f i r e s  i s  based on an estimate 
of - 4 0 , 0 0 0  ac re s .  The va lue  of t h e  loss 
i n  t h e  f o r e s t  f i r e s  i s  based on an 
estimate of  $1000/acre f o r  t imber  l o s s  
and damage t o  t h e  watershed. 
t h e s e  t h r e e  f i r e s  w e r e  considered 
i n  t h e  40  t o  50 m i l l i o n  d o l l a r  
category. 

6.4.9 HAZARDOUS CHEMICAL RELEASES 

Thus, 
t o  be 
loss 

I n  t h e  U.S. t h e r e  have been a number of 
a c c i d e n t s  i nvo lv ing  releases of hazard- 
ous chemicals.  The predominant releases 
occur du r ing  t r a n s p o r t  and t h e  major 
commercial chemicals involved are chlo- 
r i n e ,  ammonia, e t h y l e n e  oxide,  and hy- 
drogen f l u o r i d e .  Because  of t h e  rela- 
t i v e l y  l a r g e  amounts shipped and i t s  
i n h e r e n t  t o x i c i t y ,  c h l o r i n e  has been 
s e l e c t e d  as  a b a s i s  f o r ,  a s s e s s i n g  t h e  
p u b l i c  r i s k  a s s o c i a t e d  with major acci- 
d e n t s  i nvo lv ing  hazardous chemicals. 

A r e c e n t  s tddy  ( R e f .  7 )  i n d i c a t e s  t h a t  
t r a n s p o r t  by r a i l r o a d  t ank  car poses t h e  
most serious p u b l i c  r i s k  a s s o c i a t e d  wi th  
c h l o r i n e .  Th i s  occur s  because of t h e  
a c c i d e n t  frequency, t h e  l a r g e  amount of 
c h l o r i n e  shipped by t h i s  mode ( 7 0  
pe rcen t  of a l l  shipments) and t h e  proxi- 
mity of r a i l  r o u t e s  t o  dense ly  populated 
areas. The frequency of a c c i d e n t s  in-  
volving t h e  release of a l l  o r  a substan- 
t i a l  f r a c t i o n  of a t ank  car ' s  cargo i s  
a t  l eas t  once every t e n  years .  While 
p r i o r  a c c i d e n t s  of t h i s  type have re- 
s u l t e d  i n  on ly  one f a t a l i t y  i n  50 y e a r s ,  

t h e r e  is obviously a p o t e n t i a l  f o r  acci- 
d e n t s  causing l a r g e  numbers of f a t a l i -  
t ies .  The r e fe renced  s tudy ( R e f .  7) 
i n v e s t i g a t e d  t h e  p o t e n t i a l  frequency and 
consequnces of such a c c i d e n t s .  The 
s tudy noted t h a t  n e a r l y  a l l  U . S .  r a i l -  
road shipments of c h l o r i n e  are made i n  
t h e  e a s t e r n  states. The p r o b a b i l i t y  of 
a given populat ion d e n s i t y  a t  an acc i -  
d e n t  s i te  was based on t h e  assumption 
t h a t  a c c i d e n t s  a r e  uniformly probable  
along t h e  r a i l  r o u t e s  used. Populat ion 
d e n s i t y  along t h e s e  r o u t e s  w a s  approxi- 
mated by the  d e n s i t y  d i s t r i b u t i o n  f o r  
t h e  s ta te  of Ohio. The average frequen- 
cy of t h e  occurrence of s e v e r a l  combina- 
t i o n s  of wind speed and atmospheric 
s t a b i l i t y  i n  the  Eas t e rn  U.S.  w a s  used 
t o  determine t h e  area exposed t o  a 
l e t h a l  dose of c h l o r i n e  vapor. The 
p o t e n t i a l  n e t  r i s k  w a s  c a l c u l a t e d  f o r  an 
a c c i d e n t  i nvo lv ing  t h e  r u p t u r e  of a t ank  
car and t h e  release of 9 0  t ons  of l i q u i d  
ch lo r ine .  

The r e s u l t s  of t h e  c h l o r i n e  a c c i d e n t  
s tudy are shown i n  Fig. 6-12 ,  which 
shows the  e s t ima ted  a c c i d e n t  frequency 
ve r sus  f a t a l i t i e s  f o r  c h l o r i n e  releases 
wi th  and without  pop lua t ion  evacuat ion.  
The evacuat ion model used i s  based upon 
one developed by t h e  Environmental 
P r o t e c t i o n  Agency (Ref. 8 ) .  The cu rves  
i n d i c a t e  t h a t  only i n  t h e  r e l a t i v e l y  
high consequence e v e n t s  are t h e  pre- 
d i c t e d  f a t a l i t i e s  reduced s i g n i f i c a n t l y  
by account ing f o r  t h e  e f f e c t s  of evacua- 
t i on .  This  is e v i d e n t l y  due t o  t h e  
de l ay  t i m e  i nco rpora t ed  i n  t h e  p a r t i c u -  
l a r  evacuat ion model used i n  t h e  analy- 
ses. 
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TABLE 6-1 R I S K  OF EARLY FATALITIES FROM NUCLEAR AND NON-NUCLEAR ACCIDENTS 

Societal Risk Individual  Risk 

Early Fatal i t ies  per year i n  U.S. Early F a t a l i t y  Probability/Year . . -  ... 

( b , C )  Nuclear (a) Non-Nuclear (b) Nuclear (a) Non-Nuc l e  ar 
. . <  

I .  

115.000 4 x 10 6 x lom4 2 x L . - .  -2 

(a) Includes a l l  non-nuclear accidents .  

(b) Based on estimated values for 100 nuclear power p l an t s .  The values 
- .  

ind ica ted  are based on ea r ly  l e t h a l i t i e s  only t o  m a k e  them comparable 
to  o ther  values l is ted- .  + 

Based on the approximately 15 mi l l ion  people located within 25 m i l e s  
of nuclear power p lan t s .  If the e n t i r e  U . S .  population of 200 m i l -  
l i o n  people w e r e  t o  be used, then the  value would be 2 x 

(c) 

TABLE 6-2 U.S. FATALITIES - BY MAJOR CATEGORIES (1969) 

Approximate Individual  Risk 
Type Fatalities/100,000 persons Fatality Probabili-ty/year 

I . .  

a x loF3 - . -. Diseases 019 

Accidents 57.6 6 x 

Other Causes 76.2 - 8. x 

- z  . -  
_ -  ( I  - i 

I 

Total 
t e .  , .  . .  

951.9 1 x 
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TABLE 6-3 INDIVIDUAL RISK OF EARLY FATALITY BY VARIOUS CAUSES 

(U.S. Population Average 1969) 

Accident Type , 

Approx h a  t e  
Individual  Risk 

Probabi l i  ty /yr  (a) 
Total  Number Early F a t a l i t y  

€or 1969 

Motor Vehicle 

F a l l s  

F i r e s  and H o t  Substance 

Drowning 

Poison 

Firearms 

Machinery (1968 1 
Water Transport  

A i r  Travel 

Fa l l i ng  Objects 

Electrocut ion 

Railway 

Lightning 

Tornadoes 

Hurricanes 
A l l  Others 

A l l  Accidents (from T a b l e  6-1) 

Nuclear Accidents (100 r eac to r s )  

55,791 

17 , 827 
7,451 

6,181 

4,516 

2,309 

2,054 

1,743 

1,778 

1 , 271 
1,148 

88 4 

160 

118 (b) 

90 (c) 

8,695 

115 I 000 

(a) Based on total  U.S. population, except a s  noted. 
(b) (1953-1971 avg. ) 
(c) (1901-1972 avg. ) 
(d) Based on a population a t  r i s k  of 15 x lo6. 
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TABLE 6-4 INDIVIDUAL RISK OF EARLY FATALITY FROM 
NUCLEAR AND NON-NUCLEAR ACCIDENTS 

. .  
Individual RXsk 

Fatality Probability/Year 

(a) Group Exposed Non-Nuclear Nuclear 

U.S. Average 

Very risk-averse person.. 

6 x 

6 x 

2 x 10-10 

2 x 10-10 

(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. 

Individua; Risk 
Accident T p e  In jury Probabilityflear 

Motor Vehicles . 2 x 

- .  All non-nuclear accidents - 3 x lo-* 
average person 

. .  Very risk-averse person 

1 x lo-* (a) Nuclear Accidents 

. _  . 
(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 NuclearSiTes 

Accident Type Fatalities .~ Injuries Fatalities In juries 

Automobile 55,000 5 x 10 4200 375,000 

Falls 20,000 1 x lo6 1500 75,000 

6 

Fire 7,500 0.3 x 10 560 22,000 6 

Other 33,000 .: 1.6 x 10 2500 120 f 000 6 

. .. 
TOTAL 115,000 7.9 x lo 8760 592,000 6 ,- 

Reactor Accidents 7 x 
(for 100 plants 
from Table 5-6, 
Chapter 5) 

1 3 x 10-3 2 x 10-1 

TABLE 6-7 U . S .  ECONOMIC LOSSES FROM VARIOUS CAUSES 

Source 
Estimated Annual Losses 

(Millions of $1 

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 2 
(See Table 5-6, Chapter 5). 
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TABLE 6-8 CONSEQUENCES OF MAJOR U.S. HURRICANES (1900-1972) (a) 

Damage Range 
No. Date (month/year Fatalities (V_.s. only) In Million $ 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

8/00 

9/28 

9/19 

9/38 

8/35 

6/57 

9/09 

8/69 

8/15 

9/15 

9/26 

8/55 

6/7 2 

10/54 

8/65 

8/54 

. 8/60 

8/40 

9/47 

9/61 

9/44 

8/32 

8/33 

9/64 

8/55 

9/54 

9/33 

10/44 

9/56 

9/67 

7/70 

7/34 

9/55 

* :  6/16 
s 6/34 _. 
10/35 

8/64 

' 9/41 

9/45 

10/50 

9/48 

6,000 5 - 50 
1,836 5 - 50 
787 5 - 50 
600 50 - 500 
408 5 - 50 
390 50 - 500 
350 0.5 - 5 
323 500 - 5000 
275 5 - 50 
275 5 - 50 
243 50 - 500 
184 500 - 5000 
122 500 - 5000 
95 50 - 500 
75 500 - 5000 
60 50 - 500 
50 50 - 500 

50 0.5 - 5 
51 50 - 500 
46 50 - 500 
46 50 - 500 
40 5 - 50 
40 5 - 50 
38 . 50 - 500 
25 50 - 500 
21 5 - 50 
21 - 0.5 - 5 
18 50 - 500 
15 -, 5 - so 
15 50 - 500 

13 50 - 500 
11 0.5 - 5 

/ _ .  - ~ 50 - 500 7 

7 0.5 5 

6 . 0.5 - 5 

5 5 - 50 
5 50 - 500 
4 -  5 - 50 
4 50 - 500 

4 5 - 50 
3 5 - 50 

. .  
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TABLE 6-8 (Continued)  

. i  

.. 

No. Date (month/year) Fatalities (U.S. only) 
Damage Range 
In Million'. $ 

42. 

43. 

44. 

45. 

46. 

47-51. 

8/49 

9/49 

9/50 

10/35 

10/47 

Five others 

50 - 500 
5 - 50 

0.5 - 5 
0.5 - 5 
0.5 - 5 

5 - 50 
TOTAL 51 TOTAL 12,577 TOTAL - 12 Billion 

(a) From "Some Devastating North Atlantic Hurricanes of the 20th Century", U . S .  Department 
of Commerce. 

TABLE 6-9 CONSEQUENCES OF MAJOR U.S. EARTHQUAKES (1900 - 1972)  (a) 

D a t e  P l a c e  F a t a l i t i e s  Damage ( m i l l i o n s )  
~~~~ 

1906 San F r a n c i s c o ,  C a l i f o r n i a  -750 400 

1925 

1933 

1935 

1940 

1949 

1952 

1954 

1957 

1959 

1964 

1965 

1969 

S a n t a  Barbara, C a l i f o r n i a  

Long Beach, C a l i f o r n i a  

Helena, Montana 

Imperial V a l l e y ,  C a l i f o r n i a  

O l y m p i a ,  Washington 

Kern County,  C a l i f o r n i a  

Eureka ,  C a l i f o r n i a  

San F r a n c i s c o ,  C a l i f o r n i a  

Hebgen Lake, Montana 

Anchorage, Alaska 

Puget  Sound, Washington 

S a n t a  R o s a ,  C a l i f o r n i a  

13 

102 

4 

9 

8 

11 

1 

0 

28 

125 

6 

0 

6 .5  

45 

3.5 

5.5 

20 

48 

1 

1 

4 

3 10 

1 2  

7 

1971 San Fernando,  C a l i f o r n i a  58 480 

(a) See Refe rence  2. 

-116- 



TABLE 6-10 FATALITIES I N  MAJOR AIRPLANE 
CRASHES THROUGHOUT THE 
WORLD (1960- 197 3 ) 

~ 

N u m b e r  of F a t a l i t i e s  N u m b e r  -of Crashes 

50 - 100 

100 - 150 

150 - 200 

40 

21 

6 

TABLE 6-11 EARLY FATALITIES IN MAJOR EXPLOSIONS THROUGHOUT THE 
WORLD (1925-1971) 

Probab i l i t y  of Event Per 
Y e a r  i n  U.S.  With 

F a t a l i t i e s  Number of 'Explosions F a t a l i t i e s  > N 

9 - 50 

50 - 100 

100 - 200 
200 - 1000 

Largest (1100) 

30 

4 

4 

3 

1 

-1 N=8 0.47 year  

N=50 0.13 year-' 

N=100 0.087 year-' 

-1 
N=200 0.043 year 

N=1000 0.01 year-' 
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TABLE 6-12 DAM AND LEVEE FAILURES IN THE U.S. (1889-1972) 

Type of 
Year Name/Loc at ion Structure Lives Lost 

1889 

1890 

1894 

1900 

1928 

1955 

1963 

1972 

1889-Present 

/Johnston, Pa. 

Walnut Grove/Prescott, Ariz. 

Mill Rivermass. 

Austin/Austin, Pa. 

St. Francis Dam/Ca. 

/Yuba City, Ca. 

Baldwin Hills/Los Angeles , Ca. 

/Buffalo Creek, W. Va. 

oam 

Dam 

Dam 

Dam 

Dam 

Levee 

Reservoir 

Dam 

-2000 

150 

143 

8 

-450 

.-.. 38 

5 

125 

Total 2919 

TABLE 6-13 ANNUAL RATES OF FIRES WITH LARGE ECONOMIC 
LOSSES 

Dollar Loss 
Annual Frequency 

(approximate average) 

>1 million 50 

>3  million 

>lo million 

>20 million 

>40 million(a) (4 in 8 years) 

3 

1.2 

0.5 

(a) Includes 3 large forest fires estimated at 
40-50 million each and 1 large industrial 
fire at 75 million. 

-118- 



I I I I 

I I I I 
\ 
\ 

I 

I I %\\ . I 
! I 

I 
I _  -- 

I 

I I 
I ' \  I I I 
I _  

I \ 1 I 
I I 

.do0 10,Ooo 100,Ooo 1 ,  
Fatalities, X 

1,000 

t FIGURE 6-1 Frequency of -Man-Caused Events  I n v o l v i n g  
F a t a l i t i e s .  

.I 8 1 

Notes: 1. Fatalities due to auto accidents are not shown because data are not available 
' for large consequence accidents. 

per year. 

2. See section 6.4 for a discussion o f  confidence bounds applicable t o  the non 
nuclear curve. See section 5.5 for the confidence bounds o n  the nuclear curve. 

A u t o  accidents cause about 50,000 fatalities I ._ 
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FIGURE 6-2 Frequency of Natural  Events  I n v o l v i n g  
Fa ta l i t i es .  

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 i s  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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FIGURE 6-4 Frequency of Hurricane Consequences 

Note See section 6.4 for a discussion of 
the confidence bounds applicable .- to these curves 

. .  

-122-  



10-1 

5 .- 
3 
I 
m m 
> 
t a 

1 o - ~  

\ 
\ 
\ 
\ 

I I 

I 

' Fatalities, X 
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Note: See section 6.4 for a discussion of 
the confidence bounds applicable 
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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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FIGURE 6-7 Frequency of Meteorite Consequences 

Note:-See section 6.4 for a discussion of 
the mnfidence bounds applicable 
to these curves 
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Note: See section 6.4 for a discussion of 
the confidence bounds applicable 
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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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the confidence bounds applicable 
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Chapter 7 

Conclusions and Recorkrmendations 

7.1 OVERVIJ3W 

The r e s u l t s  o f  t h e  Reactor  S a f e t y  Study 
i n d i c a t e  t h a t  n u c l e a r  power p l a n t s  have 
achieved a r e l a t i v e l y  low l e v e l  o f  r i s k  
compared t o  many o t h e r  a c t i v i t i e s  i n  
which o u r  s o c i e t y  engages. Although t h e  
s t u d y  h a s  developed some i n s i g h t s ' t h a t  
c o n t r i b u t e  t o  a better understanding o f  
r e a c t o r  s a f e t y , -  t h e  e x i s t i n g  low l e v e l  
o f  r i s k  h a s  been achieved p r i n c i p a l l y  by 
t h e  e f f o r t s  o f  i n d u s t r i a l  des ign ,  con- 
s t r u c t i o n  and o p e r a t i o n  and by t h e  e f -  
f o r t s  o f  t h e  AEC's r e g u l a t o r y  process .  
There w i l l  be a tendency f o r  many i n  
i n d u s t r y  and government, a t  bo th  working 
and management l e v e l s ,  t o  a t t empt  t o  use  
v a r i o u s  aspects o f  t h i s  work i n  connec- 
t i o n  with t h e  s a f e t y  des ign ,  o p e r a t i o n ,  
and review o f  n u c l e a r  power p l a n t s .  
Although t h e  methodology used i n  t h e  
s t u d y  h a s  the p o t e n t i a l  t o  b e  u s e f u l - f o r  
t h i s  purpose,  care should be e x e r c i s e d  I 
b e f o r e  plunging headlong i n t o  'such an 
e f f o r t  . 
Many o f  t h e  techniques involved are 
d e c e p t i v e l y  s imple i n  appearance and 
r e l a t i v e l y  new i n  t h e i r  a p p l i c a t i o n .  
Furthermore,  t h e  o v e r a l l  model used i n  
t h e  s tudy  h a s  been d i r e c t e d  on ly  toward 
r i s k  assessment.  Consequently, many 
elements  w e r e  developed and implemented 
o n l y  toward t h a t  purpose; t h u s ,  they are  

' n o t  d i r e c t l y  a p p l i c a b l e  f o r  o t h e r  pur- 
poses  such as  o p t i m i z a t i o n  o f  s a f e t y  

' d e s i g n s  and t h e  de t e rmina t ion  o f  e f f e c t s  
of  r e a c t o r  a c c i d e n t s  a t  i n d i v i d u a l '  

{sites.  The use o f  models f o r  purposes  
such as t h e s e  w i l l  r e q u i r e  f u r t h e r  
development by t hose  w h o  w i s h  t o  perform- 
ana lyses  o t h e r  t han  o v e r a l l  r i s k  
ass e s s men t . 
Decision making p rocesses  i n  many 
f i e l d s ,  and e s p e c i a l l y  i n  s a f e t y ,  are 
q u i t e  complex and shou ld  n o t  l i g h t l y  be 
changed. This is- e s p e c i a l l y  t r u e  where.  
a good s a f e t y  r eco rd  h a s  a l r e a d y  been 
ob ta ined ,  as i s  so f a r  t r u e  f o r  n u c l e a r  
power- p l a n t s .  - As p o i n t e d  o u t  i n  Chapter 
2 ,  t h e  use o f  q u a n t i t a t i v e  techniques i n  
d e c i s i o n  making a s soc ia t ed ,  w i th  r i s k  i s  
s t i l l  i n  i t s  e a r l y  s t a g e s  and i s  h i g h l y  
formative.  While these t echn iques  can 
be used now as ano the r  e f f e c t i v e  t o o l  t o  
h e l p  d e c i s i o n  making p rocesses ,  it ap- 
pears '  t h a t ,  f o r  t h e  n e a r  f u t u r e ,  addi-  
t i o n a l  methodological development i s  
needed i n  q u a n t i t a t i v e  techniques b e f o r e  
they  can be used r o u t i n e l y .  

One ~ o f  t h e  f i r s t  q u e s t i o n s  t h a t  arises 
about t h e  r e s u l t s  o f  t h e  s tudy  concerns 
i t s  a p p l i c a b i l i t y  t o  r e a c t o r s  o t h e r  than 
those  s tud ied .  I There are those  who w i l l  
ques t ion  t h e  ex tens ion  o r  r e s u l t s  beyond 
t h e  two r e a c t o r s  involved i n  t h e  s tudy;  
t h e r e  a r e  a l s o  t h o s e  who w i l l  t r y  t o  
e x t r a p o l a t e  t h e  r e s u l t s  t o  1000  reac- 
t o r s .  The r e a c t o r s  s t u d i e d  are t h e  24th 
and 34th l a r g e  reactors t o  come i n t o  
ope ra t ion .  Their  des igns  were s t a r t e d  
i n  1 9 6 6 .  The 100th p l a n t  is  expected t o  
come i n t o  o p e r a t i o n  i n  about 1981; i t s  
design s tar ted i n  about 1 9 7 1 .  The 
1000th p l a n t  i s  n o t  y e t  a concept;  n o r  
i s  i t  c l e a r  t h a t  1000  water r e a c t o r s  o f  
t h e  types  s t u d i e d  w i l l  be b u i l t .  

By t h e  same token, t h e  f i r s t  1 0 0  p l a n t s ,  
a l though t h e y  i n v o l v e  some d e t a i l e d  d i f -  
f e r ences  i n  des ign ,  a l l  m e e t  s i m i l a r  
s a f e t y  requirements  and g e n e r a l l y  have 
t h e  s a m e  t ypes  of  eng inee red  s a f e t y  
f e a t u r e s .  Thus, t h e  e x t r a p o l a t i o n  o f  
t h e s e  r e s u l t s  t o  100  r e a c t o r s  seems 
f a i r l y  reasonable .  I t  w i l l  a l s o  t e n d  t o  
ove res t ima te  r a t h e r  t han  underest imate  
t h e  r i s k s  involved,  because s i g n i f i c a n t  
i q r o v e m e n t s  were made i n  A E C ' s  s a f e t y  
design requirements ,  i n  t h e  implementa- 
t i o n  of  t h e s e  requirements ,  and i n  t h e  
a p p l i c a b l e  codes and s t a n d a r d s  used i n  
t h e  design o f  n u c l e a r  power p l a n t s  i n  
t h e  y e a r s  between 1966 and 1971. 

The s tudy  devoted a s i g n i f i c a n t  e f f o r t  
t o  e n s u r i n g  t h a t  it covered t h e  poten- 
t i a l  a c c i d e n t s  important  t o  ' the  d e t e r -  
minat ion o f  p u b l i c  r i s k .  In  i t s  analy-  
sis o f  p o t e n t i a l  n u c l e a r  power p l a n t  

. acc iden t s ,  t he  Reactor S a f e t y  Study 
re l ied h e a v i l y  on t h e  twenty o r  more 
y e a r s  o f  e x p e r i e n c e , t h a t  e x i s t s  i n  t h e  
a n a l y s i s  o f  r e a c t o r  acc iden t s .  I t  a l s o  
went cons ide rab ly  beyond' t h e  convention- 
a l  a n a l y s e s  performed i n  connect ion w i t h  
the l i c e n s i n g  o f  r e a c t o r s  by cons ide r ing  
f a i l u r e s  t h a t  are n o t  normally covered 
i n  s t a n d a r d  s a f e t y  e v a l u a t i o n s .  Thus, 
i n  a d d i t i o n  t o  d e f i n i n g  t h e  v a r i o u s  
i n i t i a t i n g  e v e n t s  t h a t  might p o t e n t i a l l y  
cause a c c i d e n t s ,  t h e  s tudy  e s t i m a t e d  t h e  
l i k e l i h o o d  and consequences o f  t h e  f a i l -  
u r e  o f  t h e  v a r i o u s  engineered s a f e t y  
f e a t u r e s  p rov ided  t o  p r e v e n t  ? a c c i d e n t s  
and t o  cope w i t h .  t h e  consequences o f  
a c c i d e n t s .  F a i l u r e s  o f  reactor v e s s e l s  
and steam g e n e r a t o r  v e s s e l s  as p o t e n t i a l  
a c c i d e n t  i n i t i a t o r s  w e r e  considered.  
The a v a i l a b i l i t y  of systems to  remove 
decay h e a t  from a shutdown r e a c t o r  w a s  

, -  
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examined a s  an a d d i t i o n a l  p a r t  o f  t h e  
assessment of t r a n s i e n t  even t s .  The 
l i k e l i h o o d  t h a t  va r ious  e x t e r n a l  f o r c e s  
might cause r e a c t o r  a c c i d e n t s  w a s  a l s o  
taken i n t o  account. 

The fol lowing f a c t o r s  provide a high 
degree of confidence t h a t  t h e  s i g n i f i -  
c a n t  a c c i d e n t s  have been included:  1) 
t h e  i d e n t i f i c a t i o n  of a l l  s i g n i f i c a n t  
sou rces  of r a d i o a c t i v i t y  l o c a t e d  a t  
nuc lea r  power p l a n t s ,  2)  t h e  f ac t  t h a t  a 
l a r g e  release of r a d i o a c t i v i t y  can occur 
on ly  i f  r e a c t o r  f u e l  m e l t s ,  3) knowledge 
of t h e  f a c t o r s  t h a t  a f f e c t  h e a t  balances 
i n  t h e  f u e l ,  and 4 )  t h e  f a c t  t h a t  t h e  
mechanisms t h a t  could l ead  t o  h e a t  imba- 
l a n c e s  have been s c r u t i n i z e d  f o r  many 
yea r s .  This confidence a l s o  rests on a 
number of a d d i t i o n a l  f a c t o r s  such as: 

a. t h e  use o f  even t  trees t o  sys t ema t i -  
c a l l y  d e f i n e  and sc reen  thousands o f  
conce ivab le  a cc iden t sequences t o  
i d e n t i f y  t h o s e  t h a t  are p o t e n t i a l l y  
p o s s i b l e  and t o  determine t h e  domi- 
n a n t  c o n t r i b u t o r s  t o  r i s k .  

b. t h e  development o f  f a u l t  t rees f o r  
engineered s a f e t y  systems t o  a l e v e l  
of great  d e t a i l  t o  i d e n t i f y  poten- 
t i a l  system f a i l u r e  modes and system 
i n t e  rdepen den cie s . 

c. t h e  determined e f f o r t  devoted t o  t h e  
i d e n t i f i c a t i o n  o f  p o t e n t i a l  common 
mode f a i l u r e s  t h a t  had a l a r g e  ef-  
f e c t  on i n c r e a s i n g  t h e  p r e d i c t e d  
l i k e l i h o o d  o f  t h e  a c c i d e n t  sequences 
de f ined  i n  e v e n t  trees and t h a t  a l s o  
had some e f f e c t  on i n c r e a s i n g  t h e  
p r e d i c t e d  l i k e l i h o o d  o f  system 
f a i l u r e s  . 

While t h e r e  is no  way o f  proving t h a t  
a l l  p o s s i b l e  a c c i d e n t  sequences t h a t  
c o n t r i b u t e  t o  p u b l i c  r i s k  have been 
cons ide red  i n  t h e  s tudy ,  t h e  s y s t e m a t i c  
approach u t i l i z e d  i n  i d e n t i f y i n g  p o s s i -  
b l e  a c c i d e n t  sequences and t h e i r  depend- 
e n c i e s  make it ve ry  u n l i k e l y  t h a t  a 
c o n t r i b u t o r  h a s  been overlooked t h a t  
would s i g n i f i c a n t l y  change t h e  r i s k  
estimate. 

7.2 RESULTS OF THE RISK ASSESSMENT 

The q u a n t i t a t i v e  r e s u l t s  of t h e  r i s k  
assessment t h a t  has  been performed can 
be summarized as fol lows:  

a. Reactor r i s k s  are p r e d i c t e d  t o  be 
smaller t h a n  many o t h e r  man-made and 
n a t u r a l  r i s k s  t o  which w e  are ex- 
posed as  a s o c i e t y  and a s  ind iv idu -  
a ls .  These o t h e r  r i s k s  i nc lude  
t h o s e  due t o  f i r e s ,  exp los ions ,  dam 
f a i l u r e s ;  a i r  t r a v e l ,  t o x i c  cherni- 

b. 

C. 

cals,  tornadoes , h u r r i c a n e s  and 
ear thquakes.  F i g u r e s  6-1, 6-2 and 
6-3, t aken  from Chapter 6 and 
reproduced h e r e  f o r  t h e  convenience 
o f  t h e  r e a d e r ,  p r e d i c t  t h a t  t h e  
o p e r a t i o n  of  100  r e a c t o r s  w i l l  n o t  
c o n t r i b u t e  measurably t o  t h e  over- 
a l l  r i s k s  due t o  a c u t e  f a t a l i t i e s  
and p r o p e r t y  damage from e i t h e r  man- 
made o r  n a t u r a l  causes.  

Table 6-3 , a l s o  reproduced h e r e  , 
shows t h e  average annual r i s k s  from 
many man-made and n a t u r a l  causes.  
The r i s k s  from , p o t e n t i a l  n u c l e a r  
p l a n t  a c c i d e n t s  are smaller than t h e  
o t h e r s  l i s t e d  both on a s o c i e t a l  and 
i n d i v i d u a l  b a s i s .  

F igu res  6-1  - 6-3 do n o t  show ef-  
f e c t s  such a s  e a r l y  i l l n e s s ,  l a t e n t  
i l l n e s s  , g e n e t i c  e f f e c t s  and l a t e n t  

Fatalities. X 

FIGURE 6-1 Frequency of Man-Caused Events  
Involv ing  Fatalities. 

N o m  1 .  Fatalitier due to auro accidents are not shown because data are :o! available. 
Auto accidents cause about 50,000 fafahtm per year 

See IecflOn 6.4 for a dlscurrion 01 confidence bounds applicable to the non 

nuclear curve. See lectlon 5.5 lor the confidence bounds on !he nuclear curve 

, 

2. 
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Fatalities, X 

FIGURE 6-2 Frequency of Natura l  Events  
Involv ing  F a t a l i t i e s .  

00 

cancer  f a t a l i t i e s .  Such e f f e c t s  
have been c a l c u l a t e d  f o r  r e a c t o r s  

. and a r e  shown i n  Table 7-1. S ince  
, s i m i l a r  d a t a  a r e  n o t  a v a i l a b l e  f o r  

t h e  q u a n t i f i c a t i o n  of  t hese  types  o f  
r i s k s  from o t h e r  man-made a c t i v i t i e s  
o r  n a t u r a l  causes ,  no  comparisons 
can be  made between nuc lea r  and non- 
n u c l e a r  r i s k s  i n  t h e s e  a r e a s .  How- 
e v e r ,  it should  be noted  t h a t  t h e s e  
t y p e s  o f  r i s k s  a r e  a l s o  caused by 
t h e s e  o t h e r  sources .  ,For example, 
some l a t e n t  h e a l t h  e f f e c t s  can occur  
a s  a r e s u l t  o f  phys i ca l  i n j u r i e s  and 
t h e i r  a s s o c i a t e d  d i a g n o s t i c  X r ays .  

Some per spec t ive  on t h e  meaning of 
t h e  va lues  shown i n  Table 7-1 can be 
gained from t h e  fo l lowing  cons idera-  
t ions  : 4 r 
Ear ly  I l l n e s s e s .  <.There are 8 
m i l l i o n  s e r i o u s  i n j u r i e s  i n  t h e  U.S. 
every  year  due t o  acc iden t s  o f  a l l  
k inds.  As shown i n  Table 7-1,  e a r l y  
i l l n e s s  due t o  r e a c t o r  a c c i d e n t s  a r e  
n e g l i g i b l e  by comparison. 

106 1 o7 108 109 1010 101 

Property Damage (Dollars) ,X 

FIGURE 6-3 Frequency of Accidents  Involv ing  
Proper ty  Damage 

Notes: 1. Property damage due to auto accidents i s  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 
t o  the non nx lear  curve. See section 5.5 for the confidence 
bounds on the nuclear curve. 

Delayed Heal th  E f f e c t s .  Delayed 
h e a l t h  e f f e c t s  t h a t  could  occur  due 
t o  p o t e n t i a l  r e a c t o r  a c c i d e n t s  in -  
c lude  l a t e n t  cancer  f a t a l i t i e s ,  
t hy ro id  nodules  , and g e n e t i c  
e f f e c t s .  The predic ted  occurrence  
r a t e s  o f  t h e s e  e f f e c t s  f o r  a 
popu la t ion  o f  1 0 0  r e a c t o r s  a r e  
p re sen ted  i n  Table 7-1. The 
p r e d i c t e d  r a t e s  t h a t  would r e s u l t  
from r e a c t o r  a c c i d e n t s  a r e  a l s o  
compared t o  t h e  normal inc idence  
rates f o r  t h e s e  e f f e c t s  i n  a number 
o f  people  comparable t o  t h a t  which 
would be exposed t o  a r e a c t o r  
acc ident .  Table 7-1 i n d i c a t e s  t h a t  
l a t e n t  cancer  f a t a l i t i e s  and g e n e t i c  
e f f e c t s  wo'uld be a sma l l  percentage  
o f  t h e  normal inc idence  r a t e s  o f  
t h e s e  e f f e c t s  and would probably n o t  
be d i sce rnab le .  I n  t h e  l a r g e s t  
acc iden t ,  t hy ro id  nodules would be 
approximately equal  t h e  normal r a t e  
and would be d i sce rnab le .  F u r t h e r ,  
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TABLE6-3 I N D I V I D U A L  RISK O F  F A T A L I T Y  BY V A R I O U S  
C A U S E S  
( U . S .  Population A v e r a g e  1969) 

Accident Type 

Approxunate 
Individual  Risk 

Tota l  Number Early F a t a l i t y  
for 1969 Probabi l i ty/yr  (a )  

Motor veh ic l e  . 

F a l l s  

F i r e s  and Hot Substance 

Drmning 

Poison 

Firearms 

Machinery (1968) 

Water Transport  

A i r  Travel 

Fa l l i ng  Objects  

Electrocut ion 

Failwav 

55,791 3 

17,827 9 

7,451 4 

6,181 3 

4,516 2 

2,309 1 

2,054 ,1 

1,743 '9 x 

1.778 9 x 10-6 

884 4 x 10-6 

1,271 6 x 

1,148 I 
Lightning 160 5 low7 
Tornadoes l l 8 ( b )  4 I, 
Hurricanes 90 (c) 4 x -1~-7  , 
A l l  Others 8,695 4 

A l l  Accidents (from Table 6-1) 115.000 6 x 

Nuclear Accidents (100 r eac to r s )  - 

( a )  Based on t o t a l  U.S. populat ion,  except  a s  noted. 
(b) (1953-1971 avg.) 
(c) (1901-1972 avg.)  
(d) Based on a populat ion at risk of 15 x lo6.  

t h e  ra tes  due t o  r e a c t o r  a c c i d e n t s  
a r e  temporary and would dec rease  
wi th  t i m e .  The bulk of l a t e n t  
cancer  f a t a l i t i e s  , and t h y r o i d  
nodules would occur i n  a pe r iod  of a 
few decades. The r a t e  of i nc idence  
of g e n e t i c  d e f e c t s  would dec rease  
s u b s t a n t i a l l y  i n  f i v e  gene ra t ions .  

Table 7 - 1  shows, f o r  example, t h a t  
t h e r e  i s  one chance i n  1 0 , 0 0 0  p e r  
yea r  o f  having an a c c i d e n t  t h a t  w i l l  
have 300 o r  more e a r l y  i l l n e s s e s  as  
a consequence. Normalized on a c o r e  
m e l t  b a s i s ,  t h i s  one chance i n  
1 0 , 0 0 0 - i s  e q u i v a l e n t  t o  2 o u t  o f  any 
1 0 0  co re  m e l t s  producing t h e s e  
consequences. 

d. I n  a d d i t i o n  t o  e f f e c t s  a l r e a d y  d i s -  
cussed,  o t h e r  p o t e n t i a l  e f f e c t s  o f  
r e a c t o r  a c c i d e n t s  i n c l u d e  contamina- 
t i o n  o f  l a n d  and water .  Above 
v a r i o u s  t h r e s h o l d s  o f  contaminat ion I 
it would become necessa ry  t o  r e l o -  
c a t e  people , decontaminate l and  o f  
r a d i o a c t i v i t y ,  monitor crops and 
m i l k  f o r  contamination and p o s s i b l e  
c o n f i s c a t i o n ,  and perhaps i n t e r r u p t  
u s e  o f  water s u p p l i e s .  

People would have t o  be evacuated 
from c e r t a i n  areas a f t e r  s e v e r e  re- 
a c t o r  acc iden t s .  This  can b e  
thought o f  i n  t e r m s  of i n i t i a l  r e l o -  
c a t i o n s  with r e t u r n  of some. o f  t h e  
people  a f t e r  decontamination proce- 
du res  were c a r r i e d  o u t ,  with a s m a l l  
r e s i d u a l  area remaining evacuqted 
f o r  a longe r  per iod.  These pre-  
d i c t e d  evacuat ion a r e a s  are i n d i -  
c a t e d  i n  Table 7-2. 

(? 

The areas i n  which crops and milk 
might be a f f e c t e d  are about 5 and 50  
t i m e s  g r e a t e r  r e s p e c t i v e l y  than  t h e  
i n i t i a l  r e l o c a t i o n  area. The a f -  
f e c t e d  c rop  a r e a s  apply f o r  one 
growing season; they would be 
s m a l l e r  t h e r e a f t e r .  Iodine contami- 
n a t i o n  would a f f e c t  milk s u p p l i e s  
f o r  only 1 o r  2 months u n t i l  t h e  
iod ine  decays t o  accep tab le  l e v e l s .  

The e f f e c t s  o f  p o t e n t i a l  contamina- 
t i o n  of water s u p p l i e s  have n o t  been 
considered i n  d e t a i l  i n  t h e  s tudy .  
I f  streams and r i v e r s  a r e  contami- 
n a t e d  t o  l e v e l s  o f  r a d i o a c t i v i t y  
above d r i n k i n g  water  t o l e r a n c e s  , t h e  
use o f  t h e  water  would be r e s t r i c t e d  
during the  s h o r t  t i m e  t h a t  contami- 
n a t e d  water would flow p a s t  water  
supply i n t a k e s .  Contamination o f  a 
w a t e r  supply r e s e r v o i r  would r e q u i r e  
t h a t  an a l t e r n a t e  supply be used 
u n t i l  t h e  r a d i o a c t i v e  l e v e l s  decayed 
t o  d r i n k i n g  wa te r  l e v e l s  o r  u n t i l  
t h e  c i t y  w a t e r  supply c o u l d .  be 
adequately f i l t e r e d  o r  t r e a t e d  t o  
achieve accep tab le  l e v e l s .  Contami- 
n a t i o n  o f  a l a r g e  l a k e  o r  r e s e r v o i r  
t h a t  r ep resen ted  t h e  major w a t e r  
supp ly  t o  a c i t y  would r e q u i r e  
r e s t r i c t i o n s  on i t s  u s e  u n t i l  l e v e l s  
w e r e  s u i t a b l y  low o r  u n t i l  p rope r  
t r ea tmen t  could be implemented. I t  
i s  b e l i e v e d  t h a t  t h e  p r o p e r t y  damage 
va lues  c a l c u l a t e d  f o r  l and  would 
cover the  c o s t s  o f  a d d i t i o n a l  water 
t r e a t r e n t  should it be required.  

7.3 FACTORS AFFECTING THE RISK 

This s t u d y  concluded t h a t  t h e  r i s k s  from 
r e a c t o r  a c c i d e n t s  w e r e  dominated by 
those  p o t e n t i a l  a c c i d e n t s  t h a t  l e a d  t o  
me l t ing  o f  t h e  r e a c t o r  core.  A v a r i e t y  
of  o t h e r  a c c i d e n t s  were examined, b u t  
t h e i r  p r e d i c t e d  consequences c o n t r i b u t e  
a n e g l i g i b l e  amount t o  t h e  p u b l i c  r i s k .  
I t  was found t h a t  s e v e r a l  f a c t o r s  con- 
t r i b u t e d  impor t an t ly  i n  t h e  r i s k  calcu-  
l a t i o n s .  These included t h e  p r o b a b i l i t y  
o f  occurrence o f  t h e  fo l lowing  f a c t o r s :  
1) core  m e l t ,  2 )  t h e  amount of  radioac-  
t i v i t y  r e l e a s e d ,  3 )  weather  c o n d i t i o n s ,  
and 4 )  popu la t ion  exposed. 
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7 . 3 . 1  I PROBABILITY O F  CORE MELT 

This  s tudy  determined t h e  p r o b a b i l i t y  o f  
c o r e  m e l t  t o  be about 5 x 10-5 p e r  reac- 
t o r  yea r .  1 This value is somewhat h i g h e r  
t han  a number o f  - est imates ,  t h a t  have 
o f t e n  been quoted,  o f  10-6 p e r  r e a c t o r  
year .  This  i s  due t o  t h e  f a c t  t h a t  
c o n t r i b u t i o n s  t o  t h e  o v e r a l l  r i s k  from 
loss o f  c o o l a n t  a c c i d e n t s  (LOCAs) due t o  
sma l l  r u p t u r e s  i n  t h e  r e a c t o r  c o o l a n t  
s y s t e m  and from t r a n s i e n t  e v e n t s  a r e  
p r e d i c t e d  t o  l e a d  t o  c o r e  m e l t  w i t h  a 
h i g h e r  l i k e l i h o o d  than  t h o s e  o f  l a r g e  
LOCAs. The p r o b a b i l i t y  o f  c o r e  m e l t  due 
o n l y  t o  l a r g e  LOCAs i s  p r e d i c t e d  t o  be 
about  a f a c t o r  o f  1 0  less than t h a t  o f  
t h e  dominant a c c i d e n t s  , o r  about 
5 x 10-6. 

In t h e  p r e s s u r i z e d  water r e a c t o r ,  sma l l  
LOCA a c c i d e n t  sequences w e r e  determined 
t o  be impor t an t  c o n t r i b u t o r s  t o  t h e  c o r e  
m e l t - p r o b a b i l i t y .  However, o t h e r  e v e n t s  
(such a s  t r a n s i e n t s  i n i t i a t e d  by loss o f  
o f f s i t e  power followed by f a i l u r e  o f  de- 
cay h e a t  removal systems)  a l s o  c o n t r i -  
bu ted  t o  t h e  c o r e  m e l t  p r o b a b i l i t y .  Th'e 
s m a l l  LOCA sequences when combined s ta -  
t i s t i c a l l y  wi th  o t h e r  c o n t r i b u t i n g  pa ths  
t o  core  m e l t  gave t h e  t o t a l  p r o b a b i l i t y  
f o r  c o r e  m e l t  o f  about 6 x 10-5 p e r  
r eac to r -yea r  . 
In t h e  b o i l i n g  water r e a c t o r ,  t h e  major 
c o n t r i b u t o r s  t o  c o r e  m e l t  p rob . ab i l i t y  
w e r e  f o u n d - t o  be t h e  f a i l u r e  t o  , r a p i d l y  
shutdown the r e a c t o r  when needed o r  
f a i l u r e  o f  t h e  decay h e a t  removal sys-  
t e , m s  a f t e r  t r ans i en t - caused  shutdowns. 
The t o t a l  p r o b a b i l i t y  o f  co re  m e l t  f o r  
t h e  BWR is  about 3 x 10-5 , p e r  reactor- 
yea r .  

It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f a i l u r e  
o f  r e a c t o r  v e s s e l s ,  steam g e n e r a t o r s ,  o r  
missiles from pump f lywheel  and t u r b i n e  
r o t o r  f a i l u r e s  made e s s e n t i a l l y  no con- 
t r i b u t i o n  t o  the o v e r a l l  r i s k  assess- 
ment. I n  f a c t ,  a l though t h e  p r o b a b i l i t y  
f o r  g r o s s  r u p t u r e  of r e a c t o r  v e s s e l s  w a s  
e s t i m a t e d  to  be  lo" p e r  ves se l -yea r ,  
t h e  f a i l u r e  p r o b a b i l i t y  would have t o  be 
about  1 0 0  times more l i k e l y  ( i .e . ,  about  
10-5) f o r  it t o  c o n t r i b u t e  s i g n i f i c a n t l y  
to t h e  o v e r a l l  r i s k  assessment.  Fur- 
thermore, var2ous e x t e r n a l  f o r c e s  such 
as ea r thquakes ,  tornadoes , h u r r i c a n e s  , 
f l o o d s ,  t i d a l  waves and a i r p l a n e  c r a s h e s  
have been foun'd n o t  l i k e l y  t o  a f f e c t  t h e  
o v e r a l l  r i s k  assessment  because o f  t h e  
s a f e t y  design requirements  used'  f o r  
n u c l e a r  power -p lan t s  i n  t h e s e  areas. 

The core m e l t  p r o b a b i l i t y  f o r  t h e  PWR 
( 6  x 10-5 )  and t h e  BWR ( 3  x 10-5) com- 

b i n e  t o  g i v e  an average va lue  o f  

5 x 10-5 p e r  r eac to r -yea r  f o r  t h e  pre-  
d i c t e d  p r o b a b i l i t y  o f  c o r e  m e l t .  A d d i -  
t i on ' a l  p e r s p e c t i v e  can be gained about  
t h e  meaning o f  t h e s e  p r e d i c t i o n s  from 
t h e  fo l lowing  c o n s i d e r a t i o n s :  

a. 

b. 

Counting commercial and m i l i t a r y  
power r e a c t o r s ,  t h e r e  have been 
almost  2000 r e a c t o r - y e a r s  o f  expe r i -  
ence with no nuc lea r  a c c i d e n t s  
a f f e c t i n g  t h e  p u b l i c .  This sugges t s  
t h a t  t h e  l i k e l i h o o d  of a c c i d e n t s  
should be less than 10-3 p e r  
r eac to r -yea r .  

Ex amination o f a c c i d e n t  expe r i ence  
i n  many f i e l d s  s u g g e s t s  t h a t  l a r g e  
a c c i d e n t s  occur  wi th  much lower f r e -  
quency than  s m a l l  a cc iden t s .  This  
can be i n f e r r e d  from t h e  many conse- 
quence curves shown i n  Chapter 6 f o r  
both man-made and n a t u r a l  e v e n t s .  
It  i s  t h u s  r easonab le  t o  expec t  
s i m i l a r  behavior  i n  r e a c t o r  acci- 
den t s .  Since power r e a c t o r s  o f  t h e  
type  s t u d i e d  have no t  y e t  had even 
sma l l  a c c i d e n t s ,  o r  s i t u a t i o n s  t h a t  
have r e s u l t e d  i n  abnormally h i g h  
f u e l  temperatures ,  t h i s  aga in  sug- 
g e s t s  t h a t  c o r e  me l t ing  should be 
much less l i k e l y  t h a n  10-3 p e r  
r eac to r -yea r  and t h a t  l a r g e r  a c c i -  
d e n t s  shou ld  have an even smaller 
frequency. 

I -  

Based on t h e s e  arguments i t  i s  reason- 
a b l e  t o  b e l i e v e  t h a t - t h e  c o r e  m e l t  prob- 
a b i l i t y  o f  about 5 x 10-5 per r e a c t o r -  
y e a r  p r e d i c t e d  by t h i s  s t u d y  shou ld  n o t  
be  s i g n i f i c a n t l y ,  l a r g e r  and would almst 
c e r t a i n l y  n o t  exceed t h e  va lue  o f  
3 x 10-4 which h a s  been e s t i m a t e d  as  t h e  
upper -bound f o r  c o r e  m e l t  p r o b a b i l i t y .  

7.3.2 LARGE CONSEQUENCE ACCIDENTS 

P o t e n t i a l  co re  m e l t  a c c i d e n t s  , o c c u r r i n g  
under typical o r  average v a l u e s  of ra- 
d i o a c t i v e  release, weather,  and exposed 
popu la t ion  , would have modest conse- 
quences. The reason t h a t  p r o b a b i l i t i e s  
are much smal'ler f o r  l a r g e  consequence 
e v e n t s  i s  t h a t  a l l  t h e  f ac to r s '  a f f e c t i n g  
consequences ..must be a t  or  near  t h e i r  
worst' cond i t ion .  Thus , t hey  r e q u i r e  a 
core m e l t  a c c i d e n t  coupled w i t h  addi-  
t i o n a l  f a i l u r e s  t h a t  cause l a r g e  r ad io -  
a c t i v e  releases coupled with $unfavorable  
weather  c o n d i t i o n s  and a very h i g h  popu- 
l a t i o n  d e n s i t y  exposed t o  t h e  r e l e a s e d  
r a d i o a c t i v i t y .  S ince  t h e  a c c i d e n t ,  t h e  
populat ion , and t h e  weather are gens ra l -  
l y  independent ,  l a r g e  consequence e v e n t s  
are  q u i t e  un l ike ly .  
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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: 

a. 

b. 

C. 

d. 

e. 

f.. 

9. 

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 
sys tems . 
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 use of a consequence.mode1 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 vahes for 
factors affecting the efficiency of 
removal of radioactivity by means of 
natural deposition, sprays and fil- 
ters. 

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 op- 
posed to the linear hypothesis, in 
the prediction of latent cancer fa- 
tali ties. 

Factors that may make the model conserv- 
ative are: n 
a. 

b. 

C. 

d. 

e. 

f .  

9. 

-136- 

Radioactive release definitions were w 
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. 

Some parameters in the calculation 
of the transport and removal of ra- 
dioactivity 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- 
tivi ty . 
Although a plume rise nodel was used 
that allowed sensible heat released 
from the containment to cause the 
plume to lift 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. A l s o  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 radioactive ex- 
posures have effects down to very 
low doses. 

The assumption that molten uranium 
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 n 
water. 



h. As indicated earlier in this chap- 
ter, the study probably overesti- 

. mates the likelihobd of accidents as 
applied to the first 100 reactors to 
be operated. 

7.4.2 METHODOLOGICAL DEVELOPMENTS 

The many aspects of the methodological 
developments and approaches have been 
extensively discussed in the report and 
its appendices. Among the more impor- 
tant aspects of the methodological con- 
tributions to the study are: 

a. The methodological approaches de- 
veloped in the study include the use. 
of event trees to 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- 
dioactivity, 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 
existing reactor sites and a plume 
rise and evacuation model. 

b. With regard to component failure 
rate data, it was found that exist- 
ing data is sufficiently accurate to 
perform meaningful risk evaluations 
especia-lly since the statistical 
propagation of variabilities in the 
quantification of system fault trees 
and 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 itself was not sufficiently 
comprehensive nor sufficiently 'quan- 
tifiable to be used as a sole data 
source. The nuclear data which was 
available, however, has had a pri- 
mary role in assessing the validity 
and consistency of' other data 
sources. In the study, nuclear ab- 
normal 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 

with the data served to cover uncer- 
tainties and possible variations in 
the final assessed values. 

Data 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 greater 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 validity 
of potential system improvements, 
better data is then required and 
better data analysis needs to be 
implemented. It would be useful to 
establish a comprehensive data col- 
lection and analysis program appli- 
cable to nuclear power plants. 

c. It is clear that the heart of suc- 
cessful risk assessment and a prin- 
cipal factor in determining the 
adequacy of event tree and fault 
tree methodology is the proper 
identification of potential common 
mode failures. Considerable effort 
was- 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 
the analysis. An important point to 
note is that'attention to the poten- 
tial for common mode failures was 
required throughout all stages of 
the analyses. . 
Significant common mode failure im- 
pacts were found in the event tree 
sequences and in the analyses of 
containment failuke modes. The com- 
mon-mode considerations of function- 
al and system interdependencies re- 
sulted in significant modifications 
to event trees and hence in the 
probability values resulting for 
many of the event tree sequences. 
Because of the functional and system 
interdependencies, the probability 
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va lues  f o r  , a c c i d e n t  sequences re- 
s u l t i n g  i n  c o r e - m e l t  could i n  many 
cases be  t h e  r e s u l t - o f  s i n g l e  engi- 
neered s a f e t y  system f a i l u r e s .  

On t h e  o t h e r  hand, i n  t h e  q u a n t i f i -  
c a t i o n  of f a u l t  trees and even t  
trees,  wh i l e  common mode f a i l u r e s  i n  
most c a s e s  had s i g n i f i c a n t  e f f e c t s ,  
they were smaller than  t h e  e f f e c t s  
found i n  t h e  even t  trees.  I n  gener- 
a l ,  s i n g l e  system f a i l u r e  p r o b a b i l i -  
t i es  dominated t h e  p r o b a b i l i t y  of an 
a c c i d e n t  sequence and s i n g l e  compo- 
nen t  f a i l u r e s  i n  t u r n  dominated t h e  

. sys t em p r o b a b i l i t y .  When t h i s  oc- 
cu r red ,  common mode f a i l u r e s  had 
l i t t l e  impact s i n c e  a t  most they 
could change m u l t i p l e '  independent 
f a i l u r e s  i n t o  s i n g l e  dependent f a i l -  
u re s  and t h e s e  a l r e a d y  e x i s t e d .  
Human e r r o r s ,  because of t h e i r  l a r g -  
e r  p r o b a b i l i t i e s  as compared t o  com- 
ponent f a i l u r e  ra te  d a t a ,  dominated 
t h e  system f a i l u r e  p r o b a b i l i t i e s  i n  
a number of  cases. I n  c e r t a i n  sys- 
t e m s ,  however; common mode contr ibu-  
t i o n s  d i d  e n t e r  impor t an t ly ,  f o r  
example, when s e v e r a l  f a i l u r e s  w e r e  
a t t r i b u t e d  t o  a common human i n t e r -  
f ace .  I t  would be u s e f u l  t o  s tudy  
t h e  m a t t e r  of human e r r o r s  i n  o r d e r  
t o  be a b l e  t o  p r e d i c t  t h e i r  e f f e c t s  
with g r e a t e r  p r e c i s i o n .  

The conclusion t h a t  common mode 
f a i l u r e s  w e r e  found t o  have varying 
s i g n i f i c a n c e  i n  t h i s  s tudy  s t r o n g l y  
i n d i c a t e s  t h a t  f o r  proper  c o n t e x t ,  
common modes and g e n e r a l  dependency 
c o n s i d e r a t i o n s  should n o t  be i s o -  
l a t e d  and t r e a t e d  s e p a r a t e l y  a s  has  
sometimes been done, b u t  should be 
inco rpora t ed  throughout a l l  s t a g e s  
of  t h e  a n a l y s i s .  

d. The ana lyses  of  engineered s a f e t y  
system a v a i l a b i l i t i e s  g e n e r a l l y  pre- 
d i c t e d  system f a i l u r e  p r o b a b i l i t i e s  
t o  be i n .  t h e  range of loq4 t o  
There were d e v i a t i o n s  from t h i s  gen- 
e ra l  range i n  t h e  case  of  a few 

- systems having h ighe r  o r  lower 
f a i l u r e  p r o b a b i l i t i e s .  General ly ,  
t h e r e  w e r e  a l s o  a number of  d i f f e r -  
e n t  c o n t r i b u t i o n s  t o  system f a i l u r e ,  
i nvo lv ing  hardware r e l a t e d  causes ,  
t e s t  and maintenance r e l a t e d  causes  
and/or human e r r o r s .  T e s t  and main- 
tenance and human e r r o r  con t r ibu -  

. t i o n s  w e r e  important  f a c t o r s  i n  
, roughly h a l f  t h e  systems. Common 

mode c o n t r i b u t i o n s ,  . o f t en  invo lv ing  
, t h e  human, a l s o  w e r e  important  i n  a 

. numbex of  systems, and p a r t i c u l a r l y  
i n  redundant systems. As a l r e a d y  
mentioned, t h e  c o l l e c t i o n  and analy- 
sis of f a i l u r e  r a t e  d a t a  and t h e  

f u r t h e r  s tudy  of human e r r o r s  would 
be u s e f u l  i n  improving t h e  p r e c i s i o n  
of  p o t e n t i a l  system f a i l u r e s  proba- 
b i l i t i e s .  

e. The use  of  f a u l t  trees i n  t h e i r  cur-  
r e n t  s t a t e  of  development i s  t i m e  
consuming and expensive.  While they 
are a u s e f u l  t o o l  i n  p r e d i c t i n g  t h e  
f a i l u r e  p r o b a b i l i t i e s  of engineered 
systems, i t  would be u s e f u l  t o  sys- 
t e m a t i z e  t h e i r  a p p l i c a t i o n  i n  o r d e r  
t o  make t h e i r  u t i l i z a t i o n  more e f f i -  
c i e n t .  

I n  a d d i t i o n  t o  t h e  f a c t o r s  of realism 
and t h e  f a c t o r s  t h a t  s t i l l  make-the 
model somewhat conse rva t ive  as d i scussed  
ear l ier .  t h e r e  a r e  a l s o  a few elements 
of 

a. 

b. 

C. 

uncek ta in ty  i n  t h e  model. 

A s  d i scussed  i n  Chapter 5 ,  t h e  
seismic des ign  adequacy ( t h a t  i s  t h e  
adequacy of  t h e  implementation of 
seismic des ign  requirements i n  t h e  
d e t a i l e d  p l a n t  des ign )  w a s  found t o  
be  d e f i c i e n t  i n  some a reas .  Al- 
though t h e  l o g i c  presented t h e r e  
suppor t s  t h e  view t h a t  seismic 
e v e n t s  a s  l a r g e  o r  l a r g e r  than those 
chosen f o r  t h e  design b a s i s  should 
n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  
a c c i d e n t  r i s k ,  it is  somewhat sur-  
p r i s i n g  t h a t  a g r e a t e r  degree of 
conf i rma t ion  of  seismic design ade- 
quacy could n o t  be obtained.  P a r t  
of t h i s  could be due t o  t h e  f a c t  
t h a t  seismic design requirements 
w e r e  r e l a t i v e l y  new a t  t h e  t i m e  
t h e s e  p l a n t s  w e r e  designed and p a r t  
could be due t o  t h e  a f t e r - t h e - f a c t  
n a t u r e  of t h e  review by t h i s  study. 
I t  would be  h e l p f u l  t o  s tudy  t h i s  
matter f u r t h e r  on more r e c e n t  
p l a n t s .  

A s  a l r e a d y  mentioned, t h e  r i s k  as- 
sessment performed i n  t h e  s tudy i s  
based on two l i g h t  water cooled 
n u c l e a r  power p l a n t s .  There may be 
some v a r i a t i o n s  i n  des ign  from reac-  
t o r  p l a n t  t o  p l a n t  as w e l l  as from 
s i t e  t o  s i t e  which could p o t e n t i a l l y  
a f f e c t  t h e  a p p l i c a b i l i t y  of  t h e  re- 
s u l t s  obtained.  I t  would be u s e f u l  
t o  pursue t h e s e  mat ters  f u r t h e r  t o  
g i v e  a g r e a t e r  degree of confidence 
i n  t h e  e x t r a p o l a t i o n  of  r e s u l t s  t o  
o t h e r  p l a n t s  and t o  develop t h e  
techniques f o r  making i n d i v i d u a l  
s i t e  c a l c u l a t i o n s .  I t  would a l s o  be 
u s e f u l  t o  r e p e a t  an o v e r a l l  
WASH-1400 type  r i s k  assessment f o r  
w a t e r  reacters i n  about 5-10 yea r s .  

The s_tudy could n o t  completely cover 
t h e  r i s k s  due t o  p o t e n t i a l  a c t s  of  
sabotage because no convincing way 
could be found t o  estimate t h e  prob- 
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. a b i l i t y  of acts o f  sabotage d i r e c t e d  

. a t  any t a r g e t .  However an i n v e s t i -  
g a t i o n  of ' t h i s  area h a s .  l e d  t h e  
s tudy  t o  t h e  conc lus ions  t h a t  nucle- 
ar  power p l a n t s  are d i f f i c u l t  t o  
sabotage s u c c e s s f u l l y ,  t h a t  a c t s  of  
sabotage are n o t + e x p e c t e d  t o  l ead  t o  
consequences more s e v e r e  than t h e  
maximum p r e d i c t e d  by t h e  s tudy  and 
t h a t  nuc lea r  power p l a n t s  a r e  f a r  
less s u s c e p t i b l e  t o  sabotage than 
most o t h e r  t a r g e t s .  Furthermore, 
improvements have r e c e n t l y  been made 
i n  p l a n t  s e c u r i t y  and f u r t h e r  re- 
quirements  are under c o n s i d e r a t i o n .  
With t h e  implementation of c u r r e n t  
s e c u r i t y  measures, it appears  t h a t  
t h e  p r o b a b i l i t y  o f  s u c c e s s f u l  sabo- 
t a g e  is  low and f u r t h e r  r educ t ions  
i n  p r o b a b i l i t y  can be a n t i c i p a t e d  i n  
t h e  f u t u r e .  

d. The p r o b a b i l i s t i c  t r ea tmen t  of t h e  
va r ious  i n p u t  parameters t o  the -con-  
sequence model has  n o t  been c a r r i e d  
o u t  uniformly i n  t h i s  s tudy.  How- 
e v e r ,  pa rame t r i c  s t u d i e s  have been 
performed t h a t  e s t a b l i s h  a reason- 
a b l e  b a s i s  f o r  t h e  e s t ima ted  e r r o r  
bands used i n  t h e  s tudy.  The devel-  

~ opment of  a consequence model t h a t  
i n c o r p o r a t e s  t h e  a d d i t i o n a l  proba- 

. b i l i s t i c  e lements  t h a t  may be needed 
. would be u s e f u l .  

._  

e. The consequence model assumed evac- 
u a t i o n  of  popu la t ion  from t h e  area 
t h a t  could p o t e n t i a l l y  be a f f e c t e d  
b y .  a c c i d e n t s  i n  which t h e  c o r e  
m e l t s .  I t  a l s o  assumed t h a t  some 
warning would be given i n  advance of  
t h e  a c t u a l  release of r a d i o a c t i v i t y .  
Although n u c l e a r  p l a n t s  a r e  a l r e a d y  
r e q u i r e d  t o  have plans '  f o r  .evacua- 
t i o n  i n  t h e  case o f  p o t e n t i a l  acci- 
d e n t s ,  t h e  importance of evacuation 

- . in  gL- reducing . acc iden t  consequences 
sugges t s  t h a t  s t e p s  ' be taken-  t o  
ensu re  t h a t  t h e  communications, i n -  
s t rumen ta t ion  and monitor ing needed 
t o  provide adequate  evacuat ion warn- 
ing  are provided. I t  would a l s o  be  
u s e f u l  t o  s tudy  p o t e n t i a l  a l t e r n a -  
t i v e s  f o r  achieving dose ameliora- 
t i o n  e f f e c t s .  

f .  A s  d i scussed  i n  Chapter 5, a l though 
t h e  p o t e n t i a l  c o n t r i b u t i o n  t o  reac- 
t o r  a c c i d e n t  r i s k s  due t o  f l o o d s  and 
f ires do n o t  a f f e c t  t h e  p r e d i c t e d  
r i s k s  impor t an t ly ,  it would be use- 
f u l  t o  perform a d d i t i o n a l  a n a l y s i s  
t o  d e f i n e  t h e i r  p o t e n t i a l  con t r ibu -  
t i o n  t o  r i s k  on a more broadly 
a p p l i c a b l e  b a s i s .  

7.4.3 RESEARCH SUGGESTIONS 

As i n d i c a t e d  ear l ie r  t h e r e  are some 
a r e a s  i n  which t h e  a v a i l a b i l i t y  of addi- 
t i o n a l  d a t a  would h e l p  t o  determine t h e  
degree of conservat ism i n  t h e  r i s k  es t i -  
mates performed. The sugges t ions  below 
do n o t  addres s  o v e r a l l  s a f e t y  r e sea rch ;  
they cover only those  a r e a s  t h a t  could 
be 

1. 

2 .  

3 .  

4. 

of h e l p  i n  r i s k  assessment s t u d i e s .  

Release of  R a d i o a c t i v i t y  from Molten 
Fuel .  Data on r a d i o a c t i v e  releases 
tha t 'wou ld  be expected t o  occur  from 
- 
molten- f u e l  having a s m a l l  s u r f a c e  
t o  volume r a t i o  would be of  use i n  
making t h e  o v e r a l l  ri'sk assessment 
more r ea l i s t i c .  

Steam Explosions.  Although d a t a  
from sma l l  scale experiments  i n d i -  
cate t h a t  molten m e t a l s  and w a t e r  do 
n o t  i n t e r a c t  i n  an exp los ive  way 
wi th  s a t u r a t e d  w a t e r ,  t h e  s tudy  has  
pe rmi t t ed  t h i s  p o s s i b i l i t y  because 
of  t h e  unknowns a s s o c i a t e d  wi th  po- 
t e n t i a l l y  l a r g e  scale even t s .  Fur- 
t h e =  experimental  d a t a  would be 
u s e f u l  t o  determine t h e  need f o r  
t h i s  conservatism. 

Heated Plumes. F u r t h e r  i n v e s t i g a -  
t i o n s  of  t h e  e f f e c t s  on plume be- 
hav io r  of  t h e  v a r i o u s  k inds  of h e a t  
sources i n  p o t e n t i a l  r e a c t o r  acci- 
d e n t  plumes would be u s e f u l .  

- 

R i s k ,  Assessment Development. I t  
would be- u s e f u l  t o  con t inue  t h e  
cohe ren t  development of  WASH-1400 
techniques i n  f u r t h e r  improving t h i s  
c a p a b i l i t y  i n  r i s k  assessment  and i n  
t h e  performance o f  r i s k  assessments.  q 

F r u i t f u l  'areas f o r  f u r t h e r  r i s k  as- 
sessment i n c l u d e  barge mounted nu- 
clear power p l a n t s ,  l i q u i d  m e t a l  
f a s t  b reede r  reactors, high tempera- 
t u r e  g a s  cooled reactors and f u e l  
r ep rocess ing  p l a n t s .  

While t h e  areas above have been suggest-  
ed as p o t e n t i a l  cand ida te s  f o r  a d d i t i o n -  
a l  s a f e t y  r e s e a r c h ,  t h i s  r e s e a r c h  i s  n o t  
regarded as u rgen t  s i n c e  t h e  r i s k s  from 
r e a c t o r  a c c i d e n t s ,  as c a l c u l a t e d  i n  t h i s  
s tudy ,  i n d i c a t e  them to  be  lower than  
many o t h e r s  i n  s o c i e t y .  

7.5 FINAL OBSERVATIONS 

The p r i n c i p a l  i n s i g h t s  gained i n  t h i s  
s t u d y . a r e :  

a. Contrary t o  t h e  commonly h e l d  b e l i e f  
t h a t  a l l  n u c l e a r  power p l a n t  acci- 
d e n t s  i nvo lv ing  c o r e  me l t ing  would 
s u r e l y  r e s u l t  i n  s e v e r e  a c c i d e n t s  
w i th  l a r g e  p u b l i c  consequences, t h e  
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magnitudes of t h e  p o t e n t i a l  conse- 
quences of a co re  m e l t  a c c i d e n t  w e r e  
found t o  have a wide range of  va l -  
ues. The p r o b a b i l i t y  i s  high t h a t  
t h e  consequences would be modest 
compared t o  o t h e r  t ypes  of r i s k s .  
The l i k e l i h o o d  of r e l a t i v e l y  seve re  
consequences i s  q u i t e  low. 

b. The consequences of  r e a c t o r  acci- 
d e n t s  a r e  o f t e n  smaller than  many 
people  have be l i eved .  Previous AEC 
s t u d i e s  have been based on u n r e a l i s -  
t i c  assumptions and have p r e d i c t e d  
r e l a t i v e l y  l a r g e  consequences f o r  
r e a c t o r s  t h a t  w e r e  much smaller than 
c u r r e n t  r e a c t o r s .  Consequently, 
t h e r e  are some who b e l i e v e ,  incor-  
r e c t l y ,  t h a t  r e a c t o r  a c c i d e n t s  can 
produce consequences comparable t o  
t h a t  of  t h e  explosion of  l a r g e  
n u c l e a r  weapons. F u r t h e r ,  t h e r e  are 
many i n  t h e  nuc lea r  f i e l d  who have 
b e l i e v e d  t h a t  a c c i d e n t s  i nvo lv ing  
me l t ing  of  t h e  r e a c t o r  c o r e  would 
always l e a d  t o  l a r g e  consequences. 
Th i s  s tudy  has  shown t h a t  predic-  
t i o n s  of  t h e  consequences of  nuc lea r  
power p l a n t  a c c i d e n t s ,  when per- 
formed on a more r ea l i s t i c  as 
opposed t o  an upper l i m i t  b a s i s ,  a r e  
smaller than  p rev ious  p r e d i c t i o n s  
would have l e d  one t o  b e l i e v e  and, 
i n  f a c t ,  are no l a r g e r ,  and o f t e n  
smaller, t han  t h e  consequences of 
o t h e r  a c c i d e n t s  t o  which w e  are 
a l r e a d y  exposed. 

c. The l i k e l i h o o d  o f  r e a c t o r  a c c i d e n t s  
i s  smaller than  t h a t  of many o t h e r  
a c c i d e n t s  having s imi l a r  conse- 
quences.  While t h e r e  are  some i n  
t h e  p u b l i c  s e c t o r  who w i l l  f e e l  t h a t  
t h e  l i k e l i h o o d  of occurrence of 
n u c l e a r  power p l a n t  a c c i d e n t s  should 
be made e s s e n t i a l l y  zero,  n e i t h e r  
nuc lea r  a c c i d e n t s  nor  non-nuclear 
a c c i d e n t s  of any kind can have zero 
p r o b a b i l i t y .  W e  do n o t  now, and 
never  have, l i v e d  i n  a r i s k - f r e e  

world. Nuclear a c c i d e n t  r i s k s  are 
r e l a t i v e l y  low compared to o t h e r  
man-made and n a t u r a l  r i s k s .  A l l  
o t h e r  a c c i d e n t s ,  i nc lud ing  f i r e s ,  
exp los ions ,  t o x i c  chemical releases, 
dam f a i l u r e s ,  ear thquakes,  h u r r i -  
canes, and tornadoes,  t h a t - h a v e  been 
examined i n  t h i s  s tudy are more 
l i k e l y  t o  occur  and can have conse- 
quences comparable t o  o r  g r e a t e r  
t han  nuc lea r  acc iden t s .  

d. There are many who, a s  a r e s u l t  of 
t h i s  s tudy ,  w i l l  advocate immediate 
a c t i o n  t o  accomplish o b j e c t i v e s  such 
a s  changing t h e  s a f e t y  design of re- 
a c t o r s  t o  dec rease  t h e  l i k e l i h o o d  of 
t h e  even t s  t h a t  w e r e  t h e  p r i n c i p a l  
c o n t r i b u t o r s  t o  t h e  r i s k  assessment 
and i n  s e t t i n g  r e a c t o r  s a f e t y  stand- 
a r d s  based on t h e  u s e  of q u a n t i t a -  
t i v e  techniques.  I f  t h e  r i s k s  
a t t a c h e d  t o  nuc lea r  power a r e  as 
s m a l l  as t h i s  s tudy f i n d s ,  such 
a c t i o n s  may n o t  be necessary,  and 
could p o t e n t i a l l y  be s e l f  de fea t ing .  
A s  a l r e a d y  i n d i c a t e d ,  a l though t h e  
use o f -  q u a n t i t a t i v e  techniques i n  
making d e c i s i o n s  on t h e  b a s i s  of 
r i s k  i s  s t i l l  i n  i t s  beginning 
s t a g e s  t h e s e  techniques can be used 
e f f e c t i v e l y  as ano the r  t o o l  i n  a id-  
i n g  d e c i s i o n  making processes .  I t  
would be w i s e  t o  con t inue  t h e i r  
f u r t h e r  development t o  make them of  
g r e a t e r  u t i l i t y  i n  a s s i s t i n g  dec i -  
s i o n  making. 

e. The q u e s t i o n  of what l e v e l  of r i s k  
from nuc lea r  a c c i d e n t s  should be ac- 
cep ted  by s o c i e t y  has  n o t  been 
addressed i n  t h i s  s tudy.  I t  w i l l  
t a k e  c o n s i d e r a t i o n  by a broader  seg- 
ment of s o c i e t y  than t h a t  involved 
i n  t h i s  s tudy t o  determine what 
l e v e l  of  nuc lea r  power p l a n t  r i s k s  
should be accep tab le .  This  s tudy  
should be of some h e l p  i n  t h e s e  con- 
s i d e r a t i o n s .  
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TABLE 7-1 APPROXIMATE VALUES OF EARLY ILLNESS AND LATENT EFFECTS 
FOR 100 REACTORS 

Chance P e r  Y e a r  

1 i n  200 

1 i n  10,000 

1 i n  100,000 

1 i n  1 ,000 ,000  

1 i n  10 ,000 ,000  

Consequences 

( C )  
L a t e n t  
Cancer Thyroid G e n e t i c  Effects 

Chance E a r l y  F a t a l i t i e s  (b) (per y r )  
P e r  Year I l l n e s s  (per y r )  ( p e r  y r )  

Consequences 

Relocation 
Decontaminat ion Area 
A r e a  (Sq. M i l e )  (Sq. M i l e )  

co.1 <o. 1 

2000 130 

3200 250 

(a) 290 

(a) (a) 

c1.0 c1.0 4 c1.0 (a) 1 i n  200 

1 i n  10 ,000  300 170 1400 25 

1 i n  100,000 3000 460 3 500 60 

1 i n  1,000,000 14,000 860 6000 110 

1 i n  10,000,000 45,000 1500 8000 170 
~~~ ~~ 

17,000 8000 8000 5 Normal i n c i d e n c e  P e r  Year 4 x 10 

(a)  T h i s  i s  t h e  p r e d i c t e d  chance per y e a r  of c o r e  m e l t  f o r  100 r e a c t o r s .  

(b) T h i s  ra te  would o c c u r  approx ima te ly  i n  t h e  10 t o  40 y e a r  p e r i o d  
a f t e r  a p o t e n t i a l  a c c i d e n t .  

(c)  T h i s  rate would a p p l y  t o  t h e  f i rs t  g e n e r a t i o n  born  a f te r  t h e  
a c c i d e n t .  
d e c r e a s i n g  rates.  

Subsequent  g e n e r a t i o n s  would e x p e r i e n c e  e f f e c t s  a t  

TABLE 7-2 LAND AREA AFFECTED BY POTENTIAL NUCLEAR POWER 
PLANT ACCIDENTS FOR 100 REACTORS 

(a)  No change from p r e v i o u s l y  l i s t e d  v a l u e .  
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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 ~ t h i s  addendum i s  t o  
p r e s e n t  an overview of t h e  methodology 
used i n  WASH-1400 t o  ass i s t  t h e  r e a d e r  
i n  judging i t s  i n h e r e n t  adequacy as w e l l  
as t h e  adequacy of i t s  implementation. 
Much of  t h e  material  p re sen ted  h e r e  i s  
d i s c u s s e d  b r i e f l y  i n  t h e  Main Report and 
i n  i t s  v a r i o u s  appendices.  However, 
s i g n i f i c a n t  a d d i t i o n a l  information and 
i n t e r p r e t i v e  ana lyses  a r e  a l s o  p re sen t -  
ed. 

There has  been cons ide rab le  d i s c u s s i o n  
of t h e  c a p a b i l i t y  of such methodologies 
t o  produce r e l i a b l e  q u a n t i t a t i v e  esti-  
mates of t h e  p r o b a b i l i t y  of occurrence 
of system f a i l u r e s  and of low-probabili-  
t y  even t s .  Much of  t h i s  d i s c u s s i o n  
appears  t o  be based on t h e  r e s u l t s  of 
some e a r l y  e f f o r t s  t h a t  produced q u i t e  
u n r e a l i s t i c  q u a n t i t a t i v e  p r e d i c t i o n s .  
Another a s p e c t  of  t h e s e  d i s c u s s i o n s  
concerns t h e  a b i l i t y  t o  estimate t h e  
occurrence of low-probabi l i ty  even t s  
with confidence.  These matters and 
o t h e r s  a r e  covered i n  t h i s  addendum. 

The s tudy  b e l i e v e s  t h a t  t h e  r e s u l t s  
ob ta ined  i n  WASH-1400 r e p r e s e n t  a 
s i g n i f i c a n t  ex tens ion  i n  t h e  a p p l i c a t i o n  
and q u a n t i f i c a t i o n  of even t  trees and 
f a u l t  trees. The material p re sen ted  i n  
t h i s  addendum a t t empt s  t o  d e f i n e  t h e  

b a s e s - f o r  t h i s  b e l i e f  and i s  arranged a s  
fol lows : 

Sec t ion  2 d i s c u s s e s  t h e  adequacy of 
t h e  o v e r a l l  methodology i n  g e n e r a l  
t e r m s .  

Sec t ion  3 d i s c u s s e s  t h e  adequacy of  
f a u l t  t ree methodology i n  gene ra l  
terms. 

Sec t ion  4 covers  t h e  handl ing of 
p o t e n t i a l  common mode f a i l u r e s  i n  t h e  
o v e r a l l  r i s k  assessment,  i nc lud ing  
t h e  c o n t r i b u t i o n s  made by event  trees 
and f a u l t  trees. 

Sec t ion  5 d i s c u s s e s  t h e  completeness 
of  c o n s i d e r a t i o n  of p o t e n t i a l  r e a c t o r  
a c c i d e n t s ,  covering those invo lv ing  
t h e  r e a c t o r  co re  a s  w e l l  a s  those 
invo lv ing  r a d i o a c t i v i t y  s t o r e d  i n  
o t h e r  l o c a t i o n s .  

Sec t ion  6 cove r s  t h e  handl ing of 
f a i l u r e  r a t e  d a t a  i n  t h e  o v e r a l l  r i s k  
assessment.  

Sec t ion  7 p r e s e n t s  modeling consider-  
a t i o n s  f o r  e v e n t  trees and f a u l t  
trees. 

Sec t ion  8 summarizes t h e  d i s c u s s i o n .  
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Section 2 

Adequacy of the Overall Methodology 

This  s e c t i o n  p r e s e n t s  a g e n e r a l  d i scus -  
s i o n  of t h e  f a c t o r s  t h a t  concern some 
people wi th  r e s p e c t  t o  t h e  adequacy of  
WASH-1400 methodology and d e s c r i b e s  some 
of t h e  reasons f o r  t h e s e  concerns.  The 
p r i n c i p a l  f a c t o r s  involved are: 

a. 

b. 

C. 

d. 

whether e v e n t  tree and f a u l t  t ree 
methodology i s  capable  of p r e d i c t i n g  
a c c i d e n t  and system f a i l u r e  proba- 
b i l i t i e s  , 
whether t h e  c a p a b i l i t y  e x i s t s  t o  
p rope r ly  d e f i n e  common mode ( o r  
dependent) f a i l u r e s  , 
whether a l l  p o t e n t i a l  a c c i d e n t  
sequences have been i d e n t i f i e d ,  and 

whether adequate  f a i l u r e  r a t e  d a t a  
w a s  a v a i l a b l e  t o  q u a n t i f y  f a u l t -  
trees. . 

I t e m  a ,  r ega rd ing  t h e  c a p a b i l i t y  of  
f a u l t  tree methodology t o  produce u s e f u l  
p r e d i c t i o n s  o f  system f a i l u r e  probabi1i’- 
t i es ,  i s  somewhat understandable  i n  view 
of  t h e  r e s u l t s  of  some e a r l y  a t t empt s  t o  
q u a n t i f y  f a u l t  trees. I n  t h e s e  c a s e s ,  
f a i l u r e  t o  achieve u s e f u l  r e s u l t s  gener- 
a l l y  r e s t e d  on one o r  more f a c t o r s ,  such 
as t h e  i n c l u s i o n  of on ly  hardware 
f a i l u r e s  i n  t h e  trees and t h e  use of an 
inadequate  f a i l u r e  ra te  d a t a  base.  
A l s o ,  i n  some cases, h ighe r  deg rees  of  
p r e c i s i o n  w e r e  sought  t han  were achiev- 
a b l e ,  and t h e s e  e f f o r t s  were c l a s s e d  as 
being inadequate .  Since t h e  ear l ie r  
a t t empt s ,  however, cons ide rab le  work has  
been done t o  improve t h e  methodology t o  
overcome t h e s e  d e f i c i e n c i e s .  The s tudy  
b e l i e v e s  t h a t  t h e  f a u l t  t ree methodology 
as used i n  WASH-1400 produced meaningful 
r e s u l t s .  S e c t i o n s  3 and 4 . 2  d i s c u s s  t h e  
adequacy of  f a u l t  tree methodology. 

I t e m s  b through d sugges t  t h a t  t h e  
methodology used i n  t h e  s tudy  might n o t  
have been capable  of  producing meaning- 
f u l  and complete d e s c r i p t i o n s  of  a l l  
conceivable  r e a c t o r  a c c i d e n t  sequences 
o r  meaningful p r e d i c t i o n s  of t h e i r  l i k e -  
l ihood of  occurrence.  There appears  t o  
be some op in ion  t h a t  t h e  l a c k  of capa- 
b i l i t y  t o  d e f i n e  common mode f a i l u r e s  
adequately w i l l  p r even t  t h e  s u c c e s s f u l  
i d e n t i f i c a t i o n  of  a l l  a c c i d e n t  sequences 
as w e l l  as t h e  q u a n t i f i c a t i o n  of f a u l t  
trees. 

I t  i s  important  t o  understand t h a t  t h e  
Reactor S a f e t y  Study does n o t  pu rpor t  t o  
have included i n  i t s  r e s u l t s  con t r ibu -  
t i o n s  from conceivable  a c c i d e n t s  and 
a l l  conceivable  common modes. The i m -  
p o r t a n t  q u e s t i o n  i s  n o t  whether 
c o n t r i b u t i o n s  have been inc luded ,  b u t  
whether t h e  s i  n i f i c a n t  c o n t r i b u t i o n s  t o  

o r  p r o b a b i l i t y  v a l u e  can be envis ioned 
as c o n s i s t i n g  of  a l a r g e  number of  
c o n t r i b u t i o n s  t h a t  must be combined. 
The goa l  of an a n a l y s i s  i s  t o  inc lude  a 
s u f f i c i e n t  number of s i g n i f i c a n t  c o n t r i -  
bu t ions  so t h a t  t h e  r e s u l t s  a r e  i n s e n s i -  
t i v e  t o  f u r t h e r  c o n t r i b u t i o n s .  The 
s tudy’ s  even t  tree and f a u l t  t ree  metho- 
dology r e p r e s e n t s  a sys t ema t i c  and 
comprehensive method t o  h e l p  d e f i n e  t h e  
s i g n i f i c a n t  c o n t r i b u t i o n s .  

One of  t h e  v i t a l  e lements  i n  ensu r ing  
t h a t  a l l  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  
a c c i d e n t s  are i d e n t i f i e d  i s  t h e  proper  
handl ing of  common mode f a i l u r e s .  A 
g e n e r a l  pe rcep t ion  of many s c i e n t i s t s  i s  
t h a t  t h e  a n a l y s i s  of  p o t e n t i a l  common 
mode f a i l u r e s  i s  l i m i t e d  p r i n c i p a l l y  t o  
c o n s i d e r a t i o n s  invo lv ing  dependencies 
among component f a i l u r e s  w i t h i n  h igh ly  
redundant systems. I t  i s  thought  t h a t  
t h e  q u a n t i f i c a t i o n  of such p o t e n t i a l  
c o n t r i b u t i o n s ,  even w i t h i n  a s i n g l e  
system, cannot  be done wi th  any reason- 
able degree of confidence;  t h e  i d e a  of  
coupl ing m u l t i p l e  systems t o g e t h e r  i n  
a c c i d e n t  sequences appea r s  t o  them t o  
make t h e  handl ing of common mode 
f a i l u r e s  a lmost  impossibly d i f f i c u l t .  

Th i s  pe rcep t ion  seemed g e n e r a l l y  v a l i d  
t o  t h e  s tudy  when t h e  work began because 
it seemed t h a t  a g r e a t  many combinations 
of mult iple-system f a i l u r e s  would be 
p o t e n t i a l l y  p o s s i b l e  i n  t h e  a c c i d e n t  
sequences d e r i v e d  from even t  trees.  
However, f a c t o r s  n o t  normally considered 
i n  previous ana lyses  began t o  emerge 
more c l e a r l y  as t h e  s tudy  progressed.  
These f a c t o r s ,  a t  least  f o r  l i g h t  w a t e r  
cooled nuclear ,power p l a n t s  of  t h e  type 
now be ing  b u i l t  i n  t h e  United States,  
l e d  t o  t h e  fo l lowing  i n s i g h t s  about  t h e  
r i s k  assessments  performed i n  t h e  s tudy:  

r i s k  have been + i n c l u  e . Any f i n a l  r i s k  

a. There are many i d e n t i f i a b l e  t i g h t l y  
coupled i n t e r r e l a t i o n s h i p s  t h a t  
e x i s t  i n  p o t e n t i a l  a c c i d e n t  se- 
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quences i n  t h e s e  n u c l e a r  power 
p l a n t s .  These i n c l u d e  i n t e r r e l a -  
t i o n s h i p s  among t h e  f u n c t i o n s  t o  be 
performed, between t h e  f u n c t i o n s  and 
among t h e  systems provided t o  
perform t h o s e  f u n c t i o n s ,  and t h e  
systems themselves.1 These i n t e r r e -  
l a t i o n s h i p s ,  which are e x p l i c i t l y  
def ined  on t h e  b a s i s  of  engineer ing  
knowledge and p h y s i c a l  p r i n c i p l e s ,  
have t h e  e f f e c t  of  reducing t h e  
number of p o t e n t i a l l y  conceivable  
i n t e r a c t i o n s  by very  l a r g e  f a c t o r s .  

b. Many of  t h e  a c c i d e n t  sequences 
d e f i n e d  by event  trees involved t h e  
f a i l u r e  of on ly  s i n g l e  systems as 
opposed t o  m u l t i p l e  sys tems. '  Fur- 
t h e r ,  t h e  f a i l u r e  p r o b a b i l i t i e s  of  
m o s t  of t h e s e  systems involved only 
s i n g l e  f a i l u r e  type* c o n t r i b u t i o n s .  
Thus, t h e  Reactor S a f e t y  Study 
a c c i d e n t  ana lyses  involved n e i t h e r  a 
l a r g e  number of h i g h l y  redundant 
systems nor  t h e  combinations of  such 
s y s  t e m s  . 

c. I n  r i s k  assessment ,  e s t i m a t e s  of  
h igh  p r e c i s i o n  are n o t  needed. 
Thus, bounding and approximation 
techniques  of  many k inds  can be used 
s u c c e s s f u l l y  t o  assess t h e  p o t e n t i a l  
impacts of  common mode f a i l u r e s .  I f  
t h e  r e s u l t s  of  t h e  a p p l i c a t i o n  of  
such techniques  do n o t  impact w i t h i n  
t h e  accuracy of  t h e  c a l c u l a t i o n s ,  
t h e n  f u r t h e r  a n a l y s i s  t o  d e f i n e  

p o t e n t i a l  a d d i t i o n a l  common modes i s  
n o t  needed. Where high degrees  of  
p r e c i s i o n  (e .g . ,  system r e l i a b i l i t y  
des ign)  are needed, such bounding 
techniques  may n o t  be usefu l .  

Based on t h e  above c o n s i d e r a t i o n s ,  t h e  
proper  handl ing of  common mode f a i l u r e s  
throughout a l l  s t a g e s  of t h e  a n a l y s i s  i s  
v i t a l  i n  determininu t h e  s i s n i f i c a n t  
c o n t r i b u t o r s  t o  r i s i  and i n  p;edicting 
meaningful a c c i d e n t  and system probabi l -  
i t i e s .  Furthermore,  t h e r e  i s  a c l o s e  
r e l a t i o n s h i p  between t h e  a b i l i t y  t o  
d e f i n e  common mode f a i l u r e s  and t h e  
a b i l i t y  t o  d e f i n e  t h e  s i g n i f i c a n t  con- 
t r i b u t o r s  t o  I r i s k .  T o  t h e  e x t e n t  t h a t  
a l l  s i g n i f i c a n t  common mode f a i l u r e s  
cannot be determined, it i s  n o t  p o s s i b l e  
t o  say t h a t  a l l  s i g n i f i c a n t  c o n t r i b u t o r s  
have been def ined .  The d e f i n i t i o n  of  
a c c i d e n t  sequences i n  event  trees and 
f a u l t  trees must t h e r e f o r e  inc lude  
e x t e n s i v e  c o n s i d e r a t i o n  of p o t e n t i a l  
common mode f a i l u r e s .  

S e c t i o n  4 of  t h i s  addendum d i s c u s s e s  
common mode f a i l u r e s  a s  a complete 
t o p i c ,  p o i n t i n g  o u t  t h e  c o n t r i b u t i o n s  
made t o  t h e i r  i d e n t i f i c a t i o n  by event  
trees,  f a u l t  trees, and t h e  s t a t i s t i c a l  
techniques  used i n  t h e i r  q u a n t i f i c a t i o n .  
S e c t i o n  5 examines t h e  way i n  which t h e  
stitdy determined t h e  a c c i d e n t  sequences 
of  s i g n i f i c a n c e .  Sec t ion  6 d e s c r i b e s  
t h e  d a t a  base  used i n  t h e  q u a n t i f i c a t i o n  
of t h e  e v e n t  trees and f a u l t  trees. 

'see s e c t i o n  2 of  Appendix I f o r  a more complete d e s c r i p t i o n  of  t h e s e  i n t e r r e l a t i o n -  
s h i p s .  

2A s i n g l e  f a i l u r e  type  of c o n t r i b u t i o n  has  a p r o b a b i l i t y  e q u a l  t o  t h a t  of  a s i n q l e  
component (hardware) f a i l u r e ,  s i n g l e  human e r r o r ,  or s i n g l e  t e s t  and maintenance 
c o n t r i b u t i o n .  
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Section 3 . 

Adequacy of the Fault Tree Methodology 

There have been s t a t emen t s  made i n  
r e c e n t  y e a r s  t h a t  chal lenged t h e  concep- 
t u a l  adequacy of f a u l t  t ree  methodology. 
One of t h e  p r i n c i p a l  p o i n t s  of t h e s e  
s t a t emen t s  w a s  t h a t  f a u l t  tree a n a l y s i s  
i s  incomplete and i s  unable t o  produce 
r e l i a b l e  q u a n t i t a t i v e  p r e d i c t i o n s  of  
system f a i l u r e .  I t  has  been a s s e r t e d  
t h a t  t h e  Na t iona l  Aeronaut ics  and Space 
Adminis t ra t ion (NASA) and t h e  aerospace 
i n d u s t r y  abandoned u s e  of t h e  f a u l t  t ree 
technique f o r  t h i s  reason.  The major 
reasons c i t e d  f o r  t h e  supposed d e f i c i e n -  
cies i n  f a u l t  t ree methodology inc lude  
t h e  fol lowing:  

a.  F a u l t  trees cannot  i d e n t i f y  a l l  
p o t e n t i a l  causes  of s y s t e m  f a i l u r e  
and hence y i e l d  underest imates  of 
system f a i l u r e  p r o b a b i l i t y .  

b. F a u l t  trees are s u b j e c t i v e  because 
t h e  a n a l y s t  must decide which e v e n t s  
are t o  be inco rpora t ed  i n t o  t h e  
trees and which e v e n t s  a r e  t o  be 
omit ted.  

c. The r e s u l t s  of t h e  q u a n t i f i c a t i o n  of  
f a u l t  trees cannot be r e l i e d  on 
because i n s u f f i c i e n t  f a i l u r e  d a t a  
are a v a i l a b l e .  

To o b t a i n  a balanced p e r s p e c t i v e  i n  
d i s c u s s i n g  t h e s e  areas, it i s  i n s t r u c -  
t i v e  t o  review those  viewpoints t h a t  
support  t h e  adequacy of f a u l t  t ree 
methodology b e f o r e  proceeding. 

A le%tter of  June 1 6 ,  1975, from t h e  
Adminis t ra tor  of t h e  Na t iona l  Aeronau- 
t i cs  and Space Adminis t ra t ion t o  t h e  
Chairman of  t h e  U.S. Nuclear Regulatory 
Commission i n d i c a t e s  NASA's  c u r r e n t  view 
of t h e  s t u d y ' s  methodology.2 I n  sum- 
mary, t h e  NASA l e t t e r  s ta tes  t h a f  t h e  
event  tree and f a u l t  t ree  methodology 
used i n  t h e  Reactor S a f e t y  Study is an 
e f f e c t i v e  technique and i s  capable  of 
producing numerical assessments of va lue  
i f  t h e  d a t a  base from which f a i l u r e  
p r o b a b i l i t i e s  a r e  determined has  s u f f i -  
c i e n t  accuracy and c o n t e n t  t h a t  is  
a p p l i c a b l e  t o  t h e  q u a n t i f i c a t i o n  being 

performed. I t  goes on t o  s a y  t h a t ,  
al though NASA uses  s i m i l a r  methodology, 
it does n o t  use t h e  numerical  p o r t i o n  of 
t h e  a n a l y s i s  because of t h e  small  d a t a  
base a p p l i c a b l e  t o  s p e c i f i c  NASA 
p r o j e c t s .  

M r .  A. E .  Green, General  Manager of t h e  
Systems R e l i a b i l i t y  Se rv ice  (SRS) i n  
England and coauthor  of  t h e  t e x t  
R e l i a b i l i t y  Technology, has  a l s o  pro- 
vided h i s  views of t h i s  ma t t e r3  ( R e f .  
1). The SRS group has  been using 
r e l i a b i l i t y  techniques f o r  a number of 
y e a r s ,  and M r .  Green s t a t e s  t h a t  t h e  
group has  found t h e  gene ra l  methodology 
t o  be competent, g i v i n g  p r e d i c t i o n s  t h a t  
are g e n e r a l l y  w i t h i n  a f a c t o r  of 2 of 
achieved f a i l u r e  r a t e s .  I n  suppozt of 
t h i s  r e a l i s t i c  p r e d i c t i o n  c a p a b i l i t y ,  a 
graph i s  c i t e d  from R e l i a b i l i t y  
Technology, which shows t h e  c l o s e  agree- 
ment t h e  SRS group has  so f a r  
experienced between p r e d i c t e d  p r o b a b i l i -  
t ies  and observed system f a i l u r e  rates. 
The l e t t e r  no te s  t h a t  t h i s  curve shows 
t h a t ,  f o r  some 50 s y s t e m  elements ,  t h e  
r a t i o  of observed f a i l u r e  r a t e  t o  
p r e d i c t e d  f a i l u r e  w a s  w i t h i n  a f a c t o r  of 
4 .  

Another comment t h a t  should be c i t e d  
he re  was contained i n  a l e t t e r  from t h e  
U . S .  Environmental P r o t e c t i o n  Agency 
(EPA) d a t e d  August 15,  1975 .  The l e t t e r  
i s  reproduced h e r e ,  i n  p a r t ,  as fol lows:  

"Because of t h e  s i g n i f i c a n c e  of t h e  
Reactor S a f e t y  Study toward e s t a b l i s h i n g  
t h e  accident r i s k  associated w i t h  nu- 
clear power p l a n t s ,  w e  chose t o  review 
t h e  d r a f t  r e p o r t  of t h e  s tudy  i n  two 
phases.  The comments from our  f i r s t  
phase review, an o v e r a l l  review of t h e  
d r a f t  W A S H - 1 4 0 0 ,  w e r e  t r a n s m i t t e d  t o  you 
by ou r  l e t t e r  of November 2 7 ,  1974. The 
second phase review w a s -  an i n t e n s i v e  
examination o f  s e l e c t e d  areas o f  d r a f t  
WASH-1400 t o  determine i f  t h e r e  w e r e  
d e f i c i e n c i e s  i n  t h e i r  e v a l u a t i o n s  and t o  
e s t i m a t e  t h e  s i g n i f i c a n c e  of t h e  d e f i -  
c i e n c i e s  wi th  r e s p e c t  t o  t h e  r e l a t e d  

'The 

2This l e t t e r  i s  appended t o  t h i s  addendum as Attachment 1. 

procedures used i n  t h e  s t u d y , t o  h e l p  ensu re  t h e  completeness of f a u l t  trees and 
t o  achieve t h e i r  r e l i a b l e  q u a n t i f i c a t i o n  are desc r ibed  i n  s e c t i o n  4.2. 

3 M r .  Green 's  l e t t e r  i s  appended t o  t h i s  addendum a s  Attachment 2.  
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r i s k  c a l c u l a t i o n s  i n  d r a f t  WASH-1400. 
This  e f f o r t  provided a deeper  apprecia-  
t i o n  of t h e  degree of  thoroughness with 
which t h e  Reactor S a f e t y  Study s t a f f  has  
app l i ed  t h e  s tudy  methodology and of t h e  
s e n s i t i v i t y  of  t h e  s tudy r e s u l t s  t o  
changes i n  i n d i v i d u a l  parameters  o r  i n  
s i n g l e  e v e n t  p r o b a b i l i t i e s . "  

"The r e s u l t s  of ou r  second phase review 
have n o t  a l t e r e d  our  opinion t h a t  t h e  
Reactor Sa fe ty  Study provides  a forward 
s t e p  i n  r i s k  assessment of nuc lea r  power 
r e a c t o r s ,  and t h a t  t h e  s t u d y ' s  gene ra l  
methodology appears  t o  provide a system- 
a t i z e d  b a s i s  fox o b t a i n i n g  u s e f u l  as-  
sessments of  t h e  a c c i d e n t  r i s k s  where 
empi r i ca l  o r  h i s t o r i c a l  d a t a  a r e  pre- 
s e n t l y  unava i l ab le . "  

The General Accounting O f f i c e  (GAO), a t  
t h e  r e q u e s t  of Congress, made a review 
of  r e l i a b i l i t y  d a t a  on weapons and space 
systems.1 The conclusions of t h i s  
l i m i t e d  s tudy  are as fol lows:  

"1. Although t h e  b a s i c  r e l i a b i l i t y  
methodology i s  adap tab le  t o  Atomic 
Energy Commission (AEC)  p r o j e c t s ,  
DOD and NASA experience has  l i m i t e d  
use fu lness  i n  judging t h e  v a l i d i t y  
of A E C ' s  r e l i a b i l i t y  p r e d i c t i o n s .  

2.  The confidence t h a t  can be placed 
on r e l i a b i l i t y  p r e d i c t i o n s  i s  d i -  
rect ly  r e l a t e d  t o  t h e  e x t e n t  of - 
previous , t e s t i n g  o r  tlse of t h e  & 
o r  s i m i l a r  systems. 

3. Most e a r l y  DOD r e l i a b i l i t y  predic-  
t i o n s  are g o a l s  set  f o r  t h e  con- 

'The review, which w a s  publ ished on pages 3 20775 and S 20776 of t h e  Congressional 
Record on Deceder  9 ,  1 9 7 4 ,  i s  appended t o  t h i s  addendum as Attachment 3 .  
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t r a c t o r s  o r  l a b o r a t o r i e s  t o  achieve 
i n  development and product ion.  
Most such g o a l s  a r e -  n o t  i n i t i a l l y  
achieved i n  ope ra t ions ;  b u t  equip- 
ment and component mod i f i ca t ions ,  
t r a i n i n g ,  and experience u s u a l l y  
r e s u l t  i n  upward r e l i a b i l i t y  t r e n d s  
over  a p e r i o d  of  t i m e .  

4. R e l i a b i l i t y  of  major new systems 
cannot  . be  a c c u r a t e l y  p r e d i c t e d  
because of  t h e  many va r i ab le s - -  
materials, t ra ' ining,  maintenance, 
and s o ' f o r t h - - t h a t  are involved." 

The s tudy  i n t e r p r e t s  t h e  GAO conc lus ions  
n o t  as - a  c r i t i c i sm of  t h e  &- methodologies 
a s '  used i n  WASH-1400, b u t  r a t h e r  as a 
confirmation t h a t  t hey  can,. ' i if .used 
c o r r e c t l y ,  p r e d i c t  rea l i s t ic  ' system 
f a i l u r e  p r o b a b i l i t i e s  with r easonab le  
confidence.  The b a s i s  f o r  t h i s  b e l i e f  
i s  t h a t  t h e  reactor systems analyzed 'in 
WASH-1400 are n o t  new and unique b u t  are 
used in.many r e a c t o r s  a n d .  are composed 
of  components t h a t  are t h e  'same as,  o r  
s imi l a r  t o ,  t hose  used i n  many o t h e r  
i n d u s t r i a l  a p p l i c a t i o n s .  . 

A s  a f i n a l  p o i n t ,  it -should be noted 
t h a t ,  a l though t h e  c u r r e n t  o p e r a t i n g  
expdrience w i t h  r e a c t o r s  - is  i n s u f f i c i e n t  
t o  g i v e  measured va lues  f o r  .system 
f a i l u r e  p r o b a b i l i t i e s  i n  a l l  cases, 
s h f f i c i e n t  system d a t a  w e r e  a v a i l a b l e  t o  
permit  checking t h e  WASH-1400 p r e d i c t e d  
f a i l u r e  rates f o r  two systems a g a i n s t  
experience.  1 I n  t h e s e  two cases, - t h e  
p r e d i c t e d  and observed f a i l u r e t  . ra tes  
were w i t h i n  about a f a c t o r  of 2 . of  one 
another .  This  r e s u l t  g ives  some conf i -  
dence t h a t  t h e  f a u l t - t r e e s  and d a t a  used 
i n  WASH-1400 gave reasonably good 
resul ts .  

- I 

I t  i s  t h e  view of t h e  s tudy t h a t  t h e  n e t  
i n p a c t  of  t h e  GAO r e p o r t ,  t h e  NASA le t -  
ter ,  M r .  Green's l e t t e r ,  and t h e  EPA 
l e t te r  i s  t o  confirm, as a ma t t e r  of 
i n t e l l e c t u a l  conv ic t ion  and experience,  
t h a t  f a u l t  t ree  methodology can produce 
meaningful r e s u l t s . .  The-preceding 
d i s c u s s i o n  seems, t o  confirm t h a t  t h e r e  
i s  a f a i r l y  broadly h e l d  view t h a t  t h e  
methodology can s e r v e  i t s  intended 
func t ion  of rea l i s t ic  r e l i a b i l i t y  pre- 
d i c t i o n  and * t h e  l i m i t e d  ( n e c e s s a r i l y )  
checking of  system f a i l u r e  - p r e d i c t i o n s  
a g a i n s t  f i e l d  experience i n d i c a t e s  t h a t  
reasonably rea l i s f ic  r e s u l t s  w e r e  ob- 
t a i n e d  i n  t h e  WASE-1400 implementation 
of f a u l t  t ree methodology. 

The procedures  used i n  t h e  s tudy  t o  h e l p  
ensu re  t h e  completeness of f a u l t  trees 
and t o  achieve t h e i r  r e l i a b l e  q u a n t i f i -  
c a t i o n  are d e s c r i b e d  i n  s e c t i o n  4.2 of 
t h i s  addendum. 

The d i s c u s s i o n  t h a t  fol lows i n  t h e  n e x t  
s e v e r a l  s e c t i o n s  addres ses  ir,  g r e a t e r  
d e t a i l  t h e  v a l i d i t y  of  t h e  even t  tree/ 
f a u l t  t ree methodology. Although t h e  
d i s c u s s i o n  i s  d i r e c t e d  p r i n c i p a l l y  
toward t h e  i d e n t i f i c a t i o n  of p o t e n t i a l  
dependencies and common mode f a i l u r e s ,  
it also p r e s e n t s  an overview t h a t  cove r s  
t h e  g e n e r a l  completeness of t h e  metho- 
dology (which i s  c l o s e l y  r e l a t e d  t o  t h e  
i d e n t i f i c a t i o n  of dependenc ie s ) ,  t h e  
s p e c i f i c  techniques used t o  h e l p  ensu re  
completeness,  and t h e  handl ing of  f a i l -  
u r e  d a t a .  I t  i s  hoped t h a t  t h i s  
overview w i l l  provide t h e  r e a d e r  with a 
b e t t e r  comprehension of t h e  s t u d y ' s  
methodology than  d i d  t h e  widely scat- 
t e r e d  d i s c u s s i o n  i n  t h e  d r a f t  r e p o r t .  

. . . .  
. .  . .  ' .. 

'See Appendix 11, volume I ,  s e c t i o n  1. 
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Section 4 

in Overall Risk Assessment 
The Handling of Potential Common Mode Failures 

A s  is s t a t e d  i n  WASH-1400, t h e  h e a r t  of 
s u c c e s s f u l  r i s k  assessment and a p r i n c i -  
p a l  f a c t o r  i n  determining t h e  adequacy 
of t h e  even t  t r e e / f a u l t  tree methodology 
i s  t h e  proper  i d e n t i f i c a t i o n  of  poten- 
t i a l  common mode f a i l u r e s .  The success- 
f u l  d e f i n i t i o n  of common :mode f a i l u r e s  
i s  necessary t o  h e l p  ensure t h a t  a l l  t h e  
s i g n i f i c a n t  c o n t r i b u t i n g  a c c i d e n t  se- 
quences have been de f ined  and t h a t  t h e  
p r o b a b i l i t i e s  of occurrence of  t h e  acci- 
den t  sequences have been adequately 
p red ic t ed .  Many of t hose  who have 
considered t h e  problems a s s o c i a t e d  with 
d e f i n i n g  low-probabi l i ty  e v e n t s  and 
t h e i r  l i k e l i h o o d  of  occurrence f i n d  it 
reasonable  t o  q u e s t i o n  whether t h e  capa- 
b i l i t y  e x i s t s  t o  perform such a t a s k ,  
due p r i n c i p a l l y  t o  t h e  u n c e r t a i n t i e s  
involved i n  t h e  handl ing of common mode 
f a i l u r e s .  I n  f a c t ,  as noted i n  WASH- 
1 4 0 0 , 1  t h i s  w a s  one of t h e  major uncer- 
t a i n t i e s  recognized from t h e  beginning 
of t h e  s tudy.  

I n  t h e  r i s k  assessment performed i n  
WASH-1400, t h e  i d e n t i f i c a t i o n  of common 
mode f a i l u r e s  was an i n t e g r a l  p a r t  of 
t h e  c o n s t r u c t i o n  and q u a n t i f i c a t i o n  of 
even t  trees,  of t h e  c o n s t r u c t i o n  and 
q u a n t i f i c a t i o n  of f a u l t  t rees ,  and i n  
t h e  hand l ing  of  f a i l u r e  d a t a .  Only by 
cons ide r ing  t h e s e  t h r e e  elements i n  
conce r t  ( i .e . ,  even t  trees, f a u l t  t rees,  
and d a t a )  can one g a i n  t h e  necessary 
p e r s p e c t i v e  concerning t h e  v a l i d i t y  of 

t h e  handl ing of  common mode f a i l u r e s  and 
of t h e  o v e r a l l  use of t h e  methodology i n  
WASH-1400. 

4.1 EVENT TREE.METHODOLOGY AND 
ITS CqNTRIBUTIONS TO COMMON 
MODE FAILURE CONSIDERATIONS 

A s  desc r ibed  e x t e n s i v e l y  i n  Appendix I ,  
an even t  t ree  begins  with an i n i t i a t i n g  
even t ,  and proceeds t o  d e f i n e  t h e  poss i -  
b l e  outcomes of such an event .  These 
outcomes are determined by a l l  t h e  
p h y s i c a l l y  p o s s i b l e  permutations encom- 
passed by t h e  s u c c e s s f u l  ope ra t ion  o r  
f a i l u r e  of a l l  t h e  a p p l i c a b l e  systems 
i n s t a l l e d  i n  t h e  nuc lea r  power p l a n t  
t h a t  can cope with t h e  e f f e c t s  of t h e  
i n i t i a t i n g  event .3  Thus, s i n c e  a l l  ap- 
p l i c a b l e  systems t h a t  can a f f e c t  t h e  
course of even t s  are included,  t h e  con- 
s t r u c t i o n  of each even t  tree encompasses 
a set  of p o t e n t i a l  acc iden t  sequences 
t h a t  is i n  essence complete f o r  t h a t  
i n i t i a t i n g  event .  A l l  t h e  event  trees 
used f o r  t h e  PWR r e a c t o r  analyzed i n  
WASH-1400 have, f o r  example, encompassed 
approximately 130,000 p o t e n t i a l  acc iden t  
sequences t h a t  could conceivably invo lve  
m i l l i o n s  of  p o t e n t i a l  common modes a t  
t h e  system f a i l u r e  l e v e l .  C l e a r l y  t h e  
ques t ion  of whether one can q u a n t i t a -  
t i v e l y  handle  such a l a r g e  number of 
dependencies i s  extremely p e r t i n e n t .  

'See s e c t i o n  1 . 7  c of  t h e  Main Report. 

'The methods used t o  ensu re  t h a t  " a l l  p h y s i c a l l y  p o s s i b l e  permutations" of events  a r e  
included i n  t h e  even t  tree a r e  d i scussed  e x t e n s i v e l y  i n  s e c t i o n  2 of Appendix I. 
These methods inc lude  t h e  o r d e r i n g  of even t  t ree  headings i n  accordance with t h e i r  
r e l a t i o n s h i p  t o  t h e  course of even t s  involved i n  p o t e n t i a l  a c c i d e n t  sequences and 
t h e  u s e  of conse rva t ive ly  s e l e c t e d ,  d i s c r e t e  d e f i n i t i o n s  of system o p e r a b i l i t y  
success  and f a i l u r e  as a func t ion  of t i m e .  

3The r eade r  i s  a l s o  r e f e r r e d  t o  s e c t i o n  2 of Appendix I f o r  a more complete d i scus -  
s i o n  of t h e  l o g i c  of event  tree c o n s t r u c t i o n .  I t  should be noted h e r e  t h a t  t h e  
even t  trees used i n  t h i s  s tudy d i f f e r  s i g n i f i c a n t l y  from t h e  more conven t iona l ly  
used d e c i s i o n  trees.  I n  gene ra l ,  d e c i s i o n  trees are t h e  r e p r e s e n t a t i o n  of  a p rocess  
i n  which t h e  adequacy of t h e  tree depends p r i n c i p a l l y  on t h e  s k i l l  and judgment of 
t h e  a n a l y s t  i n  p rope r ly  concep tua l i z ing  t h e  a r e a  under cons ide ra t ion .  While t h i s  
t ype  of s k i l l  a p p l i e s  t o  some degree i n  t h e  even t  trees developed i n  WASH-1400, t he  
a n a l y s t  i s  a ided  cons ide rab ly  because t h e  elements of t h e  trees a r e  phys i ca l  
e n t i t i e s  t h a t  e x i s t  i n  t h e  nuc lea r  power p l a n t  and t h e  processes  involved i n  t h e  
tree fol low engineer ing and phys ica l  p r i n c i p l e s .  The understanding of t he  d e t a i l s  
of p l a n t  design and of t h e s e  phys ica l  p r i n c i p l e s  a i d  t h e  a n a l y s t  g r e a t l y  i n  ensu r ing  
a proper  c o n c e p t u a l i z a t i o n  f o r  t h e  r e a c t o r  even t  trees. 
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For tuna te ly  t h i s  problem has a s o l u t i o n  
s i n c e  t h e r e  e x i s t  l o g i c a l  methods f o r  
e l i m i n a t i n g  c o n s i d e r a t i o n  of  t h e  v a s t  
bulk of t h e s e  p o t e n t i a l  a c c i d e n t  se- 
quences and t h e i r  a s s o c i a t e d  depend- 
enc ie s .  .These methods are based on 
d e t a i l e d  knowledge of  t h e  design and 
eng inee r ing  p r i n c i p l e s  involved i n  
nuc lea r  power p l a n t s - - p r i n c i p l e s  t h a t  
permit  t h e  e l i m i n a t i o n  of p h y s i c a l l y  
meaningless sequences from t h e  mathemat- 
i c a l l y  complete trees. A s  a f u r t h e r  
s t e p ,  t h e  use of  p r o b a b i l i t y  discr imina-  
t i o n  among sequences having s i m i l a r  
outcomes pe rmi t s  t h e  f u r t h e r  e l i m i n a t i o n  
o f ,  t hose  sequences t h a t  do n o t  c o n t r i -  
bu te  t o  t h e  l i k e l i h o o d  of  s p e c i f i c  
outcomes. These techniques a r e  de- 
s c r i b e d  be low. 

%Figures  I 2 - 1  through I 2-8 of  Appendix 
I show t h e  development of- LOCA even t  
trees i n  which t h e  i n i t i a t i n g  even t  i s  a 
p ipe  break (PB) and i n  which the '  func- 
t i o n s  t o  be performed a f t e r  t h e  p ipe  
breaks are l i s t e d . l I 2  Figure 1 shows 
t h e  p o s s i b l e  cho ices  of success  o r  
f a i l u r e  of each of  t h e  €unct ions in -  
volved i n  p o t e n t i a l  LOCA a c c i d e n t  se- 
quences. F igu re  2 i s  t h e  same represen-  
t a t i o n ,  excep t  t h a t  t h e  number of  
sequences has  been reduced from those  
t h a t  are mathematical ly  p o s s i b l e  t o  en- 
compass on ly  those  t h a t  are p h y s i c a l 1  
meaningful on an . eng inee r ing  b a s i s .  
For example, i n  t hose  Sequences involv- 
i n g  c o r e  m e l t ,  s i n c e  it is  known t h a t  
t h e  containment w i l l  s u r e l y  f a i l ,  
cho ices  on s u c c e s s .  o r  f a i l u r e  of. con- 
ta inment  i n t e g r i t y  have been l o g i c a l l y  
e l imina ted .  4 F u r t h e r  , where e lec t r ic  
power (EP) has f a i l e d ,  no cho ices  have 
been shown f o r  any. func t ions  because 
none can o p e r a t e  wi thou t  e lectr ic  power. 
Where t h e  r e a c t o r  t r i p  (RT) has  f a i l e d ,  
no choices are shown for  emergency cool- 
i n g  i n j e c t i o n .  ( E C I ) ,  emergency coo l ing  
accumulator (ECR) , and containment 
i n t e g r i t y  ( C I )  because t h e .  c o r e  could 
m e l t  from t h e  r e a c t o r  t r i p  alone. .Where 
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Figure 1 I l l u s t r a t i v e  Event Tree f o r  
LOCA Funct ions 

ECI PARR PAHR ECR Pn EP n i  CI 

Figure  2 Func t iona l  LOCA Event Tree 
Showing E f f e c t s  of I n t e r -  
r e l a t i o n s h i p s  

'Figures I 2-1 and I 2-8 are reproduced h e r e  f o r  t h e  convenience of  t h e  r e a d e r  as 
Figs .  1 and 2 r e s p e c t i v e l y .  

2The r e a d e r  i s  r e f e r r e d  t o  s e c t i o n  2 o f  Appendix I f o r  t h e  d e f i n i t i o n  of t e r m s  and 
f o r  a more complete d i s c u s s i o n  o f  t h e s e  e v e n t  trees. 

$. I 

3A few o t h e r  changes have been made, such as t h e  a d d i t i o n  of e lec t r ic  power (EP)  t o  
t h e  tree and t h e  s u b s t i t u t i o n  of  emergency c o o l i n g  i n j e c t i o n  ( E C I )  and emergency 
c o o l i n g  r e c i r c u l a t i n g  (ECR) i n  p l a c e  o f  emergency c o r e  coo l ing  (ECC).  Th i s  l o g i c  i s  
exp la ined  i n  Appendix I, s e c t i o n  2 .  

4A s e p a r a t e  even t  tree to  d e f i n e  t h e  i n t e r r e l a t i o n s h i p s  among, and t h e  p r o b a b i l i t i e s  
o f ,  t h e  v a r i o u s  p o t e n t i a l  modes of  containment f a i l u r e  i s  developed i n  s e c t i o n  2 . 2  
of Appendix I. 
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E C I  .has f a i l e d ,  t h e  ECR cho ice  and C I  
choices  a r e  s i m i l a r l y  of no p h y s i c a l  
s i g n i f i c a n c e  because,  aga in ,  t h e  c o r e  
would m e l t .  Where p o s t  a c c i d e n t  h e a t  
removal (PAHR) has  f a i l e d ,  C I  w i l l  f a i l  
due t o  ove rp res su re  from c o r e  decay h e a t  
and ECR w i l l  f a i l .  as a r e s u l t  of  C I  
f a i l u r e  . 
From t h i s  b r i e f  d e s c r i p t i o n  of  t h e  engi- 
nee r ing  b a s i s  f o r  t h e  e l i m i n a t i o n  of 
system cho ices ,  it can be seen t h a t  t h e  
e l i m i n a t i o n  of a c c i d e n t  sequences has  
n o t  been a r b i t r a r y  o r  judgmental, b u t  i s  
based on t h e  sys t ema t i c  a p p l i c a t i o n  of  
t h e  eng inee r ing  knowledge and p r i n c i p l e s  
involved i n  t h e  r e l a t i o n s h i p s  among t h e  
va r ious  systems and func t ions .  The re- 
duc t ion  of t h e  even t  tree i n  Fig.  1 t o  
t h a t  i n  Fig.  2 i s  of g r e a t  importance i n  
t h e  handl ing of  common mode f a i l u r e s  and 
t h e  a b i l i t y  of t h e  methodology t o  
l o g i c a l l y  reduce t h e  a n a l y s i s  t o  a 
t r a c t a b l e  s i z e .  A tree wi th  t h e  head- 
i n g s  i n  Fig.  1, showing a l l  p o s s i b l e  
choices  of  success  and f a i l u r e ,  would 
have y i e l d e d  128 p o t e n t i a l  a c c i d e n t  
sequences,  i nvo lv ing  896 dependencies i f  
all sequences w e r e  considered.  1 The 
a p p l i c a t i o n  of  eng inee r ing  p r i n c i p l e s  t o  
t h i s  tree has  trimmed it from 128 t o  17 
a c c i d e n t  sequences and from 896 
dependencies t o  79 system-to-system 
dependencies.  

I n  cons ide r ing  t h e  t o t a l  number of  even t  
trees involved i n  t h e  o v e r a l l  s tudy,2 it 
can be seen t h a t  about 1 3 0 , 0 0 0  p o t e n t i a l  
a c c i d e n t  sequences invo lv ing  m i l l i o n s  of  
p o t e n t i a l  dependencies w e r e  screened t o  
a r r i v e  a t  a r e l a t i v e l y  s m a l l  number of  
remaining p o t e n t i a l  i n t e r a c t i o n s  t h a t  
w e r e  p h y s i c a l l y  meaningful and needed 
f u r t h e r  i n v e s t i g a t i o n .  This  s m a l l  - mum- 
b e r  of  i n t e r a c t i o n s  made it f e a s i b l e  t o  
perform meaningful ana lyses  and quan t i -  
f i c a t i o n  of t h e  remaining a c c i d e n t  se- 
quences. The g r e a t  a b i l i t y  of  t h e  even t  
trees t o  reduce l a r g e  numbers of se- 
quences and dependencies a p p l i e s  t o  
s i t u a t i o n s  invo lv ing  t i g h t l y  coupled 
systems l i k e  t h e  n u c l e a r  systems ana- 
lyzed i n  t h e  study: t h i s  conclusion may 
n o t  be b road ly  a p p l i c a b l e  t o  o t h e r  tech- 
n o l o g i c a l  des igns .  

A second important  s t a g e  of  s c reen ing  
and reducing p o t e n t i a l  common modes l i es  
i n  cons ide r ing  t h e  acc iden t  sequence 
outcomes ( r a d i o a c t i v e  releases) and disL 
c r imina t ing  among t h e  sequence p robab i l -  
i t ies .  Accident sequences having s i m i -  
l a r  releases can be grouped t o g e t h e r  and 
t h e  sequence p r o b a b i l i t i e s  added t o  ob- 
t a i n  t h e  t o t a l  p r o b a b i l i t y  f o r -  each of  
t h e  releases. For a p a r t i c u l a r  release, 
h igh -p robab i l i t y  sequences t h a t  occur  i n  
t h e  grouping dominate t h e  lower proba- 
b i l i t y  sequences and a l s o  t end  t o  
suppress  t h e  importance of any p o t e n t i a l  
common mode e f f e c t s  i n  t h e s e  lower 
p r o b a b i l i t y  sequences. I n  summing t h e  
sequences t o  determine t h e  p r o b a b i l i t y  
of t h a t  release, on ly  those high-proba- 
b i l i t y  sequences need then  be r e t a i n e d .  

Table 1 shows a l i s t  of a l l  t h e  150 
a c c i d e n t  sequences de r ived  from t h e  
combined PWR large-LOCA and containment 
even t  t r e e s . 3  These sequences have been 
grouped and arranged i n  two ways: 

a. I n  columns by r a d i o a c t i v e  release 
ca t egoc ie s ;  i .e. ,  by grouping to-  
gether a l l  sequences t h a t  w o u l d  
r e s u l t  i n  r a d i o a c t i v e  releases of 
s i m i l a r  magnitude. 

b. By t h e i r  l i k e l i h o o d  of occurrence: 
i .e . ,  t h e  sequences shown as the 
dominant sequences a r e  t h e  ones t h a t  
dominate t h e  p r o b a b i l i t y  of occur- 
rence of  each release category.  The 

. sequences des igna ted  as "o the r "  are 
of  s u f f i c i e n t l y  low p r o b a b i l i t y  t h a t  
t hey  do n o t  c o n t r i b u t e  t o  t h e  sum of 
t h e  dominant sequences. Bounding 
techniques w e r e  used i n  making t h i s  

, p r o b a b i l i t y  d i s c r i m i n a t i o n ;  double 
and t r i p l e  f a i l u r e s  w e r e  assumed t o  
be s i n g l e  f a i l u r e s  i n  o b t a i n i n g  
maximum va lues  f o r  t h e  sequence 
p r o b a b i l i t i e s  below t h e  l i n e .  These 
maximum va lues  w e r e  compared t o  t h e  
dominant sequence p r o b a b i l i t i e s  and 
w e r e  n o t  found t o  impact on t h e  
dominant p r o b a b i l i t i e s .  

Examination of t h e  dominant sequences 
f o r  a l l  PWR even t  trees shows t h a t  t h e  

1 I n  t h e  count ing of dependencies,  a sequence having n system choices  i s  taken as 
having n p o s s i b l e  dependencies. 

Appendix I ,  s e c t i o n s  4 and 5. 

3Table 1 is  t h e  same as Table 3-4 Of Appendix v. 
4The c r i t e r i o n  w a s  t h a t  t h e  maximum va lue  had t o  be approximately two o r d e r s  of * 

magnitude less than  t h e  median value dominant p r o b a b i l i t i e s  i n  o r d e r  t o  account f o r  
u n c e r t a i n t i e s  i n  t h e  d a t a .  
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' TABLE 1 PWR LARGE LOCA.ACCIDENT SEQUENCES vs. RELEASE CATEGORIES 

7 I 8 1 2 3 4 5 6 9 

CD-e-,, 
1x10 

AB- Y 
1x10-10 

AHF-Y- 11 
2x10 

0 - 5  AB-& AD- E 
4x10-' I x ~ O - ~  Z X ~ O - ~  

AH- 6 ADF-E AH- E 
3x1~-9  2x1~-10  1x1~-6 

AB-6 
4 x  10-l1 

. 1.. 

- 
4 ., A z y  

ADF- 6 
AHFI-6 
ACHF- 6 
ACHF-Y 
ACDF-Y 
ACEF-Y 
AHFI-6  
ADFI-6 
ACHF- 6 
ACDF-6 
AHF-6 
AHFI-Y 
AEF-B 
AEFI-B 
ACEF-B 
AEF-6 ~ 

AEFI-6 
ACEF-6 
AB- B 
AHF- f3 

. -  - _  

ACDGI-a 
AHFI -a  
ACHF-a 
A C D I - a  
A C D G a  
AGI-a  
AFI-a 
ACG-dr 
ACG I -a 
ACF-a 
ACDF-a 
A C E I - a  
ACE- , 

, ACE,GIq 
ACEF-a 

' ACE-a 
AHF-a 

_ .  
, I  

. .  

- 
L >  > .  

3 x 10-l0 2 x 10-la 

AD-a 
' 2x10-8 

AH-a 
1x10-6 . -  

AF- 6 
1x10-8 

A G 6  
9x10-? 

AHF-E 

O t h e r  L a r g e  LOCA A c c i d e n t  S e q u e n c e s  

I I I 
AHG- 
A H G I a  
ADF-a 
ADFI -a  . 
ACH-cr 
ACHI-a 
ACHG-a 
A C H G I r a  
AGI-6 
AFI -6  
ACG-6 
ACGI-6 
ACF-6 . 
AHI-a - . 
*I-a 
mI-a 
ADG-a 
AE-a 
AEI-a 
AEF-a 
A E F I - a .  
AEGa 
AEGI-a 

ACDGI-% ' 
ADG- 6- 
ACD1-B 
ACDG-% - 
ADGI- B 
ACE- 6-  . 
ACEI-  B 
A C E G  6 
ACEGI-B 

AEGI -6 
qEG-4- 

I . I  .I 

AHca 
AHGI- 6 
AHGI- E 
ACH- 
ACHI- E 
ACHG. 6 

ACHGI- E 
ACDI- E 
ACDG- .6 
A C D G  E 
A D G  6 
ADGI-6 
AHG- E 
ADI- E 
ADG- E 
ACD-E 
ADGI-E 
AHI-E 
AE-E 
AEI-E 
ACE-E 
ACEI-E 
A C E G E  
ACEG-6 - 
ACEGI-6 
ACHGI-6 
AEG-6 
AEGI-6 

AEGI-E . 

ACHG-' E 

F G - E  

3 x.10-6 

A- 6 
2 d o - 7  

A 
lx10-4 

A I  
AC 
A C I  , 

-1 loq4 

(a) Zp is  the '  a r i k h m e t i c  sum of the p r o b a b i l f t i e o  of t h e  accident  sequence' in, each- release category. .. , u  . - 
.- - . .  I -  

L *  - . ' ,  . 
probability discrimination technique has 
reduced <he approxiinately 650 accident 
sequences' to 78, or by roughly an order 
of magnitude.3 Thus the use of the 
event trees and probability discrimina- 
tion has red>uced the total number of 
accident sequences - of. interest from 
about 130,000 to 78. To summarize, this 

reduction :was accomplished by' (1) the 
'-L elimination . of physically meaningless 

- . accident- sequences - (a -- reduction from 
130,000 to 650) and (2) the elimination 
of low-probability accident sequences 

-, that-have similar releases-to those of 
much higher _probability .(a reduction 

. from 650 to 7 8 ) .  

'See Table 2 which is Table 3-14 of Appendix V. The number of sequences ( 7 8 )  does 
not include sequences in which fuel melting does not occur. 

-1.55- 



Examination of  t h e s e  78  sequences re- 
v e a l s  t h a t  they have t h e  g e n e r a l  form 
t h a t  i nc ludes  t h e  frequency of  occur- 
rence of  some i n i t i a t i n g  event  (PIE) 
t i m e s  t h e  p r o b a b i l i t y  of  system f a i l u r e s  
(PSF1 x...x PSFn) t i m e s  t h e  p r o b a b i l i t y  
of  one of t h e  s e v e r a l  p o s s i b l e  contain-  
ment f a i l u r e  modes (PcFM). A d e t a i l e d  
look a t  each of  t h e  78 sequences shows 
t h a t  48 of  t h e  sequences have t h e  
gene ra l  f o r m  of pIE x psF x PCFM and 3 
sequences invo lve  s i n g l e  events .  I 
Hence, 5 1  sequences involve t h e  f a i l u r e  
of  on ly  a s i n g l e  system o r  a s i n g l e  
element; t h a t  i s ,  a t  t h e  system l e v e l ,  
t h e r e  can be no p o t e n t i a l  common mode 
f a i l u r e s  i n  t h e s e  sequences simply be- 
cause t h e r e  i s  only one system p e r  se- 
quence.2 P o t e n t i a l  common mode f a i l u r e s  
between systems and t h e i r  components 
t h u s  need be considered i n  only t h e  
remaining 27 sequences. Examination of 
Table 2 r e v e a l s  t h a t  t h e s e  27 sequences 
invo lve  on ly  s i x  d i f f e r e n t  combinations 
of  two-system f a i l u r e s ;  t h u s  p o t e n t i a l  
common mode combinations between systems 
had t o  be i n v e s t i g a t e d  i n  on ly  s i x  
cases. 3 

The foregoing d i s c u s s i o n  l e a d s  t o  t h e  
extremely important  conclusion t h a t  
a c c i d e n t  sequences t h a t .  determine t h e  
p r o b a b i l i t y  o f  r a d i o a c t i v e  releases i n  
r e a c t o r  a c c i d e n t s  are dominated by 
s ingle-system f a i l u r e s .  Furthermore,  a s  
w i l l  be d i scussed  i n  s e c t i o n  4 . 2 ,  t h e  
bulk of  t h e  p r e d i c t i o n s  of system 
f a i l u r e  p r o b a b i l i t i e s  are a l s o  d e t e r -  
mined by s i n g l e  f a i l u r e s  and s i n g l e  
causes  of  f a i l u r e s  w i t h i n  t h e  i n d i v i d u a l  
systems. Thus it can be concluded t h a t  
t h e  p r o b a b i l i t i e s  p r e d i c t e d  f o r  r e a c t o r  
a c c i d e n t s  are g e n e r a l l y  dominated by 
sequences having s ingle-system f a i l u r e s  
and s i n g l e  causes  of  f a i l u r e s  w i t h i n  
sys  t e m s  . 
As a f i n a l  s t e p  i n  t h e  assignment of 
va lues  f o r  t h e  p r o b a b i l i t y  of occurrence 

of  t h e  va r ious  release c a t e g o r i e s  i n  
Table 2 ,  it w a s  necessary t o  t a k e  i n t o  
account t h e  u n c e r t a i n t i e s  and v a r i a t i o n s  
i n  r a d i o a c t i v e  release magnitudes f o r  
t h e  a c c i d e n t  sequences. These v a r i a -  
t i o n s  are p h y s i c a l  rea l i t i es  and can 
r e s u l t  from p e r t u r b a t i o n s  i n  t h e  physi- 
cal  p rocesses  ( temperatures ,  p r e s s u r e s ,  
r a d i o a c t i v i t y  removal e f f i c i e n c i e s ,  
etc.) involved i n  t h e  acc iden t  sequences 
and i n  t h e  p r e c i s e  t iming of t h e  va r ious  
f a i l u r e s  involved i n  t h e  sequences. 
Such v a r i a t i o n s  make it p o s s i b l e  f o r  a 
p a r t i c u l a r  sequence t o  have some proba- 
b i l i t y  of being i n  more than one release 
category. 

Since t h e  values  c a l c u l a t e d  f o r  t h e  ra- 
d i o a c t i v e  release magnitudes f o r  t h e  
sequences r ep resen ted  b e s t  estimates, it 
w a s  necessary t o  a s s i g n  a d i s t r i b u t i o n  
of  release magnitudes f o r  each of t h e  
sequences i n  t h e  va r ious  release cate- 
g o r i e s .  A l l  a c c i d e n t  sequences i n  a 
p a r t i c u l a r  release category w e r e  as- 
s igned a 1 0 %  chance of being i n  t h e  
a d j a c e n t  c a t e g o r i e s  and 1% chance of 
being i n  t h e  nex t  a d j a c e n t  c a t e g o r i e s .  
This  i n  essence w a s  a smoothing e f f e c t ,  
w h i c h  i s  d i scussed  i n  greater d e t a i l  i n  
Appendix V,  s e c t i o n  4 .1 .2 .  

The i n c o r p o r a t i o n  of  smoothing a f f e c t e d  
both t h e  consequences and t h e  p r o b a b i l i -  
t ies  a s s o c i a t e d  with a c c i d e n t  sequences. 
For example, s i n c e  smoothing pe rmi t t ed  a 
p a r t i c u l a r  sequence t o  have a 108 chance 
of occur r ing  i n  t h e  n e x t  h i g h e s t  release 
category,  t h e r e  are some cases (as , c a n  
be seen from examination of Table 2 ) ,  i n  
which t h e  p r o b a b i l i t y  of  t h e  occurrence 
of  t h a t  l a r g e r  release w a s  e s s e n t i a l l y  
determined by t h i s  p a r t i c u l a r  sequence 
and could be inc reased  by as much as an 
o r d e r  of  magnitude. Figure 3 i l l u s -  
trates t h e  n e t  effect  of t h e  smoothing 
technique and shows t h a t  t h e  proba- 
b i l i t i e s  of occurrence of s e v e r a l  
release c a t e g o r i e s  were s i g n i f i c a n t l y  
i n ~ r e a s e d . ~  I t  i s  i n t e r e s t i n g  t o  no te  

'Of cour se  t h e  p o t e n t i a l  common mode f a i l u r e s  among PIE, P s p ,  and PCFM m u s t  be 
c a r e f u l l y  s t u d i e d .  The p o t e n t i a l  common modes between PIE and PSF w e r e  s t u d i e d  a s  
i n d i c a t e d  i n  s e c t i o n s  5 and 6 of Appendix I V  and as d i scussed  i n  s e c t i o n  4.3 of t h i s  
addendum. The combination of PIE and PSF can p o t e n t i a l l y  r e s u l t  i n  c o r e  m e l t ,  t hus  
caus ing  a dependent containment f a i l u r e ;  t h e  r e s u l t i n g  containment f a i l u r e  modes 
were e x t e n s i v e l y  examined, a s  i n d i c a t e d  i n  s e c t i o n  2.2 of  Appendix I and i n  Appendix 
V I I I .  

'There are t h r e e  s ing le -even t  a c c i d e n t  sequences i n  which system f a i l u r e s  do no t  
appear.  These invo lve  t h e  check va lve  and r e a c t o r  v e s s e l  r u p t u r e  cases. 

3The 2 7  sequences d i d  n o t  i nvo lve  any combinations having more than two system 

'This f i g u r e  i s  t h e  same as Fig.  V 4-1  of Appendix V. 

f a i l u r e s  p e r  sequence. 

n 

n 

-1 5 6 -  



s 8-6 
11x10-10 

16x10-11 
S HF-y 

S HQ 5 0-0 
13x10-8 16x10-9 

l 3 ~ 1 0 - ~ '  

'Jx~O-~ 

S F-6  

S G-6 

5 CATEGORIES ' TABLE 2 PWR DOMINANT ACCIDENT SEQUENCES vs. RELEA / \  

No C o r e  Melt RELEASE CATEGORIES C o r e  Melt 

6 7 9 8 

AB-L 
~ 0 ' ~  

1x10-10 

2x10-10  

AHF-E 

AOF-C 

AD-c 
2x10+  

1x10-6 
AH-E 

A - 0  
2x10-7  

AB-O 
1x10-11 

1x10-10 
AF-a 

ACO-a 
5x10-'I 

AH-a 
1x10-8 U R G E  , W A  

A 

AG-a 
9x10-l1 

3 ~ 1 0 - ~  A Probabilities 2 x 1 ~ - 3  

s 8-a 
'3~1O-l~ 

S CD-CI- 
l lX10 l1 

s F - a  
' ~ x ~ O - ~ O  

s G-a 
l 3 ~ 1 0 ' ~ ~  

3x10-' 

S OF-E 
13x10'10 

5 B-E 
1 2 x 1 ~ - 9  

S HF-E 
' ~ x ~ O - ~ O  

5 0-E 
'3~10-~ 

5 H-E 
5x10-6  SMRLL W A  

S1 

. Probabilities 
s B-a 

21x10-10 

21x1~-9 
s F - a  

S2C0-O- 
2x10 

S G-O 
29.10-10 

2 2 x 1 0 4  
s c-a 

s 8-E 
2 ~ x 1 ~ - 9  

2 2 x 10 -8 
5 CO-E 

S2HF-E- 
1x10 

s 0-E 
2 9 x 1 0 - 6  

S H-E 
26x10-6 

s ~ D G - B - , ~  ~ ~ 0 - 6  . 1x10 2 x 1 0 4  

1x10-8 
S2H-B 

S DQ 
29x10- 

S H d  
26x10-8 

S2F-6 
1x1~-7 

2 2 x 1 0 4  

29x10-8 

s c-6 

S G-6 

SMALL W A  

Probabilities 1x1~-7 2x104 

K c - Y  R-a 

RF-6 
3x10-l1 1x1~-9 

1x10-11 

1x10-12  
RC-6 

REACTOR VESSEL 
RUPTURE - R 

1x10-8 

I INTERFACING 
SYSTEMS l a c A  

(CHECK VALVE) - V 
I I I 

V Probabilities I ~ x I O - ~  
= 

6 ~ 1 0 - ~  

3x1OV6 

TML-E 

TXQ-E 

TKMQ-€ 
1x10-6 

ThU-0 
3xlO-l' 

3 ~ 1 0 - ~ (  
TXQ-8 

-'-I7 Rad 
' 7x10 6x10-' 

TMLB'-~ TKQQ 
2 ~ 1 0 - ~  3x10-' 

TRANSIENT I 

m m - T  I 
T Probabilities I ~ x L O - ~  . 2 x 1 0 4  1x10-5 

(1) SIRMATION OF W ACCIDENT SEQTNCES PER R E W S E  CATEGORY 

Note: The probabilities for each release category for each event tree and the 1 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. 
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t h a t ,  w i th  t h e  use of  smoothing, t h e  
cumulative p r o b a b i l i t i e s  f o r  a l l  c o r e  
m e l t  release c a t e g o r i e s  shown i n  Table 2 
are p r i n c i p a l l y  determined b y , o n l y  s i x  
sequences . l  As s t a t e d  i n  s e c t i o n  4.1.2 
of  Appendix V, t h e  use of  smoothing 
served t o  g i v e , g r e a t e r  confidence t h a t  
p o t e n t i a l  common modes had. been 
adequately t r e a t e d  and t h a t  any common 
modes n o t  thought  of would n o t  l i k e l y  
a f f e c t  t h e  f i n a l  release p r o b a b i l i t i e s .  
I n  fact ,  t h e  s i x  sequences l i s t e d  i n  
f o o t n o t e  1 invo lve  on ly  one double  
system f a i l u r e  (ML). 

SUMMARY 

The sys t ema t i c  and l o g i c a l  e l i m i n a t i o n  
of  p h y s i c a l l y  meaningless sequences and 
dependencies f r o m  t h e  e v e n t  t ree  t h a t  

has  been desc r ibed  i n  t h i s  s e c t i o n  does 
much t o  l a y  t o  rest  t h e  t y p i c a l  "what i f  
such-and-such w e r e  t o  happen?" q u e s t i o n s  
t h a t  are g e n e r a l l y  encountered i n  t h e  
cons ide ra t ion  of  p o t e n t i a l  common mode 
f a i l u r e s .  If t h e  "what if" q u e s t i o n  
does n o t  f a l l  w i t h i n  t h e  a c c i d e n t  se- 
quences de f ined  i n  t h e  even t  t ree ,  it i s  
n o t  a meaningful ques t ion  and need n o t  
be considered f u r t h e r . 2  Thus t h e  
thought p rocess  t h a t  cons ide r s  t h e  po- 
t e n t i a l  i n t e r r e l a t i o n s h i p s  among t h e  
very l a r g e  number of p o t e n t i a l  f a i l u r e s  
a t  t h e  system and component l e v e l s  and 
concludes t h a t  t h e  number of p o t e n t i a l  
common mode f a i l u r e s  i s  so v a s t  as t o  be 
unmanageable i s ,  i n  f a c t ,  i n c o r r e c t  
i n s o f a r  as r e a c t o r s  of  t h e  type covered 
i n  t h i s  .s tudy are concerned. The d i s c i -  
p l i n e  imposed by t h e  event  tree l o g i c  
imparts  t h e  understanding t h a t  common 

------------- 
- Original category probabdttles 
---- Smoothed category probabllltles 

Figure  3 Appl i ca t ion  of  P r o b a b i l i t y  
Smooth ing  

' s ~ D - E ,  S2H-~, S2C-6, V I  TML-E and TMLB'-6. 

This only a p p l i e s  t o  f a i l u r e s  o r i g i n a t i n g  w i t h i n  t h e  p l a n t ;  it does n o t  apply t o  
f a i l u r e s  due t o  e x t e r n a l  f o r c e s  o r  t o  acts of sabotage.  These w i l l  be d i scussed  i n  
s e c t i o n  5. 
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mode - f a i l u r e s  between components -. i n  
d i f f e r e n t '  systems are of  no i n t e r e s t  
un le s s  t h e s e  components appear  i n  sys- 
t e m s  involved i n  t h e  same a c c i d e n t  se- 
quence ana .  t h a t  common mode f a i l u r e s  
between systems are of  no i n t e r e s t  un- 
less t h e s e  systems a r e  involved i n  t h e  
same a c c i d e n t  sequence. 

I t  i s  the:view of  t h e  s tudy t h a t  t h e  de- 
velopment and use  of  even t  trees based 
on d e t a i l e d  knowledge of t h e  nuc lea r  
power p l a n t s  -and of  t h e  eng inee r ing  
p r i n c i p l e s  involved i n  t h e  phys ica l  
p rocesses  t h a t  could p o t e n t i a l l y  occur 
i n  a c c i d e n t  s i t u a t i o n s  provided some of 
t h e  p r i n c i p a l  i n s i g h t s  gained i n  t h e  
performance of  t h e  o v e r a l l  r i s k  assess- 
ment i n  WASH-1400. 

4.2 FAULT TREE METHODOLOGY A P  ll3 
cON~R@UTIONS TQ-~OMMON MODE -- 

FAILURE CONSIDERATIONS 

A s  mentioned i n  t h e  preceding s e c t i o n  
and. as d i s c u s s e d  i n  s e c t i o n  2.3 of 
Appendix I ,  t h e  a c c i d e n t  sequences de; 
f i n e d  by t h e  e v e n t  trees provide t h e  
f a u l t  tree a n a l y s t  w i t h  t h e  c r i t e r i a  f o r  
system. f a i l u r e  as w e l l  as t h e  c o n t e x t  
t h a t  d e s c r i b e s  t h e  c o n d i t i o n s  under 
which t h e .  systems are r e q u i r e d  t o  per- 
form. These c r i te r ia  and c o n t e x t s ,  
which may vary f o r  i n d i v i d u a l  systems as 
they appear  i n  d i f f e r e n t  a c c i d e n t  se- 
quences i n  t h e  e v e n t  trees, are needed 
f o r  t h e  c o n s t r u c t i o n  o f  f a u l t  trees i n  
o r d e r  t o  p r e d i c t  t h e  proper  p r o b a b i l i -  
t i e s * o f  system f a i l u r e s -  t h a t  e n t e r  i n t o  
t h e  v a r i o u s  e v e n t  tree -sequences i n  
which they  are involved. Whereas. t r a d i -  
t i o n a l  f a u l t  tree approaches have o f t e n  
cons ide red  on ly  s i n g l e  systems, t h e  use 
of t h e  e v e n t  trees t h a t  d e f i n e  system 
i n t e r r e l a t i o n s h i p s  invo lv ing -  ' v a r i o u s  
combinations of  system - success  , and 
f a i l u r e , +  varying'  d e f i n i t i o n s  of  system 
success  and f a i l u r e ,  c o n t r o l  system in-  
t e r r e l a t j l o n s h i p s  , etc. , permi'ts t h e  
f a u l t  trees t o  be cons:tructed wi th  
g r e a t e r  a t t e n t i o n  t o  t h e  a p p l i c a b i l i t y  
of  t h e  tree f o r  i t s  planned use and t o  
t h e  'ade-quate t r ea tmen t  o f  p o t e n t i a l  com- 
mon mode f a i l u r e s .  . 
Once an event- tree had been completed 
and t h e  c o n s t r u c t i o n  of  f a u l t  trees 
s t a r t e d ,  common mode f a i l u r e s  w e r e  i n -  
co rpora t ed  i n t o  t h e  f a u l t  trees and 
t h e i r  q u a n t i f i c a t i o n  i n  s i x  ways: 

1. The- f a u l t  trees were c o n s t r u c t e d  t o  
meet t h e  c r i te r ia  and c o n t e x t  
p r e s c r i b e d  f o r  t h e  systems by t h e  
e v e n t  trees: t h e  f a u l t  trees were 
t h u s  c o n d i t i o n a l  f a u l t  trees. 

2 .  . The f a u l t  trees i d e n t i f i e d  .compo- 
n e n t s  t h a t  w,ere common t o  m u l t i p l e  
systems appearing i n  an a c c i d e n t  
sequence. 

3.  Each f a u l t  tree w a s  developed t o  an 
extremely de ta i led  component l e v e l  
i n  o r d e r  t o  l o c a t e  s i n g l e  component 
f a i l u r e s  and p o t e n t i a l  common mode 
f a i l u r e s  deep w i t h i n  t h e  system. 

4.  Human f a i l u r e s  were e x p l i c i t l y  in -  
cluded i n  t h e  f a u l t  t rees,  and 
dependencies -between human f a i l u r e s  
w e r e  a l s o  inc luded  i n  t h e  f a u l t  t ree 
q u a n t i f i c a t i o n .  

5. T e s t  and maintenance c o n t r i b u t i o n s  
w e r e  i nco rpora t ed  i n  t h e  f a u l t  tree 
q u a n t i f i c a t i o n  along with dependen- 
cies invo lv ing  t es t  and maintenance. 

6 .  Eva lua t ions ,  i n c l u d i n g  s e n s i t i v i t y  
and bounding s t u d i e s ,  w e r e  performed 
t o  determine t h e  p o s s i b l e  impacts 
from common mode f a i l u r e s  n o t  p rev i -  
ous ly  considered i n  t h e  ear l ier  
ana lyses .  

The f i r s t  f i v e  procedures l i s t e d  above 
f o r  handl ing common mode f a i l u r e s  r ep re -  
s e n t  t h e  major areas of  t h e  f a u l t  t ree  
ana lyses  performed i n  t h e  s tudy.  A l -  
though t h e s e  are t h e  major ways i n  which 
it .is thought  t h a t  common mode f a i l u r e s  
can be i d e n t i f i e d ,  and al though an in -  
t e n s i v e  e f f o r t  w a s  made t o  d e f i n e  t h e s e  
areas as completely as p o s s i b l e ,  one 
cannot - b e  c e r t a i n  t h a t  a l l  s i g n i f i c a n t  
common,.mode f a i l u r e s  would be found by 
t h e s e  procedures.  The s i x t h  area encom- 
passes  s e n s i t i v i t y  and bounding s t u d i e s  
t h a t  were performed t o  h e l p  check t h e  
completeness of  t h e  common mode coverage 
ob ta ined  by use o f < t h e  ear l ier  proce- 
dures.  Each -of t h e  - s i x  procedures  f o r  
handl ing common mode f a i l u r e s  w i l l  be 
taken up i n  t h e . d i s c u s s i o n  t h a t  fol lows.  

. *  

i.+ , C r i t e r i a  and. Context f o r  F a u l t  Trees 

The f i r s t  way t h e  f a u l t .  trees accounted 
f o r  c o y o n  modes w a s  by i n c o r p o r a t i n g  
t h e  c r i te r ia  f o r  system f a i l u r e  and t h e  
environmental  and t iming  c o n t e x t s  i m -  
posed on t h e  s y s t F s  by t h e  e v e n t  tree 
a c c i d e n t  d e f i n i t i o n s .  The 'cri teria and 
c o n t e x t  c o n s i d e r a t i o n s  are included i n  
t h e  component f a i l u r e  d e * f i n i t i o n s  i n  t h e  
f a u l t  tree and t h e i r  subsequent quan t i -  
f i c a t i o n ;  which are.made t o  be dependent 
on t h e  a c c i d e n t  sequence and a c c i d e n t  
conditions. .  

An example of t h e  c o n s i d e r a t i o n  of t h e  
c r i te r ia  f o r  system f a i l u r e  i n  s p e c i f i c  
a c c i d e n t  sequences involved t h e  d e f i n i -  
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t i o n  of accumulator f a i l u r e  f o r  t h e  PWR 
emergency coo lan t  i n j e c t i o n  ( E C I )  i n  t h e  
LOCA even t  t ree .  The accumulator por- 
t i o n  of  t h i s  system is  so designed t h a t  
t w o  o u t  of  t h e  t h r e e  i n s t a l l e d  accumula- 
t o r s  would have t o  f a i l  t o  cause E C I  
f a i l u r e  i n  a p a r t i c u l a r  sequence. I n  
some s p e c i f i c  LOCA s i t u a t i o n s ,  t h e  rup- 
t u r e  of t h e  primary c o o l a n t  system would 
negate  t h e  func t ion ing  of one accumula- 
t o r ,  and t h e r e f o r e  on ly  one a d d i t i o n a l  
accumulator f a i l u r e  w a s  r e q u i r e d  f o r  
system f a i l u r e .  For t h e s e  s p e c i f i c  s i t-  
u a t i o n s ,  t h e  f a u l t  trees analyzed t h e  
causes f o r  only one accumulator f a i l -  
ure.  1 

Another example t h a t  i l l u s t r a t e s  how po- 
t e n t i a l  dependencies due t o  a c c i d e n t  
environments can i n f l u e n c e  t h e  a n a l y s i s  
i s  found i n  t h e  PWR containment spray 
r e c i r c u l a t i o n  system. Two o f  t h e  pumps 
f o r  t h i s  system w e r e  l o c a t e d  i n s i d e  t h e  
containment. I n  s p e c i f i c  a c c i d e n t  s i t u -  
a t i o n s ,  t h e  environment i n  t h e  contain-  
ment w a s  of  high stress ( p r e s s u r e ,  
temperature ,  and r a d i o a c t i v i t y ) ;  t h e  
dependency of t h e  f a i l u r e  of t h e  pumps 
t o  t h e  same adverse environment w a s  
i nco rpora t ed  by us ing  pump f a i l u r e  rates 
a p p l i c a b l e  t o  such environments and by 
coupl ing t h e  pump f a i l u r e  causes.  I n  
t h e  g e n e r a l  area of hunan f a i l u r e s ,  when 
a c t i o n s  w e r e  r e q u i r e d  t o  be performed 
qu ick ly  a n d , t h e  o p e r a t o r s  would be under 
stress due t o  a c c i d e n t  c o n d i t i o n s ,  
h ighe r  p r o b a b i l i t i e s  of human f a i l u r e  
were used. 

The i n c o r p o r a t i o n  of such dependencies 
had a s i g n i f i c a n t  impact on t h e  con- 
s t r u c t i o n  of t h e  f a u l t  t rees and i n  t h e  
assessment of component and human f a i l -  
u re  rates.2 

2.  Common Components i n  S y s t e m  F a u l t  
Trees 

The second way t h e  f a u l t  trees d e t e r -  
mined common modes, by i d e n t i f y i n g  
common components i n  m u l t i p l e  systems, 
i s  a s t anda rd  o u t p u t  of t h e  methodology. 
For each system f a i l u r e  i n  an a c c i d e n t  
sequence, a f a u l t  tree w a s  cons t ruc t ed  
showing t h e  components and b a s i c  even t s  
t h a t  could cause system f a i l u r e .  When 
t h e  same component appeared i n  d i f f e r e n t  

systems, t h a t  component o r  even t  w a s  
given t h e  same i d e n t i f i c a t i o n  symbol t o  
show t h e  commonality. 

To  analyze an a c c i d e n t  sequence, t h e  
f a u l t  trees of  a l l  t h e  system f a i l u r e s  
i n  t h e  sequence w e r e  combined ('landed" 
t o g e t h e r )  through t h e  f a u l t  tree metho- 
dology. The Boolean a n a l y s i s  of t h e  
combined f a u l t  trees then e x t r a c t e d  t h e  
common components and common even t s  ap- 
pea r ing  i n  t h e  d i f f e r e n t  system f a u l t  
trees, t h u s  determining t h e  s i n g l e  com- 
ponents and o t h e r  s i n g l e  e v e n t s  t h a t  
could cause more than one of t h e  systems 
i n  t h e  sequence t o  f a i l .  

S ince ,  as i n d i c a t e d  ear l ier  i n  s e c t i o n  
4 . 1 ,  t h e  even t  trees w e r e  so e f f e c t i v e  
i n  e l i m i n a t i n g  a c c i d e n t  sequences 
invo lv ing  multiple-system f a i l u r e s ,  
t h e r e  w e r e  on ly  a l i m i t e d  number of 
remaining sequences where common compo- 
nen t s  were i d e n t i f i e d .  Table 3 l i s t s  1 0  
of t h e  more s i g n i f i c a n t  a c c i d e n t  se- 
quences t h a t  involved multiple-system 
f a i l u r e s  i n  which common components w e r e  
i d e n t i f i e d . 3  Because of t h e  l a r g e  num- 
b e r  of  a c c i d e n t  sequences t h a t  involved 
only s ingle-system f a i l u r e s  and because 
of t h e  o t h e r  c o n t r i b u t i o n s  found i n  t h e  
f a u l t  trees, these common components i n  
gene ra l  had l i t t l e  e f f e c t  on t h e  pre- 
d i c t e d  p r o b a b i l i t y  of  acc iden t s .  

3 .  D e t a i l  i n  F a u l t  Trees 

The f a u l t  trees c o n s t r u c t e d  i n  t h e  s tudy 
were developed t o  an extremely d e t a i l e d  
l e v e l  i n  an e f f o r t  t o  ensu re  t h a t  
s i g n i f i c a n t  common mode f a i l u r e s  w e r e  
i nco rpora t ed  i n  t h e  trees. Each f a u l t  
tree w a s  cons t ruc t ed  down t o  t h e  b a s i c  
component l e v e l  t o  determine t h e  b a s i c  
causes  of system f a i l u r e ;  r e l a y s ,  w i r e s ,  
w i r e  c o n t a c t s ,  and gaske t s  are examples 
of t h e  l e v e l  t o  which t h e  f a u l t  trees 
w e r e  developed. (Major components such 
a s  pumps, va lves ,  d i e s e l s ,  e tc . ,  were of 
course a l s o  included.)  A r e p r e s e n t a t i v e  
f a u l t  t ree  developed i n  t h e  s tudy  con- 
s i s t e d  of roughly 300 b a s i c  component 
f a i l u r e  causes ,  700  h ighe r  f a u l t s  
( i n t e r m e d i a t e  between b a s i c  cause and 
system f a i l u r e ) ,  1 0 0 0  f a u l t  r e l a t i o n s  
( g a t e s  on t h e  t r e e ) ,  and 30 ,000  combina- 

'Section 5.6.2 of Appendix I1 c o n t a i n s  a more d e t a i l e d  and thorough d i s c u s s i o n  of t he  
accumulator modeling. 

2The d i s c u s s i o n s  accompanying each f a u l t  t ree i n  Appendix I1 c o n t a i n  
d e t a i l e d  c o n s i d e r a t i o n s  used i n  t h e  a n a l y s i s  a n d . e v a l u a t i o n  of each f a u l t  

3 A  More complete d i s c u s s i o n  of  t h i s  a r e a  i s  given i n  s e c t i o n  5 of Appendix 

t h e  a c t u a l  
tree. 

iv.  . 
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TABLE 3 S I G N I F I C A N T  ACCIDENT SEQUENCES 
INVOLVING COMMON-COMPONENT 
MULTIPLE-SYSTEM FAILURES 

Sequence Common-Component F a i l u r e  

A C D I  ' 
SCDI 
AHF 
SHF 
ACF 
SCF 

AE 

SE 

A I  

S I  

PWR - 
( a )  
( a  1 

Sto rage  t ank  f a i l u r e  
S to rage  t ank  f a i l u r e  
Containment sump f a i l u r e  
Containment sump f a i l u r e  
Con t ro l  system f a i l u r e  
Con t ro l  system f a i l u r e  

( b )  
( b )  

( C )  

( C  1 

BWR - 
Coolant i n ' e c t i o n  ( L P C I S )  

Coolant i n ' e c t i o n  ( L P C I S )  

Coolant r e c i r c u l a t i o n  (LPCRS) 

Coolant r e c i r c u l a t i o n  (LPCRS) 

f a i l u r e (  3 1 

f a i l u r e (  a ) 
f a i l u r e  (e) 

, f a i l u r e ( e )  

( C )  

(d)  

(e) 

These invo lve  t h e  r e f u e l i n g  water 
s t o r a g e  t ank .  See Appendix 11, 
s e c t i o n s  5 . 4  and 5.6.3.  

These invo lve  t h e  sump provided i n  
t h e  containment t o  c o l l e c t  water 
from t h e  containment f l o o r  t o  make 
it a v a i l a b l e  -for cont inuous recir-' 
cu la t ion .  See Appendix 11, sec- 
t i o n s '  5.7 and 5.9.  I 

These invo lve  f a i l u r e s  i n  t h e  con- 
t r o l  system t h a t  i n i t i a t e s  opera- 
t i o n  of t h e  containment sp ray  in-  
j e c t i o n  system and t h e  containment 
sp ray  r e c i r c u l a t i o n  system. See 
Appendix 11, s e c t i o n s  5 . 4 ,  5 . 5 ,  and 
5 . 7 . '  - 
These inc lude  va lve  and p i p e  rup- 
t u r e s  and f a i l u r e s  i n  t h e  central  
system f o r  LPCIS. See Appendix 11, 
volume 111, s e c t i o n  6.4.2. 

These i n c l u d e  loss of  emergency 
service water and valve, pump, and 
p i p e  f a i l u r e s .  See Appendix 11, 
volume 111, s e c t i o n  6.7. 
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t i o n s  of b a s i c  component f a i l u r e s  t h a t  
would r e s u l t  i n  system f a i l u r e .  

The extreme d e t a i l '  i n  t h e  f a u l t  trees 
made it p o s s i b l e  t o  i d e n t i f y  s i n g l e  com- 
ponent f a i l u r e s  and s i n g l e  human f a i l -  
u r e s  t h a t  would cause t h e  e n t i r e  system 
t o  f a i l .  I n  a d d i t i o n ,  double f a i l u r e s  
and h ighe r  o r d e r  combinations of 
f a i l u r e s  w e r e  i d e n t i f i e d  t h a t  had su f -  
f i c i e n t l y  high dependencies o r  s u f f i c -  
i e n t l y  high f a i l u r e  p r o b a b i l i t i e s  such 
t h a t ,  when combined, they a c t e d  l i k e  
s i n g l e  f a i l u r e s  i n  causing t h e  system t o  
have a high f a i l u r e  p r o b a b i l i t y .  

Because of t h e  d e t a i l  i n  t h e  f a u l t  
trees, it w a s  p o s s i b l e  t o  i d e n t i f y  
common causes  and dependencies t h a t  w e r e  
due n o t  only t o  hardware b u t  a l s o  t o  
human and o t h e r  causes .  Examples in-  
c lude human c a l i b r a t i o n  e r r o r s  r ende r ing  
m u l t i p l e  s enso r s  t o  be f a i l e d  i n  t h e  
consequence l i m i t i n g  c o n t r o l  system and 
a c c i d e n t  environments caus ing  t h e  opera- 
t i o n  of pumps i n s i d e  containment t o  be 
dependent on t h e  o p e r a t i o n  o f  con ta in -  
ment spray r e c i r c u l a t i o n  system. These 
dependencies c o n t r i b u t e d  t o  t h e  system 
f a i l u r e  p r o b a b i l i t i e s  and helped t o  
cause t h e  h ighe r  system f a i l u r e  proba- 
b i l i t i e s  t o  be r e a l i z e d .  

Some people  hold t h e  view t h a t  f a u l t  
tree methodology w i l l  i n h e r e n t l y  p r e d i c t  
p r o b a b i l i t i e s  of  system f a i l u r e  t h a t  are 
much smaller than  i s  achieved i n  prac- 
tice. I n  s o m e  p a s t  work, system f a i l u r e  
p r o b a b i l i t i e s  w e r e  o f t e n  computed t o  be 
10-8 t o  10-9 and even lower. I n  
c o n t r a s t ,  Tables  4 and 5 p r e s e n t  t h e  
d i s t r i b u t i o n  of  u n a v a i l a b i l i t i e s  associ- 
a t e d  wi th  t h e  systems analyzed i n  t h i s  
study. A s  i n d i c a t e d  i n  t h e  t a b l e s ,  77% 
of  t h e  PWR median system u n a v a i l a b i l i -  
t ies  l a y  between 10-4 and 10-1, showing 
t h e  s i n g l e - f a i l u r e  and h igh -p robab i l i t y  
c o n t r i b u t i o n s  t h a t  were i d e n t i f i e d  i n  
t h e  f a u l t  trees. I f  one cons ide r s  t h e  
95% upper bound, to  account  f o r  d a t a  
u n c e r t a i n t i e s ,  t hen  100% of t h e  PWR 
system u n a v a i l a b i l i t i e s  were g r e a t e r  
than 10-4 .  The r e l a t i v e l y  high unavai l -  
abi l i t ies  p r e d i c t e d  f o r  most of t h e  
systems analyzed are due t o  s i n g l e -  
component f a i l u r e s ,  s i n g l e  causes ,  and 
o t h e r  s i n g l e  type  f a i l u r e s .  

These r e s u l t s  are important  w i th  r ega rd  
t o  common mode cons ide ra t ions .  I f  t h e  
f a u l t  trees had n o t  been developed i n  
such d e t a i l ,  t hen  t h e  trees would have 
included,  b u t  would n o t  have i d e n t i f i e d ,  
f a i l u r e s  t h a t  w e r e  dependent and t h a t  
were caused by more b a s i c  s i n g l e  
f a i l u r e s .  I n  i d e n t i f y i n g  t h e  s i n g l e -  
component f a i l u r e s ,  t h e  b a s i c  causes  
were t h u s  determined and t h e  dependen- 



ties resolved.  A f i n a l  p o i n t  can be 
made about t h e  r e l a t i o n s h i p  between t h e  
dominance of system f a i l u r e  p r o b a b i l i -  
t i es  by s i n g l e  f a i l u r e s  and p o t e n t i a l  
common modes n o t  i d e n t i f i e d  by t h e  f a u l t  
trees. Any common mode, a t  i t s  utmost 
extreme, can3 change m u l t i p l e  f a i l u r e s  t o  
a s i n g l e  f a i l u r e .  From t h e  d a t a  base i n  
Appendix 111, it is  seen t h a t  t h e  
single-component and b a s i c  even t  
p r o b a b i l i t i e s  ( p e r  demand) have va lues  
between 10-6  and 10-3, wi th  a c t i v e  
components having t h e  h i g h e s t  va lues .1  
Because t h e  f a u l t  trees a l r e a d y  have 
s i n g l e  f a i l u r e s  and because of  t h e  high 
system p r o b a b i l i t i e s  a l r e a d y  determined, 
t h e r e  i s  n o t  a g r e a t  chance t h a t  
a d d i t i o n a l  common modes w i l l  impact on 
t h e  r e s u l t s .  There i s  t h u s  reasonable  
confidence i n  t h e  s t a b i l i t y  and 
i n s e n s i t i v i t y  of t h e  r e s u l t s  obtained.  

4 .  Human E r r o r ,  Tes t ing ,  and 
Maintenance Con t r ibu t ions  

By i n c l u d i n g  human e r r o r s  and tes t  and 
maintenance c o n t r i b u t i o n s  i n  t h e  f a u l t  
trees and f a u l t  t ree q u a n t i f i c a t i o n s ,  

common mode f a i l u r e s  were covered i n  t h e  
f o u r t h  and f i f t h  ways. Human f a i l u r e s  
were included i n  t h e  f a u l t  trees and 
f a u l t  tree q u a n t i f i c a t i o n s  whenever t h e  
ope ra to r  i n t e r f a c e d  wi th  a component o r  
subsystem and could cause f a i l u r e . &  Una- 
v a i l a b i l i t i e s  computed f o r  components 
t h a t  w e r e  t e s t e d  o r  maintained included 
f a i l u r e  c o n t r i b u t i o n s  due t o  t h e  down- 
t i m e  a s s o c i a t e d  w i t h  t h e s e  acts. 

The i n c l u s i o n  of  human f a i l u r e s  and tes t  
and- maintenance c o n t r i b u t i o n s  w a s  an 
important  reason f o r  t h e  r a t h e r  high 
va lues  p r e d i c t e d  f o r  system f a i l u r e  
p r o b a b i l i t i e s  : ( abou t  t o  10-2). 
H i s t o r i c a l l y  human f a i l u r e s  and t es t  and 
maintenance c o n t r i b u t i o n s  were o f t e n  no t  
included i n  t h e  f a u l t  trees .and f a u l t  
tree e v a l u a t i o n s ;  t h i s  w a s  p a r t i c u l a r l y  
t r u e  when f a u l t  trees w e r e  cons t ruc t ed  
a t  t h e  conceptual  design s t a g e  of t h e  
system, where such information w a s  gen- 
e r a l l y  n o t  a v a i l a b l e .  

From Appendix I11 it is  seen t h a t  human 
f a i l u r e  p r o b a b i l i t i e s  can be q u i t e  hi'gh 
when compared t o  component f a i l u r e  
p r o b a b i l i t i e s .  For example, i n  c e r t a i n  

Q 

TABLE 4 PWR CALCULATED SYSTEM UNAVAILABILITIES (22  SYSTEMS) 

Median U n a v a i l a b i l i t y  Q, 
Percentage of Systems i n  

Number of Systems Each U n a v a i l a b i l i t y  Range 

5 

4 

10 

3 

2 3 %  

Percentage of Systems i n  
Upper Bound U n a v a i l a b i l i t y  Q,, Number of Systems Each U n a v a i l a b i l i t y  Range 

7 

8 36% 

-4  (a) Percentage o f  systems whose u n a v a i l a b i l i t y  1 0  . 

'Some systems had f a i l u r e  p r o b a b i l i t i e s  h ighe r  than because they had human e r r o r -  
o r  t e s t  and maintenance c o n t r i b u t i o n s ,  which w i l l  be d i scussed ,  o r  because they had 
a number of single-component f a i l u r e s .  
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TABLE 5 BWR CALCULATED SYSTEM UNAVAILABILITIES (18 SYSTEMS) 

Medi'an Unavailability Q, 
Percentage of Systems in 

-Number of Systems Each Unavailability Range 

1 

4 

6% 

22% 

Percentage of Systems in 
Upper 'Bound Unavailability Q, Number of Systems Each Unavailability Range 

11% 

(a) Percentage of systems whose unavailability 2 

circumstances there is a probabili- 
ty that the operator will not open a 
manual va1ve.l This compares with a 

probability that the valve will be 
closed due to inherent component failure 
or a probability that the valve 
will be in a failed state due to 
rupture. (The probabilities are in 
units of "per demand. " ) 

Test and maintenance contributions can 
likewise ,be relatively high when 
applicable. If- a, 'test or maintenance 
act requires 1 hour per week in which 
the component .is rendered ynavailable, 
then the _test and/or maintenance 
contribution.. is 6 x 10-3 (which is 
obtained simply-by dividing 1 hour by 
168 ,hours , in the- week). This test and 
maintenance contribution is higher by a 
factor of 60 than a 10-4 component- 

related contribution and higher 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 also includes human- 
caused dependencies.2 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 
meaningful values for the system 
probabilities. The.relative.ly complete 
coverage of all the category- contribu- 
tions gives a reasonable confidence that 
the'> modeling and calculations were 
properly performed and that common modes 
were adequately covered. 

- .  - 

The probability applies to a single operator act with no monitoring or. backup. 
The numbers quoted inr,this discussion. are approximate,general values, and the reader 
should refer to Appendix I1 for particular, applicable values. 

i 

2The contributions are based on the point value calculations given in Appendix 11. 
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TABLE 6 CONTRIBUTIONS TO PWR SYSTEM UNAVAILABILITIES 

Cont r ibu t ion  ( % )  

T e s t  and Human 
System Hardware Maintenance E r r o r  

Reactor  p r o t e c t i o n  65 3 5  

A u x i l i a r y  feedwater :  
0-8 hours  a f t e r  s m a l l  LOCA 5 
8-24 hours  a f t e r  s m a l l  LOCA 1 0 0  
0-8 hours  w i t h o u t  o f f s i t e  power <1 

9 

56 

8 6  

44 

Containment s p r a y  i n j e c t i o n  1 4  6 80 

Consequence l i m i t i n g  c o n t r o l :  
H i ;  s i n g l e  t r a i n  
H i ;  bo th  t r a i n s  
H i - H i ;  s i n g l e  t r a i n  
H i - H i ;  both t r a i n s  

Emergency c o o l a n t  i n j e c t i o n :  
Accumulators 
Low-pressure i n j e c t i o n  
High-pressure i n j e c t i o n  

S a f e t y  i n j e c t i o n  c o n t r o l :  
S i n g l e  t r a i n  
B o t h  trains 

7 4  9 
27  6 
6 1  26  

6 2 

5 9  
1 6  
8 0  

5 7  
1 3  

4 1  
23 

42  
1 9  

1 3  

6 0  
1 9  

4 
6 7  
1 3  
9 2  

1 
1 

1 
6 8  

Containment  spray  rec i rcu la t ion  7 5 6  3 7  

Containment h e a t  removal 8 6  

Low-pressure r e c i r c u l a t i o n  3 1  1 
High-pressure r e c i r c u l a t i o n  25 

Containment leakage 
Sodium hydroxide a d d i t i o n  

100 

3 

1 4  

68 
7 5  

7 7  2 0  

( a )  Inc ludes  human cause  c o n t r i b u t i o n s .  

5. S e n s i t i v i t y  S t u d i e s  

I n  t h e  s i x t h  and f i n a l  way of  i n c l u d i n g  
common mode f a i l u r e s ,  e v a l u a t i o n s  and 
q u a n t i f i c a t i o n s  were performed t h a t  cov- 
e red  extraneous common modes and tested 
t h e  s e n s i t i v i t y  of  t h e  c a l c u l a t e d  system 
p r o b a b i l i t i e s  t o  a d d i t i o n a l  common mode 
impacts.  Appendix I V  ( s e c t i o n s  3 and 4 
i n  p a r t i c u l a r )  d e s c r i b e s  i n  d e t a i l  t h e  
bounding ( s e n s i t i v i t y )  techniques and 
s p e c i a l  engineer ing  i n v e s t i g a t i o n s  
involved i n  t h e s e  common mode ana lyses .  

With regard  t o  t h e  bounding and s e n s i -  
t i v i t y  a n a l y s e s ,  whenever m u l t i p l e  
component f a i l u r e s  i n  t h e  f a u l t  trees 
w e r e  judged t o  be s u s c e p t i b l e  t o  having 
common mode c o n t r i b u t i o n s  t h a t  had n o t  
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been previous ly  i d e n t i f i e d ,  t h e n  a maxi- 
mum impact w a s  ass igned  f o r  t h e  p o s s i b l e  
common mode c o n t r i b u t i o n .  With t h i s  
p o s s i b l e  impact inc luded ,  t h e  system 
f a i l u r e  p r o b a b i l i t y  w a s  then  r e e v a l u a t e d  
t o  determine i f  any s i g n i f i c a n t  change 
occurred.  When s e v e r a l  s u s c e p t i b l e  
combinations e x i s t e d ,  a l l  t h e s e  
combinations w e r e  ass igned  maximum 
impacts. 

A s  d e s c r i b e d  i n  Appendix I V ,  t h e  maximum 
impact f o r  common mode f a i l u r e s  w a s  
ass igned  by al lowing t h e  combination of 
f a i l u r e s  t o  become a s i n g l e  f a i l u r e .  
The p r o b a b i l i t y  of  f a i l u r e  f o r  t h e  com- 
b i n a t i o n  t h u s  becomes t h e  p r o b a b i l i t y  
f o r  a s i n g l e  f a i l u r e .  With t h e s e  
s i n g l e - f a i l u r e  p r o b a b i l i t i e s  used f o r  



TABLE 7 CONTRIBUTIONS TO BWR SYSTEM U N A V A I L A B I L I T I E S  

Cont r ibu t ion  ( % )  

T e s t  and Human Common 
Sy s t e m  Hardware Maintenance E r r o r  Modes 

Reactor p r o t e c t i o n  7 3  3 2 4  ( a )  

Vapor suppression:  
Large LOCA 
S m a l l  LOCA 

100 
100 

Emergency c o o l a n t  i n j e c t i o n :  
Low-pressure c o o l a n t  i n j e c t i o n  1 7  
Core spray  i n j e c t i o n  a 
Autodepressur iza t ion  <1 
High-pressure c o o l a n t  i n j e c t i o n  15  
RC I C  S 1 4  

a 3  
9 2  

85 
8 6  

1 0 0  ( a )  

Containment leakage:  
Large LOCA 

2 9 8  

W e t w e l l  ( 1 - 4  i n . 2 )  <l 1 0 0  

D r y w e l l  ( > 6  i n .  2 
Drywell ( 1 - 4  i n  '1 <1 1 0 0  
W e t w e l l  ( > 6  i n . 2 )  4 9 6  

Srnall LOCA 1 0 0  
High-pressure s e r v i c e  w a t e r :  

Required w i t h i n  30  minutes 
Required w i t h i n  25 hours  

3 
10 

LPCRS and C S I S  pump c o o l i n g  (ESW) 1 0 0  
Secondary containment 1 0 0  

4 4  
43 
<1 

( a )  Inc ludes  human cause  c o n t r i b u t i o n s .  

t h e  combinations,  t h e  f a u l t  t ree w a s  
t h e n  r e e v a l u a t e d  to determine t h e  change 
i n  t h e  system f a i l u r e  p r o b a b i l i t y . 1  

A s  given i n  Table  I V  3-1  of Appendix I V ,  
the  common m o d e  m e c h a n i s m s  e x a m i n e d  i n  
t h i s  s e n s i t i v i t y  impact -study w e r e  com- 
mon mode f a i l u r e s  due t o  (1) des ign  de- 
f e c t s ;  ( 2 )  f a b r i c a t i o n ,  manufacturing, 
and q u a l i t y  c o n t r o l  v a r i a t i o n s ;  ( 3 )  
t es t ,  maintenance, and r e p a i r  errors: 
( 4 )  human errors; (5 )  environmental  var- 
i a t i o n s ;  ( 6 )  f a i l u r e s  o r  degrada t ion  due 
t o  an i n i t i a t i n g  f a i l u r e ;  and ( 7 )  
e x t e r n a l  i n i t i a t i o n s  of  f a i l u r e .  I n  t h e  
bounding s t u d i e s  perfbrmed t o  check t h e  
v a l i d i t y  of  f a u l t  tree q u a n t i t a t i v e  
r e s u l t s ,  one technique  used w a s  t o  per- 
m i t  a l l  components of  t h e  same g e n e r i c  
type  ( e - g . ,  a l l  r e l a y s ,  a l l  pumps, e tc . )  
i n  a system t o  be interdependent .  This  

a n a l y s i s  t h u s  incorpora ted  t h e  types  of  
common mode e f f e c t s  t h a t  could 
p o t e n t i a l l y  be due t o  components having 
common manufacturers ,  common f a i l u r e  
s e n s i t i v i t i e s ,  etc. 

I n  a d d i t i o n  t o  t h e s e  s e n s i t i v i t y  s tud-  
ies,  which c o n s i s t e d  e s s e n t i a l l y  of  
mathematical  a n a l y s e s ,  s p e c i a l  engineer-  
i n g  i n v e s t i g a t i o n s  w e r e  performed on t h e  
a c c i d e n t  sequences t o  determine any re- 
maining p o s s i b l e  common modes, i n c l u d i n g  
those  due t o  e x t e r n a l  e v e n t s  and common 
component s e n s i t i v i t i e s .  

These s p e c i a l  engineer ing  s t u d i e s  a r e  
also d i s c u s s e d  i n  Appendix I V .  These 
s t u d i e s  w e r e  concerned wi th  comnon mode 
f a i l u r e s  r e s u l t i n g  i n  m u l t i p l e  systems 
f a i l i n g  i n  t h e  same a c c i d e n t  sequence. 

. .  

'The s i n g l e - f a i l u r e  p r o b a b i l i t y  was obta ined  from t h e  minimum of  t h e  i n d i v i d u a l  
, , c o m p o ~ e n t  p r o b a b i l i t i e s  i n  t h e  combination, as i n d i c a t e d  i n  s e c t i o n  3 of Appendix _ .  w rV- 
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As desc r ibed  i n  s e c t i o n s  5 and 6 of  
Appendix I V ,  f lywheel  f a i l u r e s  genera- 
t i n g  missiles, gas b o t t l e  exp los ions ,  
v e h i c l e  c ra shes ,  and a l l  motor va lves  
f a i l i n g  due t o  manufacturing d e f e c t s  
were among t h e  d e t a i l e d  common mode 
causes examined.. Components t h a t  have 
common p r o p e r t i e s  and are p o t e n t i a l l y  
s u s c e p t i b l e  t o  common f a i l u r e  causes  
w e r e  i n v e s t i g a t e d  with p a r t i c u l a r  care 
i n  t h e s e  s p e c i a l  eng inee r ing  s t u d i e s .  

I n  gene ra l ,  t h e  s e n s i t i v i t y  s t u d i e s  and 
engineer ing i n v e s t i g a t i o n s  found no s i g -  
n i f i c a n t  impacts from t h e  common modes 
t h a t  w e r e  analyzed. Th i s  w a s  due t o  t h e  
common mode ana lyses  t h a t  had a l r e a d y  
been performed i n  t h e  even t  trees and 
f a u l t  trees d i scussed  ear l ie r .  The 
s e n s i t i v i t y  s t u d i e s  and s p e c i a l  engi- 
nee r ing  i n v e s t i g a t i o n s  t h u s  tended t o  
v a l i d a t e  t h e  thoroughn.ess of t h e  common 
mode ana lyses  t h a t  had been performed 
and t h e  i n s e n s i t i v i t y  of  t h e  system and 
a c c i d e n t  sequence p r o b a b i l i t i e s  t o  any 
f u r t h e r  common mode c o n t r i b u t i o n s .  

4.3 SUMMARY OF THE HANDLING OF 
COMMON MODE FAILURE 

The preceding sec t ions  have covered t h e  
i n d i v i d u a l  c o n t r i b u t i o n s  of e v e n t  trees, 
f a u l t  t rees ,  and d a t a  i n  t h e  hand l ing  o f  
common mode f a i l u r e s  i n  t h e  s tudy.  Ad- 
d i t i o n a l  p e r s p e c t i v e  can be gained by 
cons ide r ing  t h e  complete a c c i d e n t  se- 
quences needed t o  d e f i n e  o v e r a l l  r i s k  t o  
t h e  pub l i c .  The d i s c u s s i o n ,  so f a r ,  h a s  
considered e v e n t  trees t h a t  d e f i n e  t h e  
frequency o f  occurrence o f  some i n i t i a t -  
i n g  e v e n t  (PIE)  and t h e  p r o b a b i l i t i e s  o f  
va r ious  system f a i l u r e s  (PSF1 x ... x 
P s m )  t h a t  can p o t e n t i a l l y  l e a d  t o  c o r e  
melt ing.  There are a d d i t i o n a l  f a c t o r s  
t h a t  need t o  be cons ide red  i n  o r d e r  t o  
d e f i n e  complete a c c i d e n t  sequences: 

a. Core m e l t ,  p e r  se, does n o t  create a 
r i s k  t o  t h e  p u b l i c  because it occurs  
i n s i d e  a containment bu i ld ing .  Fo r  
t h e  r a d i o a c t i v i t y  t h a t  i s  r e l e a s e d  
from t h e  molten f u e l  t o  be d i s p e r s e d  
t o  t h e  environment and expose people 
t o  r a d i o a c t i v i t y ,  t h e  containment 
must f a i l .  Appendix I ,  s e c t i o n  2 ,  
c o n t a i n s  a d e t a i l e d  d e s c r i p t i o n  o f  
p o t e n t i a l  containment f a i l u r e  modes 
(PCFM) given c o r e  m e l t .  While it i s  
v i r t u a l l y  c e r t a i n  t h a t  co re  m e l t  

w i l l  cause a dependent f a i l u r e  of  
t h e  containment,  t h e r e  are s e v e r a l  
modes i n  which t h e  containment can 
p o t e n t i a l l y  f a i l ,  each having a d i s -  
t i n c t  p r o b a b i l i t y  and a d i s t i n c t  
consequence. 

b. Given t h e  f a i l u r e  o f  t h e  contain-  
ment, t h e  r a d i o a c t i v i t y  w i l l  be 
d i s p e r s e d  t o  t h e  environs o f  t h e  re- 
a c t o r  i n  a manner determined p r i n c i -  
p a l l y  by t h e  meteorological  condi- 
t i o n s  e x i s t i n g  a t  t h e  t i m e  o f ' t h e  
acc iden t .  The meteorological  condi- 
t i o n s  are de f ined  by such f a c t o r s  as  
atmospheric s t a b i l i t y ,  wind speed,  
wind d i r e c t i o n ,  e tc .  Since t h e r e  i s  
a p r o b a b i l i t y  d i s t r i b u t i o n  o f  
weather  c o n d i t i o n s  (Pwc) t h a t  may 
o c c u r  a s  a func t ion  o f  t i m e ,  t h i s  
d i s t r i b u t i o n  must a l s o  be cons ide red  
as  a p a r t  o f  an a c c i d e n t  sequence. 

c. Another f a c t o r  t h a t  must a l s o  be 
considered i s  t h e  p r o b a b i l i t y  d i s -  
t r i b u t i o n  o f  popu la t ion  (PpD) about  
r e a c t o r s  t o  t a k e  i n t o  account t h e  
p r o b a b i l i t y  t h a t  va ry ing  numbers of 
people may be exposed t o  t h e  d i s -  
pe r s e d  r a d i o a c t i v i t y  . 

As h a s  a l r eady  been d i scussed ,  i n  most 
cases t h e  a c c i d e n t  sequences involved 
s i t u a t i o n s  i n  which t h e  fa i lure  of a 
s i n g l e  system ( fo l lowing  t h e  i n i t i a l  
f a i l u r e )  caused c o r e  m e l t .  In a few 
cases , a s i n g l e  system f a i l u r e  combined 
wi th  a s i n g l e  component f a i l u r e  i s  
involved. There i s  a l s o  a wide v a r i a -  
b i l i t y  i n  t h e  frequency o f  i n i t i a t i n g  
e v e n t s  a s  w e l l  as  some v a r i a b i l i t y  i n  
t h e  f a i l u r e  p r o b a b i l i t y  o f  t h e  v a r i o u s  
systems involved. Typical  g e n e r a l i z e d  
sequences,  covering t h e  dominant c o n t r i -  
b u t i o n s  from t h e  LOCA even t  t ree  and t h e  
t r a n s i e n t  e v e n t  tree i n  t h e  PWR, i nvo lve  
t h e  fo l lowing  two i l l u s t r a t i v e  formula- 
t i o n s :  

and 

PIE x PSF x PCF x PCFM x Pwc x PPD 

( f o r  t r a n s i e n t s ) .  ( 2 )  

'In t h i s  s e c t i o n ,  the symbol P r e p r e s e n t s  p r o b a b i l i t y  and t h e  va r ious  s u b s c r i p t s  a r e  
de f ined  as fol lows:  I E  = i n i t i a t i n g  even t ;  SF = system f a i l u r e ;  CFM = containment 
f a i l u r e  modes; WC = weather cond i t ions ;  PD = populat ion d e n s i t y ;  CF = component 
f a i l u r e .  
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Such fo rmula t ions  are v a l i d  i f  t h e  
d e f i n i t i o n s  o f  occurrence o f  t h e  v a r i o u s  
e v e n t s  i nc lude  c o n s i d e r a t i o n  o f  t h e  
dependent f a i l u r e s  among t h e  elements.  
The d i s c u s s i o n  below i s  d iv ided  i n t o  two 
p a r t s ,  one a p p l i c a b l e  t o  t h e  LOCA e v e n t  
tree sequences and one a p p l i c a b l e  t o  t h e  
t r a n s i e n t  e v e n t  tree sequences.  

LOCA 

In t h e  case o f  t h e  LOCA e v e n t  t ree ,  t h e  
i n i t i a t i n g  e v e n t  i s  p ipe  rup tu re .  The 
p r o b a b i l i t y  t h a t  it could cause f a i l u r e  
o f  e i t h e r  t h e  s a f e t y  system o r  t h e  con- 
ta inment  w a s  c a r e f u l l y  examined, a s  
i n d i c a t e d  i n  Appendix I V ,  s e c t i o n s  5 and 
6. No s i g n i f i c a n t  coupled f a i l u r e s  o f  
t h i s  t ype  w e r e  found, presumably because 
s p e c i f i c  design f e a t u r e s  a r e  inc luded  i n  
r e a c t o r s  t o  p r e v e n t  such  dependencies. 

The combination of PIE x PSF produces 
c o r e  m e l t ,  which, as  d i scussed  ear l ie r ,  
w i l l  cause a dependent f a i l u r e  o f  t h e  
containment i n  one of a number o f  modes 
(PCFM) . %US PCFM i s ,  i n  f a c t ,  a common 
mode f a i l u r e  p r o b a b i l i t y  t h a t  was care- 
f u l l y  de f ined  i n  Appendix V I I I .  The 
weather c o n d i t i o n s  and popu la t ion  densi-  
t y  are e s s e n t i a l l y  independent o f  one 
ano the r  and o f  the o t h e r  f a c t o r s  i n  the 
equat ion.  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  formula- 
t i o n  (1) y i e l d s ,  f o r  t h e  very l a r g e  con- 
sequence v a l u e s  r e p o r t e d  i n  t h i s  s t u d y ,  
a p r o b a b i l i t y  o f  occurrence o f  approxi- 
mately 10-9 p e r  r eac to r -yea r .  mere are 
many peop le  who have t r a d i t i o n a l l y  
ques t ioned  t h e  v a l i d i t y  o f  p r e d i c t i o n s  
of low-probab i l i t y  e v e n t s ,  and such 
q u e s t i o n s  must be regarded s e r i o u s l y  
because t h e r e  have been many e r roneous ly  
s m a l l  p r e d i c t i o n s  o f  system f a i l u r e  
p r o b a b i l i t i e s .  Formulation (1) , how- 
ever, g i v e s  a d i f f e r e n t  p e r s p e c t i v e  of  
the p r o b a b i l i t y  p r e d i c t i o n  of  F o r  
i n s t a n c e ,  i n  t h e  case of t h e  s m a l l - L O C A  
sequences i n  a PWR, t h e  elements of  t h i s  
fo rmula t ion  have roughly t h e  fo l lowing  
v a l u e s  : 

10-3 
P I E  

-. 10-2 
'S F 

10-1 
'CFM 

The p reced ing  d i s c u s s i o n  h a s  a l r e a d y  
covered t h e  p r i n c i p a l  common mode 

1 c o n t r i b u t i o n ,  PCFM, and i n d i c a t e d  t h a t  

there are no  o t h e r  s i g n i f i c a n t  common 
mode c o n t r i b u t i o n s .  One might ask by 
how much t h e s e  va lues  might be i n  e r r o r .  
The va lue  o f  PIE i s  de r ived  from p ipe  
rup tu re  d a t a  accumulated from many 
s o u r c e s ,  as i n d i c a t e d  i n  Appendix 111, 
and i s  n o t  l i k e l y  t o  be  very f a r  i n  
e r r o r .  In f a c t ,  t h e  o n l y  c r i t i c a l  
comments r ece ived  from t h e  p u b l i c  s e c t o r  
i n  t h i s  area sugges t  t h a t  t h e  va lue  used 
i n  t h e  s t u d y  i s  c o n s e r v a t i v e l y  h igh  and 
shou ld  be reduced t o  

The va lues  o f  Pwc and PPD a r e  o b t a i n e d  
from measured c o n d i t i o n s  i n  t h e  real  
world and are known w i t h  g r e a t e r  p r e c i -  
s i o n  than t h e  o t h e r  f a c t o r s  i n  t h e  
formulation. 
The combined va lue  o f  PIE x PwC x PPD i s  
10-6. Thus t h e  e n t i r e  eng inee r ing  (ex- 
c e p t  f o r  p i p i n g )  o f  t h e  p l a n t ,  which 
i n c l u d e s  t h e  s a f e t y  systems and t h e  con- 
ta inment ,  accounts  f o r  a c o n t r i b u t i o n  o f  

(PSF x PCFM) t o  t h e  o v e r a l l  proba- 
b i l i t y .  In f a c t ,  t h e  c o n t r i b u t i o n  o f  
system u n a v a i l a b i l i t y  (PsF) i s  about  
10-2 ,  and n o t  i n  t h e  range o f  t o  
10-8 o r  less, as  o b t a i n e d  i n  some e a r l y  
q u a n t i f i c a t i o n s  o f  system f a u l t  t rees by 
o t h e r s .  Even i f  t h e  va lues  of  system 
f a i l u r e  were g r o s s l y  i n  error,  the 
p r o b a b i l i t y  p r e d i c t e d  € o r  t h e  l a r g e s t  
a c c i d e n t  would i n c r e a s e  by a f a c t o r  o f  
o n l y  about 1 0 0 .  

TRANSIENT EVENT TREE 

In  t h e  case o f  t h e  t r a n s i e n t  e v e n t  t ree ,  
t h e  i n i t i a t i n g  e v e n t  i s  t h e  sum o f  t h e  
several t y p e s  o f  t r a n s i e n t  e v e n t s  re- 
q u i r i n g  r a p i d  shutdown o f  t h e  r e a c t o r .  
I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  
frequency o f  occur rence  o f  such e v e n t s  
i s  approximately 1 0  p e r  r eac to r -yea r ,  
about lo4 t i m e s  more l i k e l y  than t h e  
p i p e  r u p t u r e  o f  10-3 p e r  yea r .  On t h e  
o t h e r  hand, t h e  f a i l u r e  p r o b a b i l i t y  o f  
t h e  r e a c t o r  p r o t e c t i o n  systems (PSF) is 
about  p e r  demand and t h e  f a i l u r e  of 
s a f e t y  v a l v e s  (PcF) t o  reseat i s  about  

p e r  demand. The l a r g e  consequence 
v a l u e s  r e p o r t e d  i n  t h e  s tudy  can b e  
approximated g e n e r a l l y  as fol lows f o r  
t r a n s i e n t  even t s :  

'IE 

'S F 

PCF 

pCFM 

pwc 
'PD 
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I n  examining t h e  dependencies and t h e  
v a r i o u s  f a c t o r s  among t h e s e  elements ,  it 
is  no ted  t h a t  t h e r e  i s  some r e l a t i o n s h i p  
between t h e  1 0  t r a n s i e n t s  p e r  y e a r  
r e q u i r i n g  shutdown and t h e  p r o b a b i l i t y  
o f  f a i l u r e  of t h e  r e a c t o r  p r o t e c t i o n  
system (RPS).  Some o f  t h e s e  t r a n s i e n t s  
i nvo lve  t h e  loss o f  o f f s i t e  power, and 
t h e  c o n t r o l  rods are  a c t u a t e d  t o  i n s e r t  
d i r e c t l y  by t h e  occurrence o f  t h i s  
event :  however, t h e  f a i l u r e  p r o b a b i l i t y  
o f  t h e  RPS w a s  n o t  reduced because t h e r e  
i s  low coupl ing between t h i s  e v e n t  and 
t h e  p r i n c i p a l  causes  o f  RpS f a i l u r e .  
The t r a n s i e n t  even t  p l u s  f a i l u r e  o f  RPS 
causes  t h e  r e a c t o r  c o o l a n t  system system 
r e l i e f  va lves  t o  l i f t ;  t h e  d a t a  d e t e r -  
mining t h e  ra te  o f  f a i l u r e  o f  one o f  
t h e s e  va lves  t o  r e c l o s e  i n c l u d e s  poten- 
t i a l  dependencies invo lv ing  t h i s  type of 
opening event .  Pcm, Pwc, and PPD a r e  
as d i s c u s s e d  ea r l i e r  i n  connection w i t h  
t h e  LOCA e v e n t  tree.  

The t o t a l  eng inee r ing  c o n t r i b u t i o n  t o  
t h e  10-9 p r o b a b i l i t y  i n  t h i s  case i s  
p S ~  x PCF = 10-6. A s  no ted  ea r l i e r ,  
PCF comes from measured d a t a ,  and o n l y  
t h e  PSF va lue  o f  1 0 - 4  f o r  t h e  f a i l u r e  o f  
t h e  W S  i s  ob ta ined  f r o m  a f a u l t  tree.  
Using n u c l e a r  experience d a t a  of  approx- 
ima te ly  2 0 0 0  demands o f  t h e  r e a c t o r  
p r o t e c t i o n  sys  tern, an approximate upper 

bound of 10-3 i s  o b t a i n e d  f o r  t h e  reac- 
t o r  t r i p  u n a v a i l a b i l i t y .  1 From t h i s  
ac tua l  expe r i ence ,  u s ing  t h e  f a i l u r e  
r e l a t i o n s h i p s  as  given i n  t h e  sequence, 
t h e  sequence p r o b a b i l i t y  can be i n  e r r o r  
by o n l y  about  a f a c t o r  o f  1 0 ,  y i e l d i n g  
about  lo-* as  an upper bound € o r  t h e  
sequence p r o b a b i l i t y .  

To summarize t h e  fo rego ing  d i s c u s s i o n ,  a 
number o f  p r o b a b i l i t y  f a c t o r s  must be 
combined i n  t y p i c a l  a c c i d e n t  sequences 
t o  o b t a i n  t h e  t o t a l  r i s k  p r o b a b i l i t y ,  
and t h e  smallness  of t h e  r i s k  p r o b a b i l i -  
t y  comes from t h i s  process .  System 
f a i l u r e  p r o b a b i l i t i e s  are on ly  one 
element i n  t h e  r i s k  formulat ion,  and 
p o t e n t i a l  common mode f a i l u r e s  invo lv ing  
systems must be examined o n l y  i n  those 
f a c t o r s  t h a t  can a f f e c t  t h e  system f a i l -  
u re  p r o b a b i l i t y .  System f a i l u r e  
p r o b a b i l i t i e s  ob ta ined  i n  t h e  s tudy  were 
g e n e r a l l y  i n  t h e  range o f  10-4 t o  10-2, 
which i s  c o n s i s t e n t  with a v a i l a b l e  
expe r i ence  and d a t a .  The s e n s i t i v i t y  o f  
t h e  t o t a l  r i s k  p r o b a b i l i t y  de r ived  from 
t h e  fo rmula t ions  shown above can be 
bounded by us inq  a c t u a l  d a t a  o r  assuming 
t h e  system p r o b a b i l i t y  t o  be uni ty .  The 
l i m i t e d  v a r i a t i o n  i n  r e s u l t s  when t h i s  
i s  done shows t h e  reasonableness  of t h e  
s t u d y ' s  methodology and f i n a l  p r o b a b i l i -  
t y  va lues .  

'The uppzr bound est imate  i s  ob ta ined  by us ing  2 0 0  r eac to r -yea r s  w i t h  approximately 
1 0  demands of t h e  t r i p  system p e r  r eac to r -yea r  ( i . e . ,  monthly t e s t i n g ) .  Three 
f a i l u r e s  a r e  used f c r  t h e  upper 9 5 %  chi-square confidence bound. 
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Section 5 
Completeness of the Consideration of Potential Accidents 

WASH-1400 d i s c u s s e d  t h e  completeness of  
t h e  coverage o f  p o t e n t i a l  a c c i d e n t  
sequences e x t e n s i v e l y  i n  t h e  fo l lowing  
s e c t i o n s  o f  t h e  r e p o r t :  c h a p t e r  3 ,  
c h a p t e r  5 ( s e c t i o n  5 . 4 ) ,  and c h a p t e r  7 
( s e c t i o n  7 . 1 )  o f  t h e  Main Report and 
s e c t i o n s  2 ,  3 ,  and 5 of Appendix I. The 
subs t ance  o f  t h e s e  d i s c u s s i o n s  i s  pre-  
s e n t e d  below. 

The a n a l y s i s  o f  p o t e n t i a l l y  l a r g e  reac-  
t o r  a c c i d e n t s  rests on t h e  knowledge 
t h a t  t h e  bu lk  o f  t h e  r a d i o a c t i v i t y  
gene ra t ed  by t h e  f i s s i o n  p rocess  w i l l  be 
r e t a i n e d  i n  t h e  uranium d iox ide  f u e l  
p e l l e t s  u n l e s s  t h e  fuel m e l t s . 1  Fue l  
me l t ing  can o c c u r  on ly  a s  a r e s u l t  o f  an 
imbalance between t h e  h e a t  be ing  gener- 
a t e d  by t h e  f u e l  and t h e  h e a t  be ing  
removed from t h e  f u e l .  A h e a t  imbalance 
can occur  o n l y  as  a r e s u l t  o f  LOCA o r  
t r a n s i e n t  even t s .  LOCA and t r a n s i e n t  
e v e n t s  can p o t e n t i a l l y  r e s u l t  from 
i n t e r n a l  (random o r  coupled) p l a n t  f a i l -  
u r e s ,  from e x t e r n a l  f o r c e s  such as  
ea r thquakes  and to rnadoes ,  o r  from acts 
o f  sabotage.  Many of t h e s e  f a c t o r s  can 
p o t e n t i a l l y  a f f e c t  each of  t h e  va r ious  
sou rces  o f  r a d i o a c t i v i t y  a t  t h e  p l a n t .  

The p l a c e s  a t  which f u e l  i s  l o c a t e d  i n  a 
n u c l e a r  power p l a n t  are the reactor 

. core ,  the s p e n t  f u e l  pool ,  t h e  r e f u e l i n g  
o p e r a t i o n , 2  and t h e  s p e n t  f u e l  s h i p p i n g  
cask. By f a r  t h e  l a r g e s t  amount o f  
r a d i o a c t i v i t y  i s  l o c a t e d  i n  t h e  f u e l  i n  
t h e  reactor core s i n c e  it c o n t a i n s  bo th  
t h e  l a r g e s t  accumulation of f u e l  and 
f u e l  t h a t  h a s  had t h e  least  t i m e  f o r  
r a d i o a c t i v i t y  t o  decay. The s p e n t  f u e l  
'pool , immediately a f t e r  a r e f u e l i n g  
o p e r a t i o n ,  h a s  about 16% of t h e  radioac-  
t i v i t y  o f  t h e  core, and on t h e  average 
h a s  about 5%. The r e f u e l i n g  o p e r a t i o n ,  
which hand les  o n l y  one f u e l  e lement  a t  a 
t i m e ,  i nvo lves  abou t  0.3% of t h e  core's 
r a d i o a c t i v i t y .  The s p e n t  f u e l  sh ipp ing  

cask,  having m u l t i p l e  f u e l  e lements  
( - 1 0 )  t h a t  have been s u b j e c t e d  t o  a 
longe r  decay t i m e ,  a l s o  c o n t a i n s  about  
0 . 3 %  o f  t h e  c o r e ' s  r a d i o a c t i v i t y .  

The much l a r g e r  amount o f  r a d i o a c t i v i t y  
t h a t  r e s i d e s  i n  t h e  c o r e ,  as opposed t o  
o t h e r  l o c a t i o n s ,  i s  o n l y  one o f  t h e  
reasons why the bulk o f  a t t e n t i o n  i n  t h e  
s a f e t y  o f  n u c l e a r  power p l a n t s  h a s  been 
d i r e c t e d  toward p o t e n t i a l  a c c i d e n t s  
i n v o l v i n g  on ly  t h e  co re .  Other  f a c t o r s  
a r e  t h e  p o t e n t i a l  f o r  l a r g e  r e l e a s e s  o f  
energy i n  c o r e  power t r a n s i e n t s  and t h e  
p o t e n t i a l  f o r  t h e  release o f  t h e  l a r g e  
amounts o f  s t o r e d  energy i n  t h e  r e a c t o r  
c o o l a n t  system. These phenomena, as 
w e l l  as o t h e r  p rocesses  t h a t  may be 
a s s o c i a t e d  with them, n o t  o n l y  might 
cause t h e  f u e l  t o  m e l t ,  b u t  a lso may 
p rov ide  a d r i v i n g  f o r c e  t o  d i s p e r s e  t h e  
r a d i o a c t i v i t y  r e l e a s e d  from t h e  f u e l .  
The p o t e n t i a l  f o r  f u e l  m e l t i n g  and 
d i s p e r s a l  o f  r a d i o a c t i v i t y  from t h e  
o t h e r  f u e l  l o c a t i o n s  i s  s i g n i f i c a n t l y  
smaller.  

I n  a d d i t i o n  t o  examining a l l  t h e  p l a c e s  
a t  which f u e l  i s  l o c a t e d  a t  a n u c l e a r  
power p l a n t  s i t e ,  it i s  a l s o  necessary 
t o  examine t h e  v a r i o u s  f o r c e s  t h a t  can 
ac t  on t h e  p l a n t  t o  cause release o f  t h e  
r a d i o a c t i v i t y  from t h e  f u e l .  Fo r tuna te -  
l y  , t h e  c h a r a c t e r i s t i c s  o f  uranium 
d iox ide  f u e l  are such t h a t  t h e  bu lk  o f  
t h e  r a d i o a c t i v i t y  gene ra t ed  by t h e  f i s -  
s i o n  process remains w i t h i n  the fuel 
p e l l e t s  under normal cond i t ions .  The 
o n l y  way t o  release l a r g e  amounts of 
r a d i o a c t i v i t y  i s  t o  m e l t  t h e  f u e l .  
Thus, a major f a c t o r  i n  t h e  s a f e t y  o f  
n u c l e a r  power p l a n t s  rests on t h e  
p reven t ion  of f u e l  mel t ing.  

The two q u e s t i o n s  t h a t  must be examined 
are (1) whether  t h e  p o s s i b i l i t y  even 

I n  a d d i t i o n  t o  f u e l ,  a n u c l e a r  power p l a n t  s i t e  h a s  o t h e r  p o t e n t i a l  s o u r c e s  o f  
r a d i o a c t i v i t y  ( i .e . ,  t h e  waste g a s  and l i q u i d  waste s t o r a g e  t a n k s )  t h a t  could be 
r e l e a s e d  as  a r e s u l t  of a c c i d e n t s .  However, t h e s e  s o u r c e s  are very small and 

r e s p e c t i v e l y  of t h e  c o r e  inven to ry )  and do n o t  have t h e  p o t e n t i a l  t o  cause 
l a r g e  consequences. 

'During t h e  r e f u e l i n g  o p e r a t i o n ,  a s i n g l e  f u e l  assembly i s  i n  t r a n s i t  between t h e  

I 

r e a c t o r  v e s s e l  and t h e  s p e n t  f u e l  storage pool.  
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exis ts  f o r  t h e  f u e l  i n  a p a r t i c u l a r  
l o c a t i o n  t o  m e l t ,  g iven t h e  occurrence 
of  p o t e n t i a l  a c c i d e n t  cond i t ions ;  and 
( 2 )  what f o r c e s  might act  i n  such  a way 
as  t o  cause t h e  f u e l  i n  a p a r t i c u l a r  
l o c a t i o n  t o  m e l t .  The r e f u e l i n g  opera- 
t i o n  and t h e  sh ipp ing  cask  can be  
disposed o f  r e a d i l y  a s  cand ida te s  f o r  
c o n t r i b u t o r s  t o  o v e r a l l  r i s k ,  s i n c e  it 
i s  h a r d  t o  see how f u e l  can be made t o  
m e l t  i n  t h e s e  s i t u a t i o n s .  I n  t h e  re- 
f u e l i n g  o p e r a t i o n ,  f u e l  e lements  cannot 
be  l i f t e d  o u t  o f  t h e  w a t e r  involved i n  
t h e  r e f u e l i n g  p rocess  and, as  long  a s  
t h e  element i s  under w a t e r ,  it cannot 
m e l t .  Furthermore,  even i f  t h e  one f u e l  
element involved i n  t h e  r e f u e l i n g  
o p e r a t i o n  cou ld  b e  exposed t o  a i r ,  
c a l c u l a t i o n s  i n d i c a t e  that  it would 
r each  some e q u i l i b r i u m  temperature  ( w e l l  
below t h e  me l t ing  p o i n t )  a t  which it 
would be adequa te ly  cooled by t h e  combi- 
n a t i o n  o f  h e a t  r a d i a t i o n  and convect ive 
a i r  flow. In connect ion wi th  p o t e n t i a l  
s h i p p i n g  cask a c c i d e n t s , l  c a l c u l a t i o n s  
have shown t h a t ,  even i n  t h e  e v e n t  o f  
low-probabi l i ty  a c c i d e n t s  t h a t  might 
break t h e  c a s k  and cause f a i l u r e  o f  t h e  
f u e l  c o o l i n g  system, t h e  f u e l  would n o t  
m e l t .  Although some f u e l  c l add ing  might 
b e  s l i g h t l y  damaged i n  such  an a c c i d e n t ,  
on ly  very small amounts o f  r a d i o a c t i v i t y  
would be r e l e a s e d  t o  t h e  environment. 
This  r a d i o a c t i v i t y  would be t h e  s m a l l  
amount o f  t h e  t o t a l  f i s s i o n  gases  pro- 
duced t h a t  had migrated t o  t h e  gap 
between t h e  f u e l  and t h e  cladding.  

Based on t h e  fo rego ing  c o n s i d e r a t i o n s ,  
it appears  t h a t  a p o t e n t i a l l y  l a r g e  
release o f  r a d i o a c t i v i t y  could o n l y  
invo lve  t h e  f u e l  i n  t h e  r e a c t o r  c o r e  o r  
i n  t h e  s p e n t  f u e l  pool .  The complete 
matrix o f  p o t e n t i a l  a c c i d e n t s  must 
t h e r e f o r e  cover  t h e  r e a c t o r  c o r e  and t h e  
s p e n t  f u e l  pool  as  t h e y  might be 
a f f e c t e d  by t h e  v a r i o u s  e v e n t s  t h a t  
could p o t e n t i a l l y  cause me l t ing  of t h e  
f u e l .  These e v e n t s  can be  c l a s s e d  a s  
i n t e r n a l  (random o r  coupled)  p l a n t  f a i l -  
u r e s ,  e x t e r n a l  f o r c e s  such a s  e a r t h -  
quakes and to rnadoes ,  and acts o f  
sabotage.  These w i l l  be d i s c u s s e d  i n  
t u r n  f o r  each o f  t h e  two l o c a t i o n s  o f  
i n t e r e s t .  

5.1 POTENTIAL ACCIDENTS INVOLVING' 
THE REAC'I'OH CORE 

F i g u r e  4 shows t h e  ma t r ix  o f  p o t e n t i a l  
a c c i d e n t s  considered f o r  t h e  r e a c t o r  
core.  Line 1 shows those  a c c i d e n t s  t h a t  

'WASH-1400 o n l y  examined p o t e n t i a l  sh ipp ing  

I 

1 .  Internal Plant LOCA' 
Failures 

I 
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Figure 4 Coverage of P o t e n t i a l  
Accidents i n  Reactor Cores 

can be i n i t i a t e d  by i n t e r n a l  p l a n t  
f a i l u r e s .  Line 2 shows those  e x t e r n a l  
f o r c e s  t h a t  can p o t e n t i a l l y  cause acci- 
d e n t s  o f  t h e  type shown i n  l i n e s  la-lc.  
Line 3 shows t h e  p o t e n t i a l  f o r  a c c i d e n t s  
due t o  sabotage. 

a. F i g u r e  4 ,  Line 1, I n t e r n a l  P l a n t  
Fa  i l u r e  s 

The l a r g e s t  p a r t  o f  t h e  Reactor  S a f e t y  
Study w a s  devoted t o  t h e  d e l i n e a t i o n  of  
p o t e n t i a l  co re  a c c i d e n t s  due t o  i n t e r n a l  
p l a n t  f a i l u r e s .  The scope o f  t h i s  work 
i s  n e c e s s a r i l y  l i m i t e d  o n l y  t o  t h e  con- 
s i d e r a t i o n  of  imbalances between t h e  
h e a t  being gene ra t ed  by t h e  f u e l  and t h e  
h e a t  be ing  removed from t h e  f u e l  because 
o n l y  such h e a t  imbalances have t h e  po- 
t e n t i a l  t o  cause t h e  f u e l  t o  m e l t .  Such 
imbalances can occur  i n  o n l y  two ways: 
(1) as  a r e s u l t  o f  t r a n s i e n t s  i n  which 
t h e  co re  power l e v e l  exceeds t h e  
c a p a c i t y  o f  t h e  h e a t  removal systems t o  
d i s s i p a t e  it o r  ( 2 )  as  a r e s u l t  o f  
LOCAs, i n  which t h e  normal co re  c o o l i n g  
w a t e r  i s  l o s t  due t o  a r u p t u r e  i n  t h e  
r e a c t o r  c o o l a n t  system and t h e  c o r e  
decay h e a t  i s  n o t  removed by t h e  e m e r -  
gency c o r e  c o o l i n g  systems. S e c t i o n s  3 
and 4 o f  t h i s  addendum and Appendices I 
through V d e s c r i b e  i n  g r e a t  d e t a i l  t h e  
e v e n t  t r e e / f a u l t  t ree methodology used 
t o  i n v e s t i g a t e  these classes o f  acci- 
dents .  The t o t a l  p r o b a b i l i t y  o f  c o r e  
m e l t  from t h e s e  causes  i s  p r e d i c t e d  t o  
be  about 5 x 10-5 p e r  r eac to r -yea r .  

cask a c c i d e n t s  t h a t  could occur  a t  
r e a c t o r  s i tes.  It  d i d  n o t  cons ide r  t r a n s p o r t a t i o n  a c c i d e n t s .  

-170- 



It is  a l s o  p o t e n t i a l l y  p o s s i b l e  f o r  
l a r g e  e lectr ical  f i r e s 1  o r i g i n a t i n g  
w i t h i n  t h e  p l a n t  t o  f a i l  a s u f f i c i e n t  
number o f  systems w i t h i n  t h e  p l a n t  t o  
cause a t r a n s i e n t  o r  a LOCA t h a t  could 
cause t h e  c o r e  t o  m e l t . 2  There i s  
c u r r e n t l y  i n s u f f i c i e n t  c o l l e c t e d  and 
c o l l a t e d  d a t a  on t h e  r e s u l t s  o f  r e a c t o r  
and o t h e r  i n d u s t r i a l  e lectr ical  f i r e s  t o  
provide a g e n e r a l l y  a p p l i c a b l e  s t a t i s t i -  
cal  b a s i s  f o r  e s t i m a t i n g  t h e  p r o b a b i l i t y  
o f  c o r e  m e l t  a s  a r e s u l t  o f  f i r e s .  How- 
e v e r ,  a n a l y s i s  o f  t h e  f a i r l y  r e c e n t  f i r e  
a t  t h e  Browns F e r r y  p l a n t  i n d i c a t e s  t h a t  
t h e  l i k e l i h o o d  o f  c o r e  m e l t  due t o  such 
a f i r e  would be about  1 . 0  x 10-5 p e r  
r eac to r -yea r  and would r e p r e s e n t  about  
a 20% c o n t r i b u t i o n  t o  t h e  o v e r a l l  l i k e -  
l ihood of c o r e  m e l t .  

b. F i g u r e  4 ,  Line 2 ,  Ex te rna l  Fo rces  

It i s  necessa ry  t o  cons ide r  whether t h e  
l a r g e  f o r c e s  t h a t  can b e  gene ra t ed  by 
some n a t u r a l  and man-made phenomena can 
cause any o f  t h e  types  o f  a c c i d e n t s  
developed i n  l i n e  1 o f  Fig.  4 by caus ing  
t h e  f a i l u r e  o f  t h e  c r i t i c a l  elements 
de f ined  by t h e  e v e n t  t r e e / f a u l t  t ree 
methodology. Thus it i s  necessa ry  t o  
examine both t h e  l i k e l i h o o d  o f  such 
e x t e r n a l  e v e n t s  and those  p o r t i o n s  o f  
t h e  p l a n t  t h a t  can be  a f f e c t e d  by t h e  
t y p e s  o f  e v e n t s  shown on l i n e  2 o f  F ig .  
4.  

The g e n e r a l  approach3 t h a t  h a s  been 
taken i n  t h e  design and l o c a t i o n  of 
n u c l e a r  power p l a n t s  i s  t o  i d e n t i f y  
those  elements  o f  t h e  p l a n t  whose con- 
t i n u e d  o p e r a b i l i t y  i s  needed t o  e n s u r e  
t h a t  t h e  o p e r a t i o n  o f  t h e  p l a n t  can b e  
c o n t r o l l e d ,  t h a t  t h e  f u e l  i n  each  
l o c a t i o n  remains covered with water,  and 
t h a t  t h e  decay h e a t  i s  removed from t h e  
f u e l  i n  each o f  i t s  l o c a t i o n s .  Then t h e  
p l a n t  is r e q u i r e d  t o  be located and 
designed i n  such  a way as t o  ensu re  t ha t  
t h e  l i k e l i h o o d  of f a i l u r e s  i n  t h e s e  
elements ,  due to each  o f  t h e  e x t e r n a l  
f o r c e s ,  i s  q u i t e  small, 

The s t u d y ' s  hand l ing  o f  two o f  t h e  
e x t e r n a l  f o r c e s ,  a i r c ra f t  impacts  and 
t u r b i n e  mis s i l e s  , i s  e a s i l y  i l l u s t r a t e d .  
S ince  l i g h t  p l a n e s  cannot cause signifi- 
c a n t  s t r u c t u r a l  damage t o  a n u c l e a r  
power p l a n t ,  it i s  necessa ry  t o  cons ide r  
o n l y  t h e  p o t e n t i a l  damage t h a t  can be 
caused by t h e  l a r g e r  a i r c r a f t .  The 
p r o b a b i l i t y  o f  l a r g e  a i r c r a f t  c r a shes  i s  
w e l l  known, and thus  i t  i s  r e l a t i v e l y  
s t r a i g h t f o r w a r d  t o  compute t h e  l i k e l i -  
hood t h a t  a plane w i l l  c r a s h  a t  a s i t e  
i n  such a way as t o  s t r i k e  t h e  p l a n t .  
Taking i n t o  account  t h e  l o c a t i o n  o f  
nuc lea r  power p l a n t s  w i t h  r e s p e c t  t o  
a i r p o r t s  ( s i n c e  t h i s  d i s t a n c e  a f f e c t s  
t h e  l i k e l i h o o d  o f  t h e  c r a s h )  and t h e  
f a c t  t h a t  n o t  eve ry  such c r a s h  w i l l  
cause an a c c i d e n t  i nvo lv ing  f u e l  m e l t -  
i n g ,  an o v e r a l l  p r o b a b i l i t y  o f  such  an 
a c c i d e n t  h a s  been e s t i m a t e d  t o  be 
t o  10-8 p e r  r eac to r -yea r .4  This  va lue  
would n o t  impact s i g n i f i c a n t l y  on t h e  
p r e d i c t e d  value o f  c o r e  m e l t  o f  
5 x 10-5 p e r  r eac to r -yea r .  

S i m i l a r l y ,  t h e  p r o b a b i l i t y  o f  a t u r b i n e  
f a i l u r e  r e s u l t i n g  i n  t h e  g e n e r a t i o n  o f  
l a r g e  miss i les  can b e  determined from an 
a n a l y s i s  o f  r e p o r t e d  t u r b i n e  f a i l u r e s .  
Taking i n t o  c o n s i d e r a t i o n  t h e  o r i e n t a -  
t i o n  o f  t h e  t u r b i n e  w i t h  r ega rd  t o  v i t a l  
p l a n t  systems o r  components and t h e  
range o f  e n e r g i e s  and t r a j e c t o r i e s  asso-  
c i a t e d  with p o t e n t i a l  t u r b i n e  m i s s i l e s ,  
the p r o b a b i l i t y  o f  s t r i k i n g  a p o t e n t i a l -  
l y  vu lne rab le  area can be c a l c u l a t e d .  
The p r o b a b i l i t y  o f  p e n e t r a t i n g  struc- 
t u r e s  an.d damaging c r i t i ca l  equipment 
can then  be  c a l c u l a t e d  from t h e  range o f  
impact e n e r g i e s  involved and t h e  n a t u r e  
and t h i c k n e s s e s  o f  p r o t e c t i v e  b a r r i e r s .  
As n o t e d  i n  s e c t i o n  5.4.5 o f  t h e  Main 
Report ,  it h a s  been e s t i m a t e d  t h a t  t h e  
h i g h e s t  p r o b a b i l i t y  o f  a t u r b i n e  missile 
p e n e t r a t i n g  t h e  containment s t r u c t u r e  i s  
1.2 x 10-5 per  r eac to r -yea r .  Based on 
an examination o f  t h e  p h y s i c a l  l a y o u t  o f  
the p l a n t ,  t h e  chance o f  such a missile 
caus ing  both a LOCA and t h e  f a i l u r e  o f  
s u f f i c i e n t  s a f e t y  systems t o  cause a 

'Electrical f i r e s  refers t o  f i res  i n  which t h e r e  i s  e x t e n s i v e  enough burning o f  
e lectr ical  c a b l e s  t o  cause t h e  i n o p e r a b i l i t y  o f  i n s t a l l e d  s a f e t y  f e a t u r e s .  Burning 
may be i n i t i a t e d  by electrical  f a u l t s ,  c u r r e n t  ove r loads  , o r  e x t e r n a l  causes .  

2See c h a p t e r  5 of t h e  Main Report f o r  a f u l l e r  d i s c u s s i o n  o f  l a r g e  e lec t r ica l  f i r e s .  

3See USNRC Regulat ions 10CFRSO , Appendix A, General  Design C r i t e r i a  f o r  Nuclear Power 

4&e 

S e c t i o n s  5 and 6 o f  Appendix IV d i s c u s s  the p o t e n t i a l  e f f e c t s  of smaller f i r e s .  

P l a n t s .  

Appendix 111, s e c t i o n  6.2, and Main Report ,  s e c t i o n  5.4.4, f o r  a f u l l e r  d i scus -  
s i o n  of t h i s  matter. 
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core  m e l t  appears  t o  be  n e g l i g i b l y  
small .  

C e r t a i n  p l a n t s  may be exposed t o  o t h e r  
e x t e r n a l  hazards  t h a t  are e s s e n t i a l l y  
unique t o  an i n d i v i d u a l  s i te .  Examples 
o f  t hese  inc lude  si tes ad jacen t  t o  
t r a n s p o r t a t i o n  r o u t e s  t h a t  f r equen t ly  
c a r r y  munit ions o r  o t h e r  exp los ives  o r  
s i tes ad jacen t  t o  chemical o r  petrochem- 
i c a l  f a c i l i t i e s ,  e t c .  Because such 
p o t e n t i a l  hazards  a r e  unique t o  s p e c i f i c  
s i tes,  they  have no t  been e x p l i c i t l y  
inc luded  i n  t h i s  s tudy.  Their i n c l u s i o n  
was n o t  considered necessary  because 
on ly  a r e l a t i v e l y  small number o f  p l a n t s  
a r e  i n  l o c a t i c n s  where t h i s  type of con- 
s i d e r a t i o n  i s  necessary  and because such 
p l a n t s  are r equ i r ed  t o  provide  add i t ion -  
a l  p r o t e c t i o n  t o  reduce t h e  p r o b a b i l i t y  
o f  s i g n i f i c a n t  p l a n t  damage t o  a n e g l i -  
g i b l e  value.  

S imi l a r  ana lyses  can be performed t o  
analyze t h e  e f f e c t  of n a t u r a l  even t s  
such a s  f loods ,  tornadoes,  o r  ea r th -  
quakes. The p r o b a b i l i t y  of occurrence 
of s eve re  n a t u r a l  events  can be calcu-  
l a t e d  by t h e  combination of gene ra l ly  
l i m i t e d  h i s t o r i c a l  data and a n a l y t i c a l  
models. Based on a knowledge of t h e  
des ign  parameters  of t h e  p l a n t ,  t h e  
l i k e l i h o o d  t h a t  a severe  n a t u r a l  event  
could cause a core  m e l t  can then  be 
es t imated .  These can be combined and 
compared wi th  t h e  l i k e l i h o o d  of core  
m e l t  determined by t h i s  s tudy  t o  de t e r -  
mine i f  such events  would have any 
impact on t h e  r i s k  from p o t e n t i a l  reac- 
t o r  acc iden t s .  A s  d i scussed  i n  t h e  Main 
Report ,  s e c t i o n  5.4, analyses  of t he  
e x t e r n a l  f o r c e s  shown i n  l i n e  2 of Fig.  
4 i n d i c a t e  t h a t  e x t e r n a l  events  a r e  no t  
expected t o  have a major impact on t h e  
r i s k s  a s soc ia t ed  wi th  r e a c t o r s .  1 

c. F igure  4, Line 3, Sabotage 

The s tudy concluded t h a t ,  whi le  t h e r e  i s  
no c u r r e n t  methodology f o r  comprehen- 
s i v e l y  e s t i m a t i n g  t h e  p r o b a b i l i t y  of  
s u c c e s s f u l  a c t s  o f  sabotage ,  any conse- 
quences produced by sabotage  could not  
exceed t h e  l a r g e s t  p r e d i c t e d  by t h e  
s tudy  and would l i k e l y  be much smal le r .  
Sec t ion  5.4.6 o f  t h e  Main Report 
d i s c u s s e s  t h i s  mat te r  i n  g r e a t e r  d e t a i l .  

5.2 POTENTIAL ACClDENTS INVOLVING 
THE SPENT FUEL POOL 

Figure  5 shows t h e  mat r ix  of p o t e n t i a l  
a c c i d e n t s  considered f o r  t h e  s p e n t  f u e l  
pool .  As i n  Fig.  5 ,  l i n e  1 shows those  
a c c i d e n t s  t h a t  can be i n i t i a t e d  by 
i n t e r n a l  p l a n t  f a i l u r e s ,  l i n e  2 shows 
t h e  e x t e r n a l  f o r c e s  t h a t  can p o t e n t i a l l y  
cause acc iden t s  o f  t h e  type shown i n  
l i n e  1, and l i n e  3 shows t h e  p o t e n t i a l  
f o r  a c c i d e n t s  due t o  sabotage.  

a. F igure  5 .  Line 1, In-ternal  P l a n t  
F a i l  ure  s 

Release o f  r a d i o a c t i v i t y  from s t o r e d  
s p e n t  f u e l  can p o t e n t i a l l y  r e s u l t  from 
h e a t  imbalances causing mel t ing  of 
s t o r e d  f u e l  o r  from mechanical damage t o  
the f u e l  assembl ies  caus ing  r e l e a s e  of  
gap a c t i v i t y .  Heat imbalances can re- 
s u l t  from l o s s  o f  cool ing  water  from t h e  
s p e n t  f u e l  s to rage  pool ;  l o s s  o f  t h e  
capac i ty  t o  remove h e a t  from t h e  pool  
water ,  which would l e a d  t o  b o i l i n g  away 
o f  t h e  pool water ;2  o r  an i n c r e a s e  i n  

Loss of Water 

1. Internal Plant Loss of Cooling 
Failures 

I Fuel Mechanical Damage I Recriticality 

Earthquakes 

Tornadoes ' 

Floods 

Aircraft Crashes 

Turbine Missiles 

Explosions 

Spent Fuel Pool 2. External Forces 

\ 

3. Sabotage 

Figure  5 Coverage of P o t e n t i a l  
Accidents Involving t h e  Spent 
F u e l  Pool 

'As i n d i c a t e d  i n  chap te r  7 o f  t h e  Main Report ,  it would be u s e f u l  t o  perform 
a d d i t i o n a l  ana lyses  i n  the  f u t u r e  t o  determine whether t h e  p o t e n t i a l  r i s k s  
a s s o c i a t e d  wi th  e x t e r n a l  even t s  can be  es t imated  wi th  g r e a t e r  p rec i s ion .  

2While it i s  i n d i c a t e d  e a r l i e r  i n  t h i s  s e c t i o n  t h a t  a s i n g l e  f u e l  element i n  a i r  w i l l  
b e  adequate ly  cooled,  t h e  l a r g e  number of c l o s e l y  c l u s t e r e d  elements i n  t h e  f u e l  
pool  would prevent  r a d i a t i o n  of h e a t  from t h e  f u e l  from being an e f f e c t i v e  cool ing  
mechanism. 
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t h e  h e a t  g e n e r a t i o n  ra te  i n  t h e  pool  
because t h e  c o n f i g u r a t i o n  of t h e  f u e l  
had been a l t e r e d  i n t o  a c r i t i c a l  a r r a y ,  
aga in  l e a d i n g  t o  t h e  b o i l o f f  of pool 
water .  S e c t i o n  5 of Appendix I d i s -  
cusses  t h e  bounding a n a l y s e s  t h a t  w e r e  
performed t o  determine t h e  p o t e n t i a l  
r i s k  a s s o c i a t e d  with t h e s e  acc iden t s .  
A s  no ted  t h e r e ,  t h e  p o t e n t i a l  releases 
are small i n  comparison t o  t h e  releases 
a s s o c i a t e d  wi th  c o r e  m e l t ,  and t h e  
p r o b a b i l i t y  of occur rence  i s  approxi- 
mately t w o  o r d e r s  o f  magnitude below 
t h a t  a s s o c i a t e d  wi th  co re  m e l t .  

b. F i g u r e  5, Line 2 ,  Exte rna l  Fo rces  

A s  p r e v i o u s l y  no ted  i n  s e c t i o n  5 ,  it i s  
necessary t o  cons ide r  whether t h e  f o r c e s  
a s s o c i a t e d  w i t h  e x t e r n a l  n a t u r a l  o r  man- 
made phenomena can cause any of the 
a c c i d e n t s  developed i n  l i n e  1. The 
p r o b a b i l i t y  o f  s e v e r e  e x t e r n a l  f o r c e s  a t  

the p l a n t  i s  d i scussed  i n  s e c t i o n  5. I n  
g e n e r a l ,  t h a t  d i s c u s s i o n  i s  a p p l i c a b l e  
t o  t h e  s t o r e d  s p e n t  f u e l  as  w e l l .  In 
r e g a r d  t o  e x t e r n a l  e v e n t s ,  t h e  des ign  
c r i te r ia  of  t h e  s p e n t  f u e l  poo l ,  t h e  
f u e l  b u i l d i n g ,  and t h e  pool  coo l ing  
systems are s imi l a r  t o  those  used f o r  
systems t h a t  p r o t e c t  t h e  core .  Because 
o f  t h e  very low p r o b a b i l i t y  o f  damage t o  
s t o r e d  s p e n t  f u e l  from random i n t e r n a l  
p l a n t  f a i l u r e s ,  e x t e r n a l  e v e n t s  are more 
l i k e l y  t o  i n i t i a t e  an a c c i d e n t  l e a d i n g  
t o  release. The p r o b a b i l i t y  o f  f a i l u r e  
i n  t h i s  manner i s  s t i l l  q u i t e  low, 
however, and t h e  p o t e n t i a l  releases, 
even . assuming me l t ing  of t h e  t o t a l  
i nven to ry  of  s t o r e d  f u e l ,  are s m a l l  
compared t o  those  a s s o c i a t e d  w i t h  many 
o f  t h e  r e a c t o r  c o r e  a c c i d e n t  sequences.  
This matter i s  d i s c u s s e d  i n  g r e a t e r  
d e t a i l  i n  Appendix I ,  s e c t i o n  5. 

c. F i g u r e  5 ,  Line 3 ,  Sabotage 

See s e c t i o n  5 . l . c .  
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Section 6 
The Handling of Failure Rate Data in Overall Risk Assessment 

This  s e c t i o n  p r e s e n t s  a summary o f  the 
d a t a  approach used i n  t h e  s tudy  as  w e l l  
as i t s  r a t i o n a l e .  A more d e t a i l e d  
d i s c u s s i o n  i s  con ta ined  i n  Appendix 11, 
volume 1, and Appendix 111, which have 
been r e w r i t t e n  t o  c l a r i f y  the d a t a  
t reatment .  

When t h e  s tudy  i n i t i a l l y  t r i e d  t o  d e t e r -  
mine p r e c i s e  component f a i l u r e  rate 
v a l u e s  and o t h e r  b a s i c  f a i l u r e  rate d a t a  
(such a s  human f a i l u r e s )  t o  use f o r  t h e  
system and even t  tree q u a n t i f i c a t i o n s ,  
it found l a r g e  u n c e r t a i n t i e s  and l a r g e  
v a r i a b i l i t i e s  i n  t h e  available data. 
These l a r g e  v a r i a b i l i t i e s  e x i s t e d  n o t  
on ly  f o r  component d a t a  b u t  a lso f o r  
human f a i l u r e  rates and i n i t i a t i n g - e v e n t  
p r o b a b i l i t i e s  (e. g. , p ipe  r u p t u r e  
ra tes) .  The n u c l e a r  r e a c t o r  d a t a  t h a t  
had been c o l l e c t e d  w e r e  n e i t h e r  s u f f i -  
c i e n t  n o r  de t a i l ed  enough t o  y i e l d  
a c c u r a t e  estimates o f  f a i l u r e  rates and 
basic e v e n t  p r o b a b i l i t i e s :  fur thermore,  
t hey  showed a l a r g e  v a r i a b i l i t y  f r o m  
p l a n t  t o  p l a n t .  The o t h e r  a v a i l a b l e  
i n d u s t r i a l  da ta  showed s i m i l a r  v a r i a b i l -  
i t y  i n  r e p o r t e d  f a i l u r e  rate v a l u e s ,  
depending on t h e  a p p l i c a t i o n  and t h e  
rep0 r t i n g  source.  

Because o f  t h e  l a r g e  v a r i a b i l i t y  i n  t h e  
d a t a ,  t h e  s t u d y  d i d  n o t  a t t e m p t  t o  de- 
termine p r e c i s e  d a t a  v a l u e s  and p r e c i s e  
p r o b a b i l i t i e s ,  s i n c e  these would have 
been meaningless. I n s t e a d ,  bounds were 
e s t i m a t e d  f o r  component and o t h e r  d a t a  
t o  determine t h e  range i n  which d a t a  
va lues  could l i e  and hence g ive  t h e i r  
v a r i a b i l i t y .  Because o f  t h e  l a r g e  
sp read ,  t h e  f a i l u r e  rate d a t a  w e r e  
t r e a t e d  as random v a r i a b l e s ,  i nco rpora t -  
i n g  bo th  t h e  p h y s i c a l  v a r i a b i l i t y  and 
t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  
da t a .  Moreover, s i n c e  t h e  s t u d y ' s  
r e s u l t s  w e r e  t o  apply t o  a popu la t ion  of 
approximately 1 0 0  n u c l e a r  p l a n t s ,  it w a s  
important  t o  show t h e  p o s s i b l e  v a r i a b i l -  
i t y  and u n c e r t a i n t y  i n  t h i s  popu la t ion .  

F o r  each f a i l u r e  rate, t h e  s t u d y  as- 
s e s s e d  an upper bound, which would g ive  
t h e  p e s s i m i s t i c  o r  worst  ca se ,  and a 
lower bound, which would g ive  t h e  
o p t i m i s t i c  o r  b e s t  case. The range 
between t h e  lower and upper bounds would 
then d e s c r i b e  t h e  v a r i a b i l i t y  t h a t  
e x i s t e d  i n  t h e  availqble d a t a  €or  t h e  
p a r t i c u l a r  f a i l u r e  rate.  The v a r i a b i l i -  
ties thus o b t a i n e d  f o r  each f a i l u r e  rate 
were then propagated through t h e  f a u l t  
t ree and even t  tree q u a n t i f i c a t i o n s  t o  
g i v e  t h e  corresponding v a r i a b i l i t i e s  f o r  
t h e  system f a i l u r e  p r o b a b i l i t ' e s  and 
a c c i d e n t  sequence p r o b a b i l i t i e s .  f 
To o b t a i n  a r ea l i s t i c  r e p r e s e n t a t i o n  of 
t h e  ranges d e s c r i b i n g  t h e  p o s s i b l e  f a i l -  
u r e  rates, a wide v a r i e t y  o f  d a t a  
s o u r c e s  w e r e  examined. Tc be a p p l i c a b l e  
t o  t h e  n u c l e a r  p l a n t  c o n d i t i o n s  t h a t  
were t o  be q u a n t i f i e d ,  t h e  d a t a  s o u r c e s  
examined had t o  be  g e n e r a l l y  r ep resen ta -  
t i v e  of i n d u s t r i a l  experience and indus- 
t r i a l  environments. However, c e r t a i n  
Department o f  Defense d a t a ,  ob ta ined  
under c o n t r o l l e d  t e s t  c o n d i t i o n s ,  and 
d a t a  r e p r e s e n t i n g  more adverse environ-  
ments encountered i n  c e r t a i n  p l a n t  
a p p l i c a t i o n s  w e r e  a l s o  inc luded  t o  g i v e  
p o s s i b l e  extreme values .  The major 
s o u r c e s  o f  t h e  d a t a  t h a t  w e r e  examined 
inc luded  t h e  following:2' 

Edison Elec t r ic  I n s t i t u t e  ( f a i l u r e  
ra te  d a t a )  

Systems R e l i a b i l i t y  S e r v i c e ,  United 
Kingdom 

F a i l u r e  R a t e  Data (FARADA) Handbooks 
pub l i shed  by t h e  F l e e t  Missi le  Sys- 
t e m s  Analysis  and Evaluat ion Group 
Annex 

AVCO Corporation 

L iqu id  Metal Engineering Center  
( n u c l e a r  da ta )  

' ~ n  s t a t i s t i c a l  terminology, t h e  system p r o b a b i l i t i e s  w e r e  t h u s  n o t  s t r ic t  p r o b a b i l i -  
t i e s  b u t  e s t i m a t o r s .  

'Appendix I11 g i v e s  a complete t a b u l a t i o n  o f  t h e  7 7  s o u r c e s  used. 
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Holmes & Narver,  Inc.  (nuc lea r  d a t a )  

The Chemical Engineer ( I n s t i t u t e  of 
Chemical Engineers  , London, England) 

Nuclear S a f e t y  Information Center ,  
U.S. A t o m i c  Energy Commission 

Government-Industry Data Exchange 
Program (GIDEP) r e p o r t s  

I n s t i t u t  f uer  Reaktor S i c h e r h e i t  
( I n s t i t u t e  o f  Reactor  S a f e t y )  , W e s t  
Germany 

European n u c l e a r  agenc ie s  

I n s t i t u t e  o f  E lec t r i ca l  and E l e c -  
t ron i c En g inee  r s 

Proceedings o f  RISO (Denmark) con- 
f e  ren ces 

To s e r v e  as  a f i n a l  check on t h e  ranges 
o b t a i n e d  from t h e  v a r i o u s  d a t a  sou rces ,  
t h e  l i m i t e d  d a t a  t h a t  were a v a i l a b l e  
from commercial n u c l e a r  power p l a n t  op- 
e r a t i o n  were analyzed s e p a r a t e l y  and 
were compared t o  d a t a  o b t a i n e d  from 
o t h e r  sou rces .1  The f i n a l  range a s s ign -  
ments were found t o  be c o n s i s t e n t  w i t h  
t h e  commercial n u c l e a r  data .2  

With r ega rd  t o  a s s u r i n g  t h a t  comon mode 
f a i l u r e  c o n s i d e r a t i o n s  are adequa te ly  
i n c o r p o r a t e d  i n t o  t h e  assessment ,  it i s  
impor t an t  t o  understand t h a t  t h e  fa i lure  
ra te  d a t a  examined cover many c a u s a l l y  
r e l a t e d  f a i l u r e s ,  such  as  those  due t o  
manufacturing and c o n s t r u c t i o n  d e f e c t s ,  
design errors,  q u a l i t y  c o n t r o l  i n e f f i -  
c i e n c i e s ,  environmental  c o n d i t i o n s ,  a s  
w e l l  as  human and v a r i o u s  o t h e r  causes. 
Furthermore,  it shou ld  be noted t h a t  

both t h e  g e n e r a l  and t h e  n u c l e a r  d a t a  
inc luded  f a i l u r e s  experienced i n  a c t u a l  
ope ra t ion .  Thus t h e  f a i l u r e  rates used 
as t h e  d a t a  base  i n  t h e  s t u d y ,  be ing  
p r i n c i p a l l y  de r ived  from f i e l d  expe r i -  
ence ,  were e s s e n t i a l l y  t o t a l  f a i l u r e  
ra tes ,  and n o t  simply "random" f a i l u r e  
rates ( i . e . ,  n o t  f a i l u r e  ra tes  due o n l y  
t o  i n h e r e n t ,  i n e x p l i c a b l e  component 
f a i l u r e ) .  S p e c i a l  common mode s t u d i e s  
were thus  needed t o  i d e n t i f y  f a i l u r e  
causes  t h a t  were a l r e a d y  inc luded  i n  t h e  
da t a .  3 

There w e r e  t h r e e  excep t ions  t o  t h e  
foregoing:  p o t e n t i a l  f a i l u r e  causes  due 
t o  seismic l o a d i n g s ,  tornado l o a d i n g s ,  
and t h e  p o t e n t i a l  a c c i d e n t  environments 
of high p r e s s u r e ,  t empera tu re ,  and rad i -  
o a c t i v i t y . 4  C e r t a i n  n u c l e a r  components 
a r e  r e q u i r e d  t o  remain o p e r a t i o n a l  under 
t h e s e  c o n d i t i o n s  and are t h e r e f o r e  
designed t o  accommodate stresses o f  t h i s  
type.  Since n e i t h e r  n u c l e a r  n o r  nonnu- 
c l e a r  components g e n e r a l l y  expe r i ence  
t h e s e  stresses, t h e i r  e f f e c t s  are n o t  
i nc luded  i n  t h e  data  s o u r c e s  used t o  
d e r i v e  f a i l u r e  ra te  da ta  f o r  use i n  t h e  
s tudy .  

These c o n s i d e r a t i o n s  formed t h e  b a s i s  of 
t h e  des ign  adequacy t a s k  d e s c r i b e d  i n  
Appendix X. Although NRC s a f e t y  des ign  
requirements  cover cons i d e r a t i o n  o f  
t h e s e  stresses f o r  a p p l i c a b l e  compo- 
n e n t s ,  no  expe r i ence  d a t a  are available 
t o  t es t  t h e  v a l i d i t y  o f  t h e  implementa- 
t i o n  o f  t h e s e  requirements  because of  
t h e  r a r i t y  o f  seismic and a c c i d e n t  
even t s .  To ensu re  t h e  adequate i m p l e -  
mentation o f  t h e s e  " s p e c i a l "  des ign  
requirements ,  a d e t a i l e d  examinat ion o f  
t h e  design and t e s t i n g  o f  a s e l e c t e d  
number o f  components and systems w a s  

'The n u c l e a r  d a t a  c o n s i s t e d  of r e p o r t s  o f  f a i l u r e  o c c u r r i n g  through 1973.  Add i t iona l  
checks have r e c e n t l y  been made o f  1974 and 1975 d a t a  and showed no  s i g n i f i c a n t  
changes from t h e  a n a l y s i s  r e p o r t e d  i n  d r a f t  WASH-1400. 

I n  s t a t i s t i c a l  terminology, t h e  f i n a l  a s s e s s e d  d a t a  r anges  w e r e  found n o t  t o  be 
i n c o n s i s t e n t  with t h e  commercial nuc lea r  experience.  See s e c t i o n s  1, 2 ,  and 3 o f  
Appendix I11 f o r  more d e t a i l e d  d i s c u s s i o n s  o f  t h e  a c t u a l  analyses . ,  

3The f a i l u r e  causes have an impl i ed  occurrence frequency i n  t h e  d a t a  sources .  I f  t h e  
occur rence  frequency w a s  a s s e s s e d  t o  b e  h i g h e r  i n  t h e  n u c l e a r  p l a n t  a p p l i c a t i o n s ,  
then s p e c i a l  a n a l y s e s  w e r e  performed. An example is t h e  special adverse-environment 
pump f a i l u r e  rates determined i n  Appendix 111. I t  w a s  necessa ry  t o  examine any 
m u l t i p l e  e f f e c t s  from a s i n g l e  cause ,  b u t  t h e  single-component f a i l u r e  ra tes  could 
be used i n  t h e  bounding t echn iques  of Appendix I V  t o  bound t h e  common mode m u l t i p l e  
e f f e c t  . 

4The impact of t o rnado  l o a d i n g s  d i d  n o t  a f f e c t  t h e  r e s u l t s  o f  t h e  s t u d y  s i g n i f i c a n t l y  
and are  n o t  d i s c u s s e d  f u r t h e r  here .  See Appendix X f o r  a d d i t i o n a l  information.  
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made. The r e s u l t s  o f  t h i s  examination 
i n d i c a t e d  some d e f i c i e n c i e s  i n  t h e s e  
a r e a s  i n  t h a t ,  while  t h e  des igns  w e r e  
n o t  inadequate ,  they  appeared t o  have 
somewhat less design margin t h a n  might 
normally be  expected.  These r e s u l t s  
were used t o  make appropr i a t e  modifica- 
t i o n s  t o  component f a i l u r e s  i n  t h e  f a u l t  
tree and even t  tree q u a n t i f i c a t i o n s  and 
t o  e s t i m a t e  t h e  p r o b a b i l i t y  of  t h e  f a i l -  
u re  o f  s a f e t y  systems under seismic 
l o a d s ,  a s  i n d i c a t e d  i n  s e c t i o n  5.4.1 of 
t h e  Main Report. 

Using t h e  d a t a  a v a i l a b l e  from t h e  v a r i -  
ous sou rces  desc r ibed  e a r l i e r ,  a set  o f  
f a i l u r e  r a t e  va lues  was o b t a i n e d  f o r  
each  component f a i l u r e  o f  i n t e r e s t  
( i .e. ,  conta ined  i n  t h e  f a u l t  trees o r  
e v e n t  t rees) .  This  s e t  was then  used t o  
c o n s t r u c t  a p r o b a b i l i t y  d i s t r i b u t i o n  
t h a t  desc r ibed  t h e  v a r i a b i l i t y  i n  t h e  
da t a .1  With respect t o  t h e  commercial 
n u c l e a r  d a t a ,  t h e  v a r i a b i l i t y  i n  compo- 
n e n t  f a i l u r e  r a t e  from p l a n t  t o  p l a n t  
was i n  agreement ( i .e.  , n o t  i n c o n s i s t -  
e n t )  wi th  t h e  ob ta ined  d i s t r i b u t i o n . 2  

In  apply ing  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
approach, ranges  cover ing  9 0 %  of the  
p o s s i b l e  va lues  were cons t ruc t ed  f o r  
each  f a i l u r e  rate. The upper bound was 
t h e  95th p e r c e n t i l e  o f  t h e  d i s t r i b u t i o n  
(such t h a t  t h e  reg ion  between t h e  bounds 

was 9 0 % ) .  

The log-normal d i s t r i b u t i o n  w a s  used t o  
o b t a i n  t h e  specific range va lues  f o r  
each f a i l u r e  r a t e .  Sec t ion  3.6 o f  Ap- 
pendix I1 d e s c r i b e s  t h e  j u s t i f i c a t i o n  
€ o r  us ing  t h e  log-normal d i s t r i b u t i o n  
and t h e  gene ra l  i n s e n s i t i v i t y  o f  t h e  
r e s u l t s  t o  us ing  t h i s  d i s t r i b u t i o n .  (A 
number o f  d i f f e r e n t  d i s t r i b u t i o n s  w e r e  
t e s t e d ,  b u t  no  change i n  f i n a l  system 
r e s u l t s  was observed. The ranges  

determined f o r  each f a i l u r e  rate were 
g e n e r a l l y  one o r  two o r d e r s  o f  magnitude 
i n  width.  Within this v a r i a b i l i t y ,  a l l  
t h e  va r ious  d a t a  sou rces  w e r e  t h e r e f o r e  
i n  agreement,  and t h e  range thus  repre-  
s e n t e d  t h e  r e s o l u t i o n  o f  t h e  numbers 
t h a t  could  be obta ined .  

To account  f o r  t h e  p o s s i b i l i t y  t h a t  t h e  
f a i l u r e  r a t e s  o f  some components could  
be  h igh  and o t h e r s  could be low, t h e  
f a i l u r e  rate d i s t r i b u t i o n  f o r  each com- 
ponent  was then propagated by Monte 
Car lo  s imula t ion  t o  o b t a i n  t h e  d i s t r i b u -  
t i o n  o f  f ina-1 -system--and-accident se- 
quence c h a r a c t e r i s t i c s  (e. g. ,  system 
u n a v a i l a b i l i t i e s )  t h a t  could be  ob ta ined  
from t h e  d i f f e r e n t  p o s s i b l e  f a i l u r e  r a t e  
va lues  o f  a component.3 The 95th and 
5 t h  p e r c e n t i l e s  o f  t h e  system o r  a c c i -  
d e n t  sequence d i s t r i b u t i o n  then  gave t h e  
9 0 %  range f o r  t h e  p o s s i b l e  c h a r a c t e r i s -  
t ics .  These 9 0 %  f i n a l  ranges t h u s  rep- 
r e s e n t e d  t h e  v a r i a b i l i t y  o f  t h e  sys tem 
and acc iden t  sequence r e s u l t s  t h a t  was 
due t o  t h e  v a r i a b i l i t y  i n  component 
da ta .  

The above t rea tment  of v a r i a b i l i t y  and 
u n c e r t a i n t y  i n  t h e  d a t a  r e p r e s e n t s  on ly  
one o f  a p o s s i b l e  number of ways o f  
handl ing  t h i s  problem; however, t h i s  
t r ea tmen t  was found t o  be s t r a i g h t f o r -  
ward and g e n e r a l l y  app l i cab le .  I n s t e a d  
o f  e s t i m a t i n g  a p r e c i s e  va lue  f o r  a 
p i e c e  o f  d a t a ,  t h e  use o f  ranges  was 
cons idered  t o  be more r e a l i s t i c  and more 
meaningful.  This  method was appl ied .  t o  
human e r r o r  d a t a  and i n i t i a t i n g - e v e n t  
d a t a  a s  w e l l  a s  t o  component f a i l u r e  
da t a .  The d a t a  d i s t r i b u t i o n s  were prop- 
aga ted  t o  o b t a i n  t h e  d i s t r i b u t i o n  and 
range on any f i n a l  r e s u l t ,  thus  quan- 
t i f y i n g  t h e  a s s o c i a t e d  v a r i a b i l i t y  and 
u n c e r t a i n t y  . 

'In essence ,  t h i s  i s  analogous t o  t r e a t i n g  t h e  d a t a  a s  a s e t  o f  samples from a 
s t a t i s t i c a l  popula t ion  on which a s t a t i s t i c a l  and p r o b a b i l i s t i c  a n a l y s i s  can be 
p e r  formed. 

2The above d e s c r i p t i o n  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  a p p l i c a t i o n  i s  somewhat 
s i m p l i s t i c .  For a more thorough d i scuss ion  of  t h e  random-variable b a s i s  (and 
Bayesian i m p l i c a t i o n s ) ,  see s e c t i o n  3.6 o f  Appendix 11. 

3Sect ion  3.6.2 o f  Appendix I1 d e s c r i b e s  t h e  s imula t ion  procedures .  
n 
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Section 7 
Modeling Considerations for Event Trees and Fadt  Trees 

The d i s c u s s i o n s  : t h a t  fo l low d e a l  wi th  
some o f  t h e  modeling concepts  and con- 
s i d e r a t i o n s  involved  i n  t h e  s t u d y ' s  use  
o f  event  trees and f a u l t  trees. This 
s e c t i o n  d i s c u s s e s  t h e  b a s i c  l o g i c  and 
se t - theo ry  concepts  o f  even t  trees and 
t h e  use o f  f a u l t  trees i n  even t  tree 
models and p r e s e n t s  an a m p l i f i c a t i o n  o f  
t h e  b a s i c  i d e a s  behind e v e n t  tree model- 
i n g  and t h e  methods o f  u s ing  f a u l t  trees 
i n  conjunct ion  wi th  e v e n t  trees. 

a. E n t r i e s  and States o f  an Event Tree 

An even t  tree begins  w i t h  a de f ined  
a c c i d e n t - i n i t i a t i n g  event .  D i f f e r e n t  
i n i t i a t i n g  even t s  w i l l  produce d i f f e r e n t  
eveh t  trees, and t h e  d i f f e r e n t  i n i t i a t -  
i n g  e v e n t s  must t hus  be  ca t a loged  and 
enumerated t o  o b t a i n  a de f ined  s e t  o f  
a c c i d e n t s .  

The enumeration o f  i n i t i a t i n g  e v e n t s  i s  
ob ta ined  from b a s i c  p h y s i c a l  cons idera-  
t i o n s  o f  t h e  n u c l e a r  r e a c t o r  power- 
gene ra t ing  process .  For  core  m e l t  acci- 
den t s  , f o r  example, t h e  i n i t i a t i n g  
e v e n t s  a r e  determined from t h e  c l a s s i f i -  
c a t i o n  o f  t h e  e v e n t s  a s s o c i a t e d  wi th  
h e a t  gene ra t ion  and removal. A more 
thorough d i scuss ion  o f  t h e  l o g i c  and 
phys ic s  involved  i n  de te rmining  t h e  i n i -  
t i a t i n g  e v e n t s  d e f i n e d  i n  t h e  s tudy  i s  
given i n  Appendix I. 

Once t h e  i n i t i a t i n g  e v e n t s  a r e  def ined ,  
t h e  s a f e t y  sys tems must be  inco rpora t ed  
i n t o  t h e  e v e n t  tree s t r u c t u r e .  Fo r  a 
p a r t i c u l a r  de f ined  i n i t i a t i n g  e v e n t ,  a l l  
t h e  s a f e t y  systems t h a t  can be u t i l i z e d  
after t h e  a c c i d e n t  a r e  then d e f i n e d  and 
i d e n t i f i e d .  Since a r e a c t o r  h a s  o n l y  a 
s p e c i f i e d  and l i m i t e d  number of s a f e t y  
systems , t h e i r  d e f i n i t i o n  and i d e n t i f i -  
c a t i o n  are s t r a igh t fo rward .  (Appendix 
I ,  s e c t i o n  2 ,  d i s c u s s e s  t h e  system iden- 
t i f i c a t i o n . )  The s a f e t y  systems t h a t  
are i d e n t i f i e d  a r e  then s t r u c t u r e d  i n  
t h e  form o f  headings f o r  the event tree. 
Th i s  is shown i n  E x m l e  1 f o r  two 
s a f e t y  systems t h a t  can b e  involved  
a f t e r  t h e  de f ined  i n i t i a t i n g  e v e n t  h a s  
occurred.  ( I n  t h i s  example, the s a f e t y  
systems a r e  s imply  l a b e l e d  "system 1" 
and "system 2 . " )  

I System 2 I System 1 I Initiating Event I 
Example 1. Event T r e e  Heading 

Ins t ead  o f  d i r e c t l y  d e f i n i n g  and i d e n t i -  
f y i n g  systems,  which a r e  a s s o c i a t e d  w i t h  
hardware,  t h e  e v e n t  tree headings can  be 
ob ta ined  by i n i t i a l l y  d e f i n i n g  a s e t  o f  
func t ions  t o  be performed by t h e  s a f e t y  
systems. The f u n c t i o n s  r e l a t e  t o  t h e  
p h y s i c a l  p rocesses  a s s o c i a t e d  wi th  t h e  
sys t em ' s  o p e r a t i o n ,  such a s  t h e  func t ion  
o f  h e a t  removal. The s e t  o f  func t ions  
a c t s  a s  t h e  i n i t i a l  heading o f  t h e  e v e n t  
tree,  and s a f e t y  systems a r e  then  clas- 
s i f i e d  accord ing  t o  t h e i r  r e l a t i o n s h i p  
t o  t h e s e  func t ions  and subsequent ly  sub- 
s t i t u t e d  i n t o  t h e  a p p r o p r i a t e  f u n c t i o n  
heading. The r e s u l t  w i l l  aga in  be  a 
f i n a l  heading c o n s i s t i n g  of  t h e  i n i t i a t -  
i n g  even t  and t h e  s a f e t y  systems t h a t  
can be involved.  The s tudy  performed 
i t e r a t i o n s  invo lv ing  e v e n t  trees wi th  
both  t h e  hardware and f u n c t i o n a l  head- 
i n g s  t o  h e l p  check t h e  adequacy of  t h e  
mode 1 i n g  . 
Once t h e  systems f o r  a given i n i t i a t i n g  
e v e n t  shave been i d e n t i f i e d ,  t h e  set of  
p o s s i b l e  f a i l u r e  and success  s t a t e s  f o r  
each system i s  de f ined  and enumerated. 
C a r e f u l  e f f o r t  i s  r e q u i r e d  i n  d e f i n i n g  
success  and f a i l u r e  s t a t e s  f o r  t h e  sys-  
t e m s  involved  i n  the even t  tree t o  
ensu re  t h a t  p o t e n t i a l  f a i l u r e  s t a t e s  are 
n o t  inc luded  i n  t h e  success  d e f i n i -  
t i 0 n s . l  I f  dichotomous (two-state) mod- 
e l i n g  is employed, t hen  one f a i l e d  s t a t e  
and one success  s ta te  i s  d e f i n e d  f o r  
each  system; o the rwise ,  a f i n i t e  number 
o f  d i s c r e t e  states 'are de f ined  (such  a s  
would b e  used when inc lud ing  p a r t i a l  
f a i l u r e s ) .  

Example 2 i l l u s t r a t e s  a two-state model- 
i n g  f o r  t h e  systems of Example 1. 

'In a r e a s  o f  u n c e r t a i n t y ,  p o t e n t i a l  success s t a t e s  t h a t  cannot  be c l e a r l y  demn- 
s t r a t e d  t o  be s u c c e s s f u l  a r e  ass igned  t o  t h e  f a i l u r e  s t a t e s .  
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[ Initiating Event I System 1 I -System 2 I 
Success State I Success State 

Accident I System 1 I System 2 I Sequences ,,-, Initiating I Event 
I I I I 

Success State 

Success State 
I 

~ 

Failure State I Failure State 

I 
Example 2 .  System S t a t e  D e f i n i t i o n s  f o r  

System 1 and System 2 

Appendix I,  s e c t i o n  2 ,  d i s c u s s e s  i n  some 
d e t a i l  t h e  d e f i n i t i o n s  o f  system success  
and f a i l u r e  s ta tes  used i n  t h e  s tudy  a s  
w e l l  as t h e i r  r a t i o n a l e .  S ince  t h e  sys-  
t e m  s t a t e  d e f i n i t i o n s  c o n s t i t u t e  one of 
t h e  m o s t  s i g n i f i c a n t  p a r t s  o f  e v e n t  tree 
methodology , c e r t a i n  g e n e r a l  p o i n t s  w i l l  
be no ted  du r ing  t h e  fo l lowing  d iscus-  
s ion .  With r ega rd  t o  t h e s e  d e f i n i t i o n s ,  
it i s  most impor tan t  t h a t  t h e  system 
f a i l u r e  and success  s ta tes  be  de f ined  
w i t h i n  t h e  c o n t e x t  of t h e  given i n i t i a t -  
i n g  e v e n t  and t h e  o t h e r  systems involved  
wi th  t h e  i n i t i a t i n g  event .  S t a t e d  i n  a 
mre p r o b a b i l i s t i c  manner, t h e  system 
f a i l u r e  and success  states must b e  de- 
f i n e d  a s  c o n d i t i o n a l  events.  The con- 
t e x t  and c o n d i t i o n a l i t y  w i l l  become more 
e v i d e n t  a s  t h e  even t  tree methodology i s  
c a r r i e d  through. 

b. Event Tree Branching Logic 

I n  c a r r y i n g  o u t  t h e  methodology, l e t  us 
assume t h a t  t h e  system f a i l u r e  s t a t e s  
and success  s t a t e s  have been p rope r ly  
de f ined ,  a s  shown i n  Example 2 .  The 
system states a r e  then f i n a l l y  combined 
through t h e  dec i s ion - t r ee  branching  log- 
i c  t o  o b t a i n  t h e  v a r i o u s  a c c i d e n t  se- 
quences t h a t  a r e  a s s o c i a t e d  wi th  t h e  
given i n i t i a t i n g  event .  Tree branching  
s imply invo lves  connec t ing  t h e  s ta tes  o f  
one system t o  a p a r t i c u l a r  s t a t e  of an- 
o t h e r  system. The branching i s  shown i n  
Example 3 f o r  t h e  two-system i l l u s t r a -  
t ion. 

I n  Example 3 ,  t h e  i n i t i a t i n g  e v e n t  i s  
d e p i c t e d  by t h e  i n i t i a l  h o r i z o n t a l  l i n e  
and t h e  system s t a t e s  are then connected 
i n  a s t epwise ,  branching f a sh ion ;  system 
success  and f a i l u r e  states have been 
denoted by S and F ,  r e s p e c t i v e l y .  The 
format  i l l u s t r a t e d  fo l lows  t h e  s t anda rd  
tree s t r u c t u r e  c h a r a c t e r i s t i c  o f  dec i -  
s i o n  tree methodology. The a c c i d e n t  se- 
quences t h a t  r e s u l t  from t h e  tree s t r u c -  
t u r e  a r e  shown i n  t h e  last  column of  
Exanple 3 .  Each branch o f  t h e  t ree  
y i e l d s  one p a r t i c u l a r  acc iden t  sequence; 
f o r  example, IS1F2 denotes  t h e  a c c i d e n t  

1 Failure State 
Initiating Event I IF,) 

' L' 
Success State 

Example 3 I l l u s t r a t i o n  of Event 
T r e e  Branching 

sequence i n  which t h e  i n i t i a t i n g  even t  
(I) occur s ,  system 1 i s  c a l l e d  upon and 
succeeds ( S i ) ,  and system 2 i s  c a l l e d  
upon b u t  f a i l s  (F2) ( i .e . ,  sys tem 2 i s  
i n  a f a i l e d  s t a t e  such t h a t  it does n o t  
perform i t s  de f ined  f u n c t i o n ) .  For 
l a r g e r  event  trees , t h i s  s tepwise  
branching would simply be cont inued.  

c. Condi t iona l  I n t e r p r e t a t i o n  o f  an 
Event  Tree 

The e v e n t  tree thus  enumerates t h e  pos- 
s i b l e  a c c i d e n t  sequences t h a t  are asso-  
c i a t e d  wi th  t h e  given i n i t i a t i n g  e v e n t  
and t h e  systems t h a t  can be involved  
a f t e r  t h e  i n i t i a t i n g  event .  Returning 
t o  t h e  system s t a t e  d e f i n i t i o n s ,  one 
sees t h a t  t h e  system s t a t e s  on a given 
branch o f  t h e  even t  t ree  must be  de f ined  
and i n t e r p r e t e d  under t h e  cond i t ion  t h a t  
t h e  prev ious  s t a t e s  i n  t h a t  branch have 
occurred ;  t h a t  i s ,  t h e  s t a t e s  a r e  condi- 
t i o n a l  on t h e  p rev ious  states having a l -  
ready occurred .  

As shown i n  Example 3 ,  t h e  success  and 
f a i l u r e  o f  system 1 must t hus  b e  de f ined  
under t h e  cond i t ion  t h a t  t h e  i n i t i a t i n g  
e v e n t  h a s  occurred.  In  t h e  upper branch 
o f  t h e  tree corresponding t o  sys tem 1 
success ,  t h e  success  and f a i l u r e  o f  sys-  
t e m  2 must t h e r e f o r e  be  de f ined  under 
t h e  cond i t ions  t h a t  t h e  i n i t i a t i n g  even t  
h a s  occurred  and system 1 has  succeeded. 
In t h e  lower branch corresponding t o  
sys tem 1 f a i l u r e ,  t h e  success  and t h e  
f a i l u r e  o f  system 2 must b e  de f ined  
under t h e  cond i t ions  t h a t  t h e  i n i t i a t i n g  
even t  h a s  occurred  and system 1 has 
f a i l e d .  The c o n d i t i o n a l  d e f i n i t i o n s  i n  
t h e  even t  tree a r e  t h e  s t anda rd  ones 
used i n  d e f i n i n g  and modeling any combi- 
na t ion  ( i n t e r s e c t i o n )  o f  occur r ing  
e v e n t s  . 
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Because o f  t he  c o n d i t i o n a l i t y  i n t e r p r e -  
t a t i o n ,  t h e  e v e n t  tree h a s  g r e a t  power 
i n  reducing t h e  number o f  acc iden t  se- 
quences t h a t  must be considered.  For 
example, i n  t h e  prev ious  i l l u s t r a t i o n ,  
i f  t h e  f a i l u r e  o f  system 1 caused system 
2 t o  f a i l ,  or e q u i v a l e n t l y  caused system 
2 t o  be i n e f f e c t i v e ,  then w e  would show 
no choices  or a l t e r n a t i v e s  f o r  system 2 
on t h e  lower branch o f  t h e  even t  tree, 
and t h i s  lower branch would simply be a 
s t r a i g h t  , h o r i z o n t a l  l i n e  con ta in ing  
only  t h e  f a i l u r e  o f  sys t em 1. Ins t ead  
o f  cons ide r ing  t h e  acc iden t  sequences 
IFlS2 and IF lF2 ,  w e  t hus  would cons ider  
o n l y  t h e  sequence IF1. 

The i d e n t i f i c a t i o n  o f  t h e  c o n d i t i o n a l  
dependencies by t h e  e v e n t  tree methodol- 
ogy i s  impor tan t  because,  n o t  on ly  is 
t h e  number o f  a c c i d e n t  sequences l o g i -  
c a l l y  reduced, bu t  a l s o  system in t e rde -  
pendencies  are thereby  inco rpora t ed  and 
t h e r e f o r e  need n o t  be treated i n  la ter  
ana lyses .  Whenever success o r  f a i l u r e  
choices  a r e  n o t  pe rmi t t ed  f o r  a system, 
t h e  f a i l u r e  p r o b a b i l i t y  o f  that system 
i s  e f f e c t i v e l y  be ing  s e t  equa l  t o  u n i t y  
because o f  t h e  p rev ious  even t s .  ( I n  the 
preceding  example o f  renoving t h e  S2 
a l t e r n a t i v e s ,  t h e  p r o b a b i l i t i e s  o f  the 
three-event  sequences IF1.52 a r e  n o t  com- 
puted ,  bu t  i n s t e a d  on ly  t h e  two-event 
sequence IF1.) Appendix I h a s  a de- 
t a i led  d i scuss ion  o f  t h e  i d e n t i f i c a t i o n  
o f  c o n d i t i o n a l  dependencies t h a t  w a s  
done f o r  t h e  s t u d y ' s  even t  trees because 
o f  system r e l a t i o n s h i p s .  Because o f  
t h i s  i d e n t i f i c a t i o n ,  many o f  t h e  s t u d y ' s  
f i n a l  acc iden t  sequences cons i s t ed  o f  
one or a t  most two system f a i l u r e s .  

When t iming  and s e q u e n t i a l  considera-  
t i o n s  are impor tan t ,  t h e  system s t a t e  
d e f i n i t i o n s  must r e f l e c t  them. For  ex- 
ample, i n  t h e  i l l u s t r a t e d  even t  tree, i f  
there was a d i f f e r e n c e  a s  t o  whether S1 
f a i l e d  be fo re  o r  a f t e r  S2, then  two 
e v e n t  trees could  be  cons t ruc t ed  where 
S i  i s  t h e  f irst  fa i lure  and where S2 i s  
t h e  f i r s t  f a i l u r e  ( i .e. ,  e f f e c t i v e l y  
promoting t h e  system headings) .  The 
s tudy  used dichotomous modeling i n  which 
one f a i l u r e  s ta te  and one success  s ta te  
was de f ined  f o r  each  system. Care must 
be taken i n  these  d e f i n i t i o n s  i n  d i s c r e -  
t i z i n g  t h e  failures and i n  inco rpora t ing  
p a r t i a l  f a i l u r e s .  Appendix I d i s c u s s e s  
t h e s e  cons ide ra t ions .  

When t h e  system s ta tes  are d e t a i l e d  f o r  
t h e i r  f i n a l  d e f i n i t i o n s ,  then s u f f i c i e n t  
in format ion  e x i s t s  t o  de f ine  t h e  s e t  of  
p h y s i c a l  p rocesses  t h a t  w i l l  occur  wi th  
each  acc iden t  sequence. For example, 
f o r  each  sequence t h e  s tudy  computed t h e  

, magnitude o f  r a d i o a c t i v i t y  r e l e a s e ,  
which then se rved  as  a source-  t e r m  f o r  

t h e  dose and r i s k  c a l c u l a t i o n s .  I n  
o r d e r  t o  compute the r a d i o a c t i v i t y  re- 
l e a s e s ,  it was necessary  t o  inco rpora t e  
the  poss ib l e  modes o f  containment f a i l -  
u r e  i n  t h e  even t  trees. This involved 
d e f i n i n g  even t  t r e e  headings t h a t  cov- 
e r e d  t h e  p o s s i b l e  f a i l u r e  modes t h a t  
could occur  (each f a i l u r e  mode e f f e c -  
t i v e l y  had two s t a t e s :  "occurr ing"  and 
"no t  o c c u r r i n g " ) .  The f a i l u r e  mode 
even t  t r e e s  were then  combined wi th  t h e  
system event  trees t o  form a c c i d e n t  
sequences l e a d i n g  from t h e  i n i t i a t i n g  
even t s  t o  t h e  r e l e a s e  o f  r a d i o a c t i v i t y  
from t h e  containment. 

d. The U s e  o f  F a u l t  Trees 

When t h e  r e s u l t s  a s s o c i a t e d  w i t h  each 
a c c i d e n t  sequence have been de f ined ,  t h e  
f i n a l  t a sk  i s  t o  compute t h e  p r o b a b i l i -  
t i e s  o f  s y s t e m  f a i l u r e .  This i s  t h e  
p l a c e  a t  which t h e  f a u l t  trees e n t e r .  
Genera l ly ,  d a t a  on f a i l u r e s  a t  t h e  sys- 
t e m  l e v e l  do n o t  e x i s t ,  and t h e r e f o r e  
t h e  system f a i l u r e  p r o b a b i l i t i e s  must b e  
estimated i n  terms o f  component f a i l u r e  
r a t e s ,  which a r e  a v a i l a b l e .  Thus, t h e  
s y s t e m  s ta te  d e f i n i t i o n s  from t h e  e v e n t  
tree can be used as  de f ined  " top  events"  
of f a u l t  trees t h a t  a r e  developed down 
t o  t h e  component l e v e l .  I n  t h e  s tudy ,  a '  
f a u l t  tree was cons t ruc t ed  f o r  each  de- 
f i n e d  system f a i l u r e  i n  t h e  e v e n t  trees. 
Because o f  t h e  c o n d i t i o n a l  d e f i n i t i o n  of  
t h e  system f a i l u r e s ,  t h e  f a u l t  trees 
inco rpora t ed  t h e  c o n d i t i o n a l i t i e s  ( i .e . ,  
prev ious  even t s  t h a t  have occurred)  i n t o  
t h e i r  f a u l t  d e f i n i t i o n s  and l o g i c  
cons t ruc t ions .  The q u a n t i t a t i v e  system 
p r o b a b i x i t i e s  a s s o c i a t e d  wi th  t h e  f a u l t  
tree t o p  e v e n t s  were system unava i l ab i l -  
i t y  and system f a i l u r e  p r o b a b i l i t y  
( f a i l u r e  t o  s t a r t  and f a i l u r e  t o  run ) .  
Appendix I1 d i s c u s s e s  t h e  f a u l t  tree 
methodology and p r e s e n t s  t h e  f a u l t  t r e e s  
t h a t  were cons t ruc t ed  and used i n  t h e  
s tudy.  

A number o f  f a c t o r s  e n t e r  i n t o  t h e  ade- 
quacy and power o f  a f a u l t  t ree  analy- 
sis, a s  i t  was used i n  t h e  Reactor  
Sa fe ty  Study : 

a. 

b. 

C. 

d. 

The 

The 
an 
and 

The 

f a u l t  tree s t ructure  i t s e l f  

use o f  competent a n a l y s t s  having 
i n t i m a t e  knowledge o f  t h e  system 
modeling p rocess  

process  o f  v a l i d a t i n g  and re- 
checking t h e  model and r e s u l t s  

The examination o f  t h e  r e s u l t s  and 
p r o b a b i l i t i e s  t o  determine t h e i r  
s e n s i t i v i t y  t o  p o s s i b l e  omissions.  
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The f a u l t  tree s e r v e s  as a l o g i c  s t r u c -  
t u r e  i n  which t h e  system i s  methodical ly  
and s y s t e m a t i c a l l y  analyzed t o  d e f i n e  
those  elements t h a t  c o n t r i b u t e  t o  i ts  
f a i l u r e  p r o b a b i l i t y .  A f a u l t  tree 
a n a l y s i s  i s  a deduct ive p rocess  i n  which 
a f a i l u r e  i s  t r a c e d  back t o  i t s  basic 
causes ,  i n c l u d i n g  hardware and design 
causes ,  human e r r o r  causes ,  and opera- 
t i o n a l  causes  such as  t e s t i n g  and main- 
tenance. As t h e  f a i l u r e  i s  be ing  t r a c e d  
back, t h e  f a u l t  tree l o g i c  s t r u c t u r e  
o r g a n i z e s  t h e  s t e p s  t h a t  need t o  be  
taken and t h e  i t e m s  t h a t  need t o  be 
examined. One o f  t h e  problems i n  a com- 
p l e x  system a n a l y s i s  i s  t h e  o r d e r i n g  
problem: how t o  cons ide r  t h e  v a r i o u s  
c o n t r i b u t i o n s  i n  a s y s t e m a t i c  way so as  
t o  be thorough and comprehensive. The 
f a u l t  t ree  s t r u c t u r e  serves as t h e  t o o l  
w i t h  which t h e  a n a l y s i s  can be organ- 
i z e d ,  b l u e p r i n t e d ,  and programmed. 

Looking a t  p a s t  experience , t h e  f a u l t  
t ree p rocess  w a s ,  i n  f a c t ,  developed and 
r e f i n e d  t o  d e a l  with such complex s i t u a -  
t i o n s .  The Minute Man a n a l y s i s  and t h e  
a n a l y s i s  performed i n  t h e  Space and 
M i s s i l e  Organizat ion (SAMSO) are exam- 
p l e s  o f  e f f o r t s  i n  which f a u l t  t rees 
were developed and u t i l i z e d  t o  handle  
t h e  complex systems conf ron t ing  t h e  ana- 
l y s t .  Even though it i s  c e r t a i n l y  n o t  
f o o l p r o o f ,  t h e  f a u l t  tree p rocess  s i g -  
n i f i c a n t l y  reduces t h e  chance o f  s e r i o u s  
omissions i n  i t s  sys t ema t i c  and methodi- 
cal  a n a l y s i s  procedure.  

Though t h e  f a u l t  t ree s t r u c t u r e  serves 
t o  sys t ema t i ze  t h e  a n a l y s i s ,  it does re- 
q u i r e  a competent a n a l y s t  t o  app ly  it i n  
a competent manner. However, t h i s  i s  a 
requirement t h a t  a p p l i e s  t o  any f i e l d  or 
endeavor (How many ccmpetent jobs a r e  
done by incompetent peop le? ) .  The Reac- 
t o r  S a f e t y  Study t r i e d  t o  o b t a i n  t h e  
most competent people  i n  enploying t h e  
s e r v i c e s  of 1 2  s k i l l e d  f a u l t  tree ana- 
l y s t s .  These f a u l t  t ree a n a l y s t s  worked 
c l o s e l y  w i t h  t h e  s y s t e m  t o  ga in  an i n t i -  
mate knowledge D E  i t s  workings. D e -  
t a i l e d  system drawings, schematics ,  
p h y s i c a l  Layoucs, f u n c t i o n a l  o p e r a t i n g  
d e s c r i p t i o n s ,  and many o n - s i t e  v i s i t s  
w e r e  involved i n  g a i n i n g  t h e  needed 
knowledge. The f a u l t  tree a n a l y s t s  also 
worked c l o s e l y  wi th  experienced systems 
people  who had a number of y e a r s  o f  ex- 
pe r i ence  i n  r e a c t o r  systems,  r e a c t o r  
o p e r a t i o n ,  and r e a c t o r  s a f e t y .  In addi- 
t i c n ,  t h e  f a u l t  t ree  a n a l y s t s  had t h e  
c r i t e r i a  and c o n t e x t s  de r ived  from t h e  
e v e n t  tree a c c i d e n t  sequences t o  guide 
them i n  t h e  c o n s t r u c t i o n  of t h e  f a u l t  
trees e 

To h e l p  f u r t h e r  reduce e r r o r s ,  a f te r  the 
f a u l t  trees were cons t ruc t ed ,  they w e r e  
checked and v a l i d a t e d  for t h e i r  accuracy 
by i d e n t i f y i n g  t h e  dominant f a i l u r e  
c o n t r i b u t o r s .  The f a u l t  t rees were sub- 
jected t o  a s t a n d a r d  e v a l u a t i o n  p rocess  
t o  determine n o t  on ly  t h e  q u a n t i t a t i v e  
p r o b a b i l i t y  p r e d i c t i o n s  b u t  a l s o  t h e  im-  
p o r t a n t  q u a l i t a t i v e  system information.  
Such information inc ludes ,  f o r  example, 
t h e  minimal c u t  se ts ,  which i n  essence 
are l i s t i n g s  o f  a l l  the unique combina- 
t i o n s  o f  component f a i l u r e s  t h a t  w i l l  
cause system fa i lu re - .  This  i n fo rma t ion  
w a s  used i n  checking t h e  l o g i c ,  consis-  
tency,  and accuracy o f  t h e  f a u l t  tree. 

In t h e  Reactor  S a f e t y  Study, t o  h e l p  
e n s u r e  a g a i n s t  o m i t t i n g  important  con- 
t r i b u t o r s ,  l a r g e  f a u l t  t rees w e r e  
cons t ruc t ed .  F o r  t h e  a c c i d e n t  sequences 
d e s c r i b e d  i n  t h e  e v e n t  trees, a repre-  
s e n t a t i v e  f a u l t  tree c o n s i s t e d  of  
s e v e r a l  thousand components and s e v e r a l  
thousand g a t e s  ( l o g i c  s t r u c t u r e s ) .  The 
e v a l u a t i o n  p rocess  and t h e  minimal c u t  
sets were used t o  e x t r a c t  t h e  dominant 
c o n t r i b u t o r s  t o  t h e  system f a i l u r e .  
Serving as  a n  a d d i t i o n a l  check, t h e  
minimal c u t  se ts  ( i .e .  , component combi- 
n a t i o n s )  were then used t o  r e c o n s t r u c t  
"reduced f a u l t  trees," which helped t o  
v a l i d a t e  t h e  accuracy of t h e  l a r g e r  
trees with r e g a r d  t o  dominant contr ibu-  
t o r s .  Furthermore,  f a i l u r e  r e p o r t s  and 
i n c i d e n t  r e p o r t s  f i l e d  wi th  t h e  AEC w e r e  
examined f o r  f a i l u r e s  t h a t  had occur red  
i n  p e r t i n e n t  systems, and t h e  i a r g e r  
f a u l t  trees were checked t o  ensu re  t h a t  
they inco rpora t ed  t h e  types  of f a i l u r e s  
t h a t  were o c c u r r i n g  i n  o p e r a t i o n a l  
systems. 

e. The Inco rpora t ion  o f  F a u l t  Trees 
i n t o  Event Trees 

A f t e r  t h e  f a u l t  t rees  have been con- 
s t r u c t e d  by s t a n d a r d  f a u l t  t ree  
methodclogy, t h e y  are l o g i c a l l y  combined 
according t o  t h e  a c c i d e n t  sequences I 
d e f ined  i n  t h e  e v e n t  trees. The l o g i c a l  
cornbination e f f e c t i v e l y  i n v o l v e s  con- 
s t r u c t i n g  a l a r g e r  "acc iden t  sequence" 
f a u l t  t ree from t h e  i n d i v i d u a l  system 
f a u l t  trees. The f a u l t  t rees f o r  t h e  
i n d i v i d u a l  system f a i l u r e s  i n  an a c c i -  
den t  sequence a r e  combined through an 
i n t e r s e c t i o n  l o g i c  (an AND f a u l t  t ree 
g a t e )  t o  form t h e  e v e n t  o f  a l l  t h e  
systems f a i l i n g  i n  t h e  a c c i d e n t  chain.  
Example 4 shows t h e  a s s o c i a t e d  f a u l t  
t ree  c o n s t r u c t i o n  f o r  a given a c c i s e n t  
sequence composed o f  t h e  i n i t i a t i n g  
even t  ( I )  , system 1 f a i l u r e  (F1) , system 
2 f a i l u r e  (F2), and system 3 s u c c e s s  n 

I \  
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In Example 4 ,  t h e  symbol f;i denotes  
t h e  f a u l t  tree AND g a t e ;  t h e  e v e n t  above 
t h e  g a t e  w i l l  occur  i f  a l l  t h e  lower 
i n p u t  e v e n t s  occur  (an i n t e r s e c t i o n  
r e l a t i o n ) .  The boxes l a b e l e d  "System 1 
F a i l u r e "  and "System 2 Fai lure"  a r e  ' t o  
be r ep laced  by t h e  i n d i v i d u a l  f a u l t  
trees t h a t  have been drawn f o r  t h e s e  
systems. In t h e  example, t h e  i n i t i a t i n g  
even t  i s  a l s o  shown as an i n p u t  e v e n t  t o  
complete t h e  a c c i d e n t  sequence d e f i n i -  
t i o n .  

"System 3 Success" i s  n o t  shown i n  t h e  
i l l u s t r a t e d  a c c i d e n t  sequence f a u l t  tree 
s i n c e  it acts a s  an i n h i b i t i n g ,  o r  re- 
s t r i c t i n g ,  cond i t ion  (it could be shown 
by a p p r o p r i a t e  f a u l t  t ree  symbols). I n  
t h e  f a u l t  t rees f o r  systems 1 and 2, 
t h o s e  sha red  components whose f a i l u r e  
would a l s o  cause system 3 t o  f a i l  are 
omi t t ed  s i n c e  system 3 i s  given t o  have 
succeeded by t h e  a c c i d e n t  sequence d e f i -  
n it ion. 

component f a i l u r e s  could have been in -  
cluded t h a t  would have caused t h e s e  suc- 
ce ss f ul s y s  t e m s  t o  f a i l .  

The a c c i d e n t  sequence f a u l t  t ree  i s  thus 
simply a s t a n d a r d  f a u l t  t ree,  and i t  can 
b e  e v a l u a t e d  and q u a n t i f i e d  using s t and-  
a r d  f a u l t  tree q u a n t i t a t i v e  techniques.  
The component f a i l u r e s  t h a t  are common 
t o  t h e  systems are handled by s t a n d a r d ?  
Boolean f a u l t  tree reduc t ion  t echn iques  
(e.g. I any s i n g l e  f a i l u r e s  t h a t  cause 
m u l t i p l e  systems t o  f a i l  w i l l  be i d e n t i -  
f i e d ) .  The r e s u l t  o f  t h e  q u a n t i t a t i v e  
e v a l u a t i o n s  w i l l  be t h e  d e s i r e d  a c c i d e n t  
sequence p r o b a b i l i t y  t h a t  i s  to be asso- 
c i a t e d  with t h e  a c c i d e n t  r e s u l t s  d e t e r -  
mined f o r  t h a t  sequence. Appendix V 
d e s c r i b e s  t h e  a c c i d e n t  sequence manipu- 
l a t i o n s  and q u a n t i f i c a t i o n s  t h a t  were 
performed i n  t h e  s tudy .1  

f .  Output o f  t h e  Event Tree and F a u l t  
Tree Eva lua t ions  

I f  such system successes  had been 
ignoyed i n  t h e  s t u d y ' s  f a u l t  t rees of 
a c c i d e n t  sequences? then a more conser- 
v a t i v e  model would have r e s u l t e d  ( y i e l d -  
i n g  h i g h e r  f a i l u r e  p r o b a b i l i t i e s )  s i n c e  

Initiating Event ~'"1 System 1 
Failure 

System 3 
success 

IF1 F2s3 

Accident 
Sequence I IF:,  1 

OEC2rr3 

CT=iirR:c'l Initiating 

Example 4 .  An Accident Sequence and t h e  
Associated F a u l t  T r e e  
Construct ion 

The preceding d i s c u s s i o n s  d e s c r i b e d  t h e  
e v e n t  tree c o n s t r u c t i o n  and q u a n t i f i c a -  
t i o n  t echn iques  used t o  o b t a i n  a c c i d e n t  
sequence p r o b a b i l i t i e s .  The e v e n t  tree 
a c c i d e n t  sequences a l s o  determined t h e  
p h y s i c a l  p rocesses  and t h e i r  t iming 
invo lved  i n  t h e  v a r i o u s  sequences.  Sep- 
arate ana lyses  (desc r ibed  i n  Appendices 
V I  V I I ,  and V I I I )  determined t h e  
magnitude o f  r a d i o a c t i v e  releases f o r  
t h e  v a r i o u s  a c c i d e n t  sequences.  With a 
p r o b a b i l i t y  and r a d i o a c t i v e  release 
magnitude determined f o r  each p e r t i n e n t  
a c c i d e n t  sequence? r i s k  c a l c u l a t i o n s  can 
then be  performed us ing  t h e s e  sets o f  
v a l u e s  as  source  terms. The c o l l e c t i o n  
o f  p r o b a b i l i t i e s  and r a d i o a c t i v e  re- 
leases f o r  t h e  acci'dent sequences i n  t h e  
va r ious  e v e n t  trees g i v e s  t h e  s e t  o f  
data p o i n t s  t h a t  serve as t h e  basis for 
determining t h e  r i s k  from p o t e n t i a l  nu- 
clear power p l a n t  acc iden t s .  The de te r - -  
minat ion of t h e  r i s k  and t h e  a p p l i c a t i o n  
o f  t h e  a c c i d e n t  sequence p r o b a b i l i t i e s  
and a s s o c i a t e d  r a d i o a c t i v e  releases are 
d e s c r i b e d  i n  Appendix V I .  The s i g n i f i -  
c a n t  r e s u l t s  o f  t h e  o v e r a l l  r i s k  
ana lyses  a r e  p re sen ted  i n  t h e  Main 
Report. 

'It shou ld  be  no ted  t h a t ,  i n s t e a d  o f  f a u l t  tree l o g i c ,  any Boolean r e l a t e d  l o g i c  
cou ld  b e  used t o  combine the system f a i l u r e s  i n  t h e  a c c i d e n t  chain.  Also,  t h e  l o g i c  
is a p p l i c a b l e  t o  m u l t i s t a t e  d e f i n i t i o n  for t h e  systems. The important  f a c t o r  i s  t h e  
i d e n t i f i c a t i o n  of dependencies and t h e  component f a i l u r e s  common t o  t h e  involved 
systems. 
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Section 8 

Summary n 
The p r i n c i p a l  aspects o f  t h e  methodology 
d i scussed  h e r e i n  p e r t a i n  t o  t h e  use o f  
even t  trees,  f a u l t  trees, and f a i l u r e  
rate d a t a  t o  p rov ide  a s y s t e m a t i c  and 
l o g i c a l  framework f o r  t h e  d e f i n i t i o n  and 
q u a n t i f i c a t i o n  o f  t h e  p r o b a b i l i t y  and 
magnitude o f  r a d i o a c t i v e  releases i n  
p o t e n t i a  1 n uc le  a r  powe r p 1 a n t  a c c i d e n t s  . 
While the use of  t h i s  methodology i s  n o t  
new, i t s  a p p l i c a t i o n  i n  WASH-1400 h a s  
d i f f e r e n c e s  t h a t  are cons ide red  impor- 
t a n t :  

a. The e v e n t  trees used i n  t h i s  s tudy  
d i f f e r  s i g n i f i c a n t l y  from t h e  more 
conven t iona l ly  used d e c i s i o n  trees. 
I n  g e n e r a l ,  d e c i s i o n  trees a r e  t h e  
r e p r e s e n t a t i o n s  o f  a p rocess  whose 
adequacy depends p r i n c i p a l l y  on t h e  
s k i l l  and judgment o f  t h e  a n a l y s t  i n  
p rope r ly  concep tua l i z ing  t h e  problem 
under cons ide ra t ion .  While t h i s  
type o f  s k i l l  a p p l i e s  t o  some degree 
i n  t h e  even t  trees developed i n  
WASH-1400, the  a n a l y s t  i s  aided very 
s i g n i f i c a n t l y  because t h e  elements  
o f  t h e  trees a r e  p h y s i c a l  e n t i t i e s  
t h a t  e x i s t  i n  t h e  n u c l e a r  power 
p l a n t  and t h e  p rocesses  r ep resen ted  
i n  t h e  tree fo l low eng inee r ing  and 
p h y s i c a l  p r i n c i p l e s .  The under- 
s t a n d i n g  o f  t h e  d e t a i l s  o f  p l a n t  
design and o f  t h e s e  p h y s i c a l  p r in -  
c i p l e s  ass is t  t h e  a n a l y s t  g r e a t l y  i n  
ensu r ing  a p r o p e r  c o n c e p t u a l i z a t i o n  
f o r  t h e  r e a c t o r  even t  trees. 

b. The s t a t i s t i c a l  t r ea tmen t  o f  va r i a -  
b i l i t i e s  a s s o c i a t e d  w i t h  t h e  i n p u t s  
needed i n  t h e  q u a n t i f i c a t i o n  o f  
system f a u l t  trees and even t  tree 
a c c i d e n t  sequences i s  an important  
new s t e p .  The t r ea tmen t  o f  t h e s e  
i n p u t  d a t a  as  random v a r i a b l e s  thus  
inc luded  t h e i r  a s s o c i a t e d  v a r i a b i l i -  
t y  and u n c e r t a i n t y ,  and t h i s  enab led  
t h e  s tudy  t o  u s e  a broad base o f  
a p p l i c a b l e  r e a c t o r  and i n d u s t r i a l  
hardware f a i l u r e  d a t a  a s  w e l l  as  
d a t a  a s s o c i a t e d  wi th  human e r r o r s ,  
t e s t i n g ,  and maintenance. 

c. The s e n s i t i v i t y  s t u d i e s  performed i n  
connect ion with t h e  q u a n t i f i c a t i o n  
o f  system f a u l t  t rees t o  t es t  f o r  
t h e  e f f e c t s  o f  u n i d e n t i f i e d  poten- 
t i a l  common mode f a i l u r e s  were a l s o  
important  i n  t h a t ,  among o t h e r  
t h i n g s ,  t hey  pe rmi t t ed  a l l  compo- 
n e n t s  o f  t h e  same gene r i c  type 

(e. g., a l l  r e l a y s ,  a l l  pumps, a l l  
v a l v e s ,  etc.  ) t o  be interdependent .  

d. The understanding t h a t  common mode 
f a i l u r e s  can be e f f e c t i v e l y  handled 
as a matter amenable t o  eng inee r ing  
p r i n c i p l e s  backed up by bounding 
s t a t i s t i c a l  ana lyses  r e p r e s e n t s  a 
s i g n i f i c a n t  s t e p  forward i n  t h e  
q u a n t i t a t i v e  a p p l i c a t i o n  o f  e v e n t  
tree and f a u l t  t ree methodology. 

The e v e n t  trees used i n  t h e  s tudy  
performed a powerful f i l t e r i n g  func t ion  
by p rov id ing  a framework t h a t  (1) 
de f ined  sets  o f  p o t e n t i a l  acc iden t  
sequences t h a t  were i n  essence complete 
f o r  t h e  i n i t i a t i n g  e v e n t s  involved and 
( 2 )  provided l o g i c a l  methods based on 
knowledge o f  p l a n t  design and engineer-  
i n g  p r i n c i p l e s  t o  e l imina te  p h y s i c a l l y  
meaningless sequences from t h e  o the rwise  
complete e v e n t  trees. Although t h e  
e v e n t  trees used i n  t h e  a n a l y s i s  o f  t h e  
PWR encompassed approximately 1 3 0 , 0 0 0  
p o t e n t i a l  a c c i d e n t  sequences,  which 
could have conceivably involved m i l l i o n s  
of p o t e n t i a l  common mode f a i l u r e s  a t  t h e  
system l e v e l ,  e l i m i n a t i o n  o f  p h y s i c a l l y  
meaningless dependencies reduced t h e  
number o f  sequences o f  p h y s i c a l  s i g n i f i -  
cance t o  approximately 650 .  The use o f  
p r o b a b i l i t y  d i s c r i m i n a t i o n  t echn iques  
among a c c i d e n t  sequences t h a t  would 
produce s i m i l a r  r a d i o a c t i v e  releases 
reduced t h e  number o f  p o t e n t i a l l y  s i g -  
n i f i c a n t  sequences from 650 t o  78 .  
Fif ty-one o f  these sequences invo lve  t h e  
f a i l u r e  o f  o n l y  a s i n g l e  system o r  a 
s i n g l e  element. I n  t h e  2 7  remaining 
sequences,  on ly  seven d i f f e r e n t  combina- 
t i o n s  o f  two-system f a i l u r e s  were 
involved. Therefore ,  o f  t h e  p o t e n t i a l  
m i  11 ions  o f  sys  tem-to-system common mode 
f a i l u r e s  involved i n  t h e  i n i t i a l l y  
de f ined  1 3 0 , 0 0 0  p o t e n t i a l  acc iden t  
sequences,  on ly  seven p o t e n t i a l  depend- 
e n c i e s  remained. Thus t h e  e v e n t  trees 
provided t h e  b a s i s  f o r  making t h e  
d e f i n i t i o n  o f  p o t e n t i a l  common mode 
f a i l u r e s  amenable t o  r e a l i s t i c  a n a l y s i s .  

The sys t ema t i c  and l o g i c a l  e l i m i n a t i o n  
o f  p h y s i c a l l y  meaningless sequences and 
dependencies from t h e  even t  t rees  does 
much t o  l a y  t o  res t  t h e  t y p i c a l  "what i f  
such-and-such were t o  happen?" q u e s t i o n s  
t h a t  a r e  q e n e r a l l v  encountered i n  t h e  
cons ide ra t ion  o f  p o t e n t i a l  common mode 
f a i l u r e s .  I f  t h e  "what i f "  q u e s t i o n  
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does n o t  f a l l  w i t h i n  t h e  a c c i d e n t  
sequences d e f i n e d  i n  t h e  e v e n t  tree, it 
i s  n o t  a meaningful q u e s t i o n  and need 
no t  be  considered f u r t h e r .  Thus t h e  
thought p r o c e s s  t h a t  cons ide r s  t h e  
p o t e n t i a l  i n t e r r e l a t i o n s h i p s  a m n g  t h e  
very l a r g e  number o f  p o t e n t i a l  f a i l u r e s  
a t  t h e  system and component levels and 
concludes t h a t  t h e  number of p o t e n t i a l  
common mode f a i l u r e s  i s  so v a s t  as  t o  be 
unmanageable i s ,  i n  f a c t ,  i n c o r r e c t  
i n s o f a r  a s  r e a c t o r s  o f  t h e  type covered 
i n  t h i s  s t u d y  a r e  concerned. The 
d i s c i p l i n e  imposed by t h e  e v e n t  t ree  
l o g i c  impar t s  t h e  understanding t h a t  
common mode f a i l u r e s  between components 
i n  d i f f e r e n t  systems are  o f  n o  i n t e r e s t  
un le s s  t h e s e  components appear i n  
systems involved i n  t h e  same a c c i d e n t  
sequence and t h a t  common mode f a i l u r e s  
between systems are o f  no i n t e r e s t  
unless t h e s e  systems are involved i n  t h e  
same a c c i d e n t  sequence. 

I t  i s  t h e  view o f  t h e  s tudy  group t h a t  
t h e  development and use of  e v e n t  trees 
based on d e t a i l e d  knowledge of the 
nuc lea r  power p l a n t s  and o f  t h e  engi-  
n e e r i n g  p r i n c i p l e s  involved i n  t h e  
p h y s i c a l  p r o c e s s e s  tha t  could p o t e n t i a l -  
l y  occur  i n  a c c i d e n t  s i t u a t i o n s  provided 
some o f  t h e  p r i n c i p a l  i n s i g h t s  gained i n  
t h e  performance o f  t h e  o v e r a l l  r i s k  
assessment  i n  WASH-1400. 

S e v e r a l  procedures  were followed i n  
developing f a u l t  trees t h a t  were s p e c i f -  
i c a l l y  d i r e c t e d  toward t h e  i d e n t i f i c a -  
t i o n  o f  p o t e n t i a l  common mode f a i l u r e s .  
These inc luded  t h e  c o n s t r u c t i o n  o f  t h e  
trees t o  m e e t  t h e  c r i te r ia  and c o n t e x t s  
p r e s c r i b e d  by t h e  e v e n t  trees, t h e  
i d e n t i f i c a t i o n  o f  components common to  
m u l t i p l e  systems, t h e  development of t h e  
trees t o  a d e t a i l e d  level t o  l o c a t e  

s i n g l e  and common mode f a i l u r e s ,  and t h e  
i n c l u s i o n  o f  human e r r o r  a s  w e l l  as  
t e s t i n g  and maintenance c o n t r i b u t i o n s .  
F i n a l l y  s e n s i t i v i t y  s t u d i e s  were per-  
formed t o  bound p o t e n t i a l  common mode 
c o n t r i b u t i o n s ;  t h e s e  caused l i t t l e  
change i n  t h e  f a u l t  tree q u a n t i f i c a -  
t i o n s .  As i n d i c a t e d  ea r l i e r ,  a s i g n i f i -  
c a n t  c o n t r i b u t o r  t o  t h i s  s u c c e s s  was t h e  
t r ea tmen t  o f  d a t a  as  random v a r i a b l e s  
and t h e  propagat ion of  t h e i r  a s s o c i a t e d  
v a r i a b i l i t i e s  throughout t h e  f a u l t  t ree  
and a c c i d e n t  sequence q u a n t i f i c a t i o n s .  
F i n a l l y ,  i n  t h e  two c a s e s  where t h e  
p r o b a b i l i t y  o f  f a i l u r e  o f  systems could 
be  ob ta ined  from f i e l d  d a t a ,  i t  con- 
firmed t h e  a p r i o r i  p r e d i c t i o n s  d e r i v e d  
from t h e  system f a u l t  trees. 

I n  r ega rd  t o  t h e  a b i l i t y  t o  s u c c e s s f u l l y  
q u a n t i f y  low-probabi l i ty  e v e n t s  , t h e  
a c c i d e n t  sequences de r ived  from t h e  
e v e n t  t rees ,  when t h e  e f f e c t s  o f  weather 
and popu la t ion  d i s t r i b u t i o n s  are  
cons ide red ,  can be  g e n e r a l l y  cha rac t e r -  
i z e d  as  fol1ows:l  

P = P I E  x PSF x PCFM x Pwc x PPD, 

t h a t  i s  , 

where PIE, Pwc, and PPD are de r ived  from 
measured d a t a  and where t h e  on ly  poten- 
t i a l  c o m n  mode t h a t  ex is t s  between 
PIE x PSF and PCFM h a s  been def ined.  
Thus , t h e  t o t a l  eng inee r ing  c o n t r i b u t i o n  
t o  t h e  o v e r a l l  p r o b a b i l i t y  o f  t h e  
l a r g e s t  consequences r e p o r t e d  i n  t h e  
s tudy  amounts t o  10-3 f o r  t h e  combined 
f a i l u r e  p r o b a b i l i t y  o f  a s a f e t y  system 
and t h e  containment. 
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'The symbol P r e p r e s e n t s  p r o b a b i l i t y  and t h e  v a r i o u s  s u b s c r i p t s  are de f ined  as 
fol lows:  I E  = i n i t i a t i n g  even t ;  SF = system f a i l u r e ;  CFM = containment f a i l u r e  
modes; WC = weather cond i t ions ;  PD = popu la t ion  d e n s i t y ;  CF = component f a i l u r e .  
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Attachment 1 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON. D.C. 20546 

O F F I C E  O F  THE ADMINISTRATOR 

Honorable William A. Anders 
Chairman 
U. S .  Nuclear Regulatory Commission 
Washington, D. C. 2 0 5 5 5  

Dear Bill: 

In accordance with your request, we brought together a group 
of Reliability and Safety Management people from both 
Headquarters 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 

-185- 



Attachment 1 (Continued) 

2 

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, 

Ir.J 
. James C. Fletcher 

Administrator 
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Attachment 2 

SYSTEMS RELlABlUTY SERVICE 
A service to industry operated by the United Kingdom Atomic Energy Authority 

Our ref: SIIS/POL/~/~  
AEG/27 

Your ref: 

Please reply to: Culcheth  

M r  Saul  Levine 
P r o j e c t  S t a f f  D i r e c t o r  
Reactor  5 a f e t y  Study 
Nuclear Regulatory Commission 
Wasnington iJC 205’35 

Dear Saul  

When I v i s i t e d  Washington DC i n  January,  w 

Headquarters : 
UKAEA, Wigshaw Lane, Culcheth. 
Warrington, Lancashire, WA3 4NE. 
Warrington 31 244, Ext. 
Telegrams : ATEN Warrington Telex : 62301 

Hawell  Section : 
8521, AERE. Hawell Didcot, Berkshire 
Abingdon 41 41, Ext 

28 Apr i l  1975 

had a s h o r t  d i s c u s s i o n  on t h e  
c o r r e l a t i o n  between p r e d i c t e d  r e l i a b i l i t y  c h a r a c t e r i s t i c s  and f i e l d  experience.  

A s  you a r e  aware we have been a s s o c i a t e d  p a r t i c u l a r l y  with land based p l a n t  cquip- 
ment and systems involv ing  e l e c t r o n i c s ,  e l e c t r i c d l  and iliechanical i tems but  exc luding  
s t r a c t u r e s .  
t echniques  of p r e d i c t i o n ,  f o r  example, f o r  t h e  f a i l u r e  r a t e  of equipment t h e n  t h e r e  
has  been r e a s o n a b l e  agreement wi th  f i e l d  exper ience  when i t  has  become known. 
m a j o r i t y  of  t h e  c a s e s  of t h i s  t y p e  which vie have s t u d i e d  t h e  agreement between t h e  
p r e d i c t e d  and p r a c t i c a l  f a i l u r e  r a t e s  has  been w i t h i n  a f a c t o r  of two t o  one. 
a l s o  been our exper ience  t h a t  i n  a s s e s s i n g  t h e  r e l i a b i l i t y  of  systems f o r  s a f e t y  
purposes  it has not always been necessary  t o  have p r e c i s e  r e l i a b i l i t y  d a t a  t o  d e c i d e  
whether o r  not  t h e  system i s  adequate .  

A s  you know the  Systems f i e l i a b i l i t y  S e r v i c e  concerns i t s e l f  with apply ing  q u a n t i f i e d  
r e l i a b i l i t y  techniques  i n  coopera t ion  wi th  i t s  A s t o c i a t e  lknbers. 
I e n c l o s e  i n  Appendix I a c u r r e n t  l i s t  of t h e s e  A s s o c i a t e  i&nbers. 
t h e  a r e a s  i n  which r e l i a b i l i t y  assessments  have been c a r r i e d  o u t  i s  a l s o  enclosed i n  
Appendix 11. 

The r e s u l t s  of t h e  a p p l i c a t i o n  of  t h e s e  techniques  have been most encouraging and 
t h e r e  i s  a c o n t i n u i n g  and expanding demand f o r  t h i s  t y p e  of q u a n t i f i e d  assessment .  
I n  addi t ior i  such assessments  a r e  very u s e f u l  i n  c o n t r i b u t i n g  t o  c e r t a i n  a s p e c t s  of 
d e c i s i o n  making and f o r  i n j e c t i n g  d i s c i p l i n e  i n t o  d e s i g n  a n a l y s i s .  For  your infor inat ion 
I g i v e  i n  Appendix I11 a l i s t  of a few r e f e r e n c e s  which cover  some o f  t h e  a s p e c t s  which 
I d iscussed  w i t h  you. 

I n i t i a l l y  you may l i k e  t o  look a t  Pages 541 t o  553 o f  r e f e r e n c e  7 f o r  some o v e r a l l  
d i s c u s s i o n .  For some 50 system e lements  which we s t u d i e d ,  t h e  r a t i o  of  observed f a i l u r e  
rate  t o  p r e d i c t e d  f a i l u r e  was between 0.26 and 2.6 ( F i g u r e  13.4). 
of which I e n c l o s e  copies  should g i v e  you a l i t t l e  more s p e c i f i c  in format ion ,  

We have found t h a t  where we have a p p l i e d  q u a n t a t i t i v e  r e l i a b i l i t y  

In  t h e  

It has 

For your informat ion ,  
A t y p i c a l  l i s t  of 

The o t h e r  r e f e r e n c e s  



Attachment 2 (Continued) 

Needless t o  say i n  t h e  development of any technology such  a s  r e l i a b i l i t y  technology 
we a r e  cont inuous ly  deve loping  and i n v e s t i g a t i n g  t h e  methods and I would be 
i n t e r e s t e d  t o  have your comments. 

Yours s i n c e r e l y  

A E Green 
Genera 1 hila nager  
Nat ional  C e n t r e  of Systems R e l i a b i l i t y  
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SYSTEMS RELIABILITY SERVICE 

ASSOCIATE WMI)ERS 

A s  a t  At) r+l 1.07 5 

Danish Atomio Energy Cornmisflion 
Reaotor Division, O a k  Ridge Nationd Laboratory, USA 
Central Eleotricity Generatin(: Board 
Seourity and Control Division of CNEN, Italy 
Civil Aviation Authority 
Imperial Chemical Induetrios Limited 
Fast Reaotor Design Divioion of C I a N ,  I t a ly  
Junta de Energia Nuclear, Spain 
Atomio Energy Board, South Afrioa 
Commission des Canmunaute~ Europeennee, Belgim 
I& & C I  Limited, South Afrioa 
Department de Surete Nuoleaire, Centre d*Etudee Uuoleelree de 8a01a;y, k M O e  
DRAM Pro j e o t  Norway 
Britioh Oas Corporation, Newoaetle upon v n e  
Forevarete Teletekniska Laboratorium, Sweden 
MOD ( N )  
Teohnioal. Reoearoh Centre, Finland (TRCB) 
South of Sootland Eleotricity Board 
European Spaoe Researoh Organieation 
Motor Columbue, Switzerland 
United States Atmio Energy C m i e S i O A  
Centeo - Weot Germany 
Shell International, The Hague 
British Petroleum C m p w  Ltd. 
Laporte Induetries Limited 
NIRA,  Oenoa, Italy 
Pilkimton Rroa. Ltd. 
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& c l e a r  r e a c t o r s  

High p r e s s u r e  d i e  c a s t i n g  machines 

C r i t i c a l i t y  moni tor ing  and a larm systems 

Normal and s tandby e l e c t r i c a l  s u p p l y  and d i s t r i b u t i o n  systems 

Chemical p l a n t  a u t m a t i c  p r o t e c t i v e  systems 

High p r e s s u r e  r e l i e f  and p r o t e c t i v e  systems 

E l e c t r o n i c  and e lec t ro-mechanica l  l o g i c  sequence c i rcu i t s  and sys tems 

Hazardous g a s  a la rm systems 

Medical e n g i n e e r i n g  equipment 

P l a n t  measurement and c o n t r o l  systems 

Cooling water  systems and t h e i r  a s s o c i a t e d  c o n t r o l s  

I n v e s t i g a t i o n s  of r e p a i r  and maintenance c h a r a c t e r i s t i c s  

Actuator  systems 

F i r e  d e t e c t i o n  and c o n t r o l  systems 

.Emergency e l e c t r i c a l  g e n e r a t i n g  systems 

Marine e n g i n e ' c o n t r o l  systems 

Chemical p l a n t  hazard  e v a l u a t i o n s  

P l a n t  a v a i l a b i l i t y  s t u d i e s  

B o i l e r  feed sys tems and sequence c o n t r o l  systems 

E l e c t r o n i c  and c o n t r o l  equipment e v a l u a t i o n s .  

n 
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COMPTROLLER GENERAL OF THE UNITED STA- 
WIIWII6TOW.D.C - 

B-164105 

The Honorable M i k e  Gravel 
United S t a t e s  S e n a t e  

Dear Sena to r  Gravel:  

This is i n  r e p l y  t o  t h e  l e t t e r  of J u l y  31, 1 9 7 4 ,  signed 
by you and S e n a t o r s  Proxmire, Clark,  Hart ,  and Brooke, a sk ing  
us t o  compare r e l i a b i l i t y  p r e d i c t i o n s  fo r  de fense  and space 
programs with a c t u a l  performance and t o  provide some guidance 
on t h e  va lue  of r e l i a b i l i t y  p r e d i c t i o n s .  Your r e q u e s t  was 
based on concern over how much confidence could be placed Qn  
r e l i a b i l i t y  p r e d i c t i o n s  fo r  nuclear  power r e a c t o r s ,  p a r t i c u -  
l a r l y  t h e  p o s s i b i l i t y  of c a t a s t r o p h i c  a c c i d e n t s .  

We s t u d i e d  Department of Defense ( D O D )  and Nat ional  
Aeronau t i c s  and Space Adminis t ra t ion (NASA) documents and 
other l i t e r a t u r e  r e l a t i n g  t o  r e l i a b i l i t y  p r e d i c t i o n s ,  ex- 
p e r i e n c e ,  and e s t i m a t i n g  msthodology. We a l s o  in t e rv i ew& 
e x p e r t s ,  both w i t h i n  and o u t s i d e  t h e  Government, t o  a s c e r -  
t a i n  t h e i r  views an t h i s  s u b j e c t .  From t h i s  l i m i t e d  s t u d y  
w e  conclude t h a t :  

1. Although t h e  b a s i c  r e l i a b i l i t y  methodology is adapt- 
a b l e  t o  Atomic Energy Commission ( A E C )  p r o j e c t s ,  DOD 
and NASA experience has l i m i t e d  u s e f u l n e s s  i n  judq- 
ing t h e  v a l i d i t y  of A E C ' s  r e l i a b i l i t y  p r e d i c t i o n s .  

2. The conf idence  t h a t  can be placed on r e l i a b i l i t y  
p r e d i c t i o n s  is d i r e c t l y  r e l a t e d  to  t h e  e x t e n t  of  
p r e v i o u s  t e s t i n g  or u s e  of the  o r  s i m i l a r  
s y s  terns. 

se t  f o r  t h e  c o n t r a c t o r s  or l a b o r a t o r i e s  t o  ach ieve  
i n  development and proauct ion.  Nost s u c h  g o a l s  a r e  
not  i n i t i a l l y  achieved i n  o o e r a t i o n s ;  b u t  equipment 
and component mod i f i ca t ions  , t r a i n i n g  , and e x p e r i -  
ence u s u a l l y  r e s u l t  in upward r e l i a b i l i t y  t r e n d s  
ove r  a per iod of t i m e .  

4.  R e l i a b i l i t y  of major new systems cannot  be accu- 
r a t e l y  p r e d i c t e d  because of the many v a r i a b l e s - -  
m a t e r i a l s ,  t r a i n i n g  , maintenance, and so for th--  
t h a t  are involved. 

3. Most e a r l y  DOD r e l i a b i l i t y  p r e d i c t i o n s  a r e  g o a l s  
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O u t l i n e d  below a r e  t h e  d a t a  w e  developed on r e l i a b i l i t y  
p r e d i c t i o n s ,  a c t u a l  r e l i a b i l i t y ,  and s p e c i f i c  systems per-  
formance. 

RELIABILITY PREDICTION 

R e l i a b i l i t y  e x p e r t s  a r e  r e l u c t a n t  to m a k e  a b s o l u t e  
p r e d i c t i o n s  a t  t h e  o u t s e t  of new sys tems,  mainly because so 
many v a r i a b l e s  a r e  a s  y e t  unknown or u n q u a n t i f i a b l e .  On t h e  
o t h e r  hand, i f  t h e  c o n f i g u r a t i o n  is one of a wel l -understood 
series o r  s i m i l a r  t o  o t h e r  t r i e d  conf igura t ions , .  t e s t  and 
e x p e r i e n c e  d a t a  can o f t e n  Se e x t r a p o l a t e d  w i t h  some c o n f i -  
dence.  NASA and DOD i n t e r v i e w e e s  b e l i e v e . t h a t  thorough tes t -  
ing in  t h e  intended o p e r a t i o n a l  environment and e x t e n s r v e  
e x p e r i e n c e  d a t a  a r e  t h e  best g u i d e s  t o  p r e d i c t i n g  r e l i a b i l i t y .  
P r e d i c t i o n s  a r e  made d u r i n g  development,  b u t  t h e s e  a r e  used 
for  comparison only--to choose among des ign  a l t e r n a t i v e s ,  
c a n d i d a t e  components, and so on. 

During development,  r e l i a b i l i t y  e n g i n e e r s  u s e  p r e d i c -  
t ive  models based on component t e s t i n g .  To a n t i c i p a t e  t h e  
f requency  of r a r e  occurrences ,  t e n s  of thousands of comgo- 
n e n t s  m u s t  be analyzed t o  e s t a b l i s h  f a i l u r e  r a t e s  and to t r y  
to  uncover some of t h e  'unknown unknowns" t h a t  beset comDlex 
d e s i g n s .  This  procedure can be c o s t l y  and t i n e  consuming 
w i t h o u t  producing a l l  the answers about how a system w i l l  
perform. Even though f a i l u r e  r a t e s  may be e s t a b l i s h e d  
th rough  e x h a u s t i v e  t e s t i n g ,  t h e y  are o f t e n  modified by 
e n g i n e e r i n g  judgment. For example, a manufacturer  ' s  stress 
c e i l i n g  on a c r i t i c a l  component might be halved t o  temper 
t h e  u n c e r t a i n t y  of a r e l i a b i l i t y  c a l c u l a t i o n .  

Because of t h e  u n c e r t a i n t i e s  and i n h e r e n t  l i m i t a t i o n s  
i n  t h e i r  a b i l i t y  to p r e d i c t  r e l i a b i l t y ,  most e n g i n e e r s  52- 
l i e v e  t h a t  an expressed  l e v e l  of r e l i a b i l i t y  should be a 
goal ra ther  than a c o n f i d e n t  p r e d i c t i o n  of how a new system 
w i l l  perform; R e l i a b i l i t y  g o a l s ,  i n  t h e i r  view, a r e  g u i d e s  
for a n a l y z i n g  d e s i g n s ,  s e l e c t i n g  and t e s t i n g  c r i t i c a l  compo- 
n e n t s ,  p r o v i d i n g  for redundancies ,  choosing b a c k u p  pa r t s ,  
and d e c i d i n g  on fa i lure-avoidance  measures. 

Some o f f i c i a l s  look on c o n t r a c t - s p e c i f i e d  r e l i a b i l i t y  
f igures  as o f t i m i s t i c  p o s s i b i l i t i e s  rdther than  s u p p o r t a b l e  
f i g u r e s .  One o f f i c i a l  termed c o n t r a c t - s p e c i f  i e d  r e l i a b i l -  
ity numbers as 'window dress ing ."  Anoiher e x p e r t  s a i d  t h a t  
a c c u r a t e  p r e d i c t i o n s  may be unpopular or p o l i t i c a l l y  unaccept- 
able. A r e c e n t  A i r  Force r e p o r t  s ta tes  t h a t :  

2 

-193- 



Attachment 3 (Continued) 

.. 

B-16 4 105 

"*  where a manufacturer  is i n t e r e s t e d  i n  
having h i s  equipment look good he can ,  and w i l l ,  
se lect  some of t h e  more o p t i m i s t i c  d a t a  he can 
f i n d  or  g e n e r a t e ,  t o  use in  h i s  r e l i a b i l i t y  
p r e d i c t i o n s .  Thus r e l i a b i l i t y  p r e d i c t i o n s ,  f o r  
s e v e r a l  r easons ,  tend t o  be g e n e r a l l y  o p t i m i s t i c  . 
by a f a c t o r  of two t o  s i x ,  bu t  sometimes f o r  sub- 
s t a n t i a l l y  g r e a t e r  f a c t o r s . "  

ACTUAL R E L I A B I L I T Y  

Ac tua l  r e l i a b i l i t y  i n  o p e r a t i o n s  is a f f e c t e d  by many 
v a r i a b l e s .  For example,. changes in  humidi ty ,  t empera tu re ,  
v i b r a t i o n ,  and shock cause problems i n  e l e c t r o n i c  systems.  
Burnan e r  r o c ,  "wear-out ,I' sh ipp ing ,  hand l ing ,  and v a r i o u s  
main tenance  p r a c t i c e s  a r e  o t h e r  causes of system f a i l u r e .  
(NASA found t h a t  an i n t e n s i v e  "people  mot iva t ion"  program 
improved o v e r a l l  r e l i a b i l i t y .  ) 

able or q u a n t i f i a b l e  dur inq  development. For example, one 
NASA o f f i c i a l  t o l d  us t h a t  s i x  redundant  components had 
f a i l e d  on one system. If such a cont ingency  could have 
been a n t i c i p a t e d ,  t h e  des ign  would have been changed or  
f u r t h e r  redundancy or backup pa r t s  added. 

adequa te  so t h a t  p red ic t ions .  ve r sus  achieved performance 
fo r  sys tems and subsystems can be mis leading .  A r e c e n t  
Defense Advance Research P r o j e c t s  Agency r e p o r t  s t a t ed  
about d e f e n s e  systems:  

Many problems are due t o  des ign  "unknowns" no t  p r e d i c t -  

Repor t ing  of a c t u a l  r e l i a b i . l i t y  d a t a  is sometimes in- 

*There is no r o u t i n e  f i e l d - r e l i a b i l i t y  r e p o r t i n g  
system i n  ROD t h a t  can provide  meaningful  feed-  
back t o  producer  commands and t o  manufac turers  
on t h e  f i e l d  r e l i a b i l i t y  of e l e c t r o n i c  subsystems.  
E x i s t i n g  maintenance d a t a  c o l l e c t i o n  systems * * 
do n o t  perform t h i s  f u n c t i o n  adequa te ly .  Moreover, 
t h e r e  is c o n s i d e r a b l e  confus ion  i n  t h e  terms used 
to  d e s c r i b e  r e l i a b i l i t y  * *. Thus f i e l d  i n f o r -  
matior. is ambiguous a t  bes t . "  

NASA, on t h e  o t h e r  hand, with its "one sho t "  systems 
g e t s  qu ick  n o t i c e  of . f a i l u r e s ,  a l though t h e  causes  may not  
be r e a d i l y  a s c e r t a i n a b l e .  

3 
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MAJOR SYSTEMS RELIABILITY DATA 

The in fo rma t ion  on r e l i a b i l i t y  of v a r i o u s  de fense  and 
space systems shown below was developed by DOD, NASA, and 
o t h e r  s o u r c e s .  We d i d  not  v e r i f y  t h e i r  accuracy,  nor d i d  we 
attempt t o  d e f i n e  what was m e a n t  by system r e l i a b i l i t y  i n  
each case. T h e  d a t a ,  t h e r e f o r e ,  is u s e f u l  on ly  f o r  compar- 
ing i n i t i a l  estimates with l a t e r  experience--system by system. 

S e l e c t e d  A c q u i s i t i o n  Reports ( S A R S )  

These documents a r e  publ ished p e r i o d i c a l l y  by DOD t o  
r e p o r t  t e c h n i c a l  s chedu les  and c o s t  information on c e r t a i n  
major weapon s y s t e m s .  Nomenclature in  t h e  S A R s  v a r i e s :  f o r  
example, t h e  c r i t e r i a  fo r  missile system performance a r e  
v a r i o u s l y  "system r e l i a b i l i t y , "  i'n-f l i g h t  r e l i a b i l  i t y ,  * 
. p r e f l i g h t  r e l i a b i l i t y , "  "developmental p r o t o t y p e  r e l i a b i l -  
ity," o r  "production p ro to type  r e l i a b i l i t y . "  They a r e  seldom 
d e f i n e d .  Combat r e l i a b i l i t y ,  which is u s u a l l y  a f r a c t i o n  of 
l a b o r a t o r y  or  test range l e v e l s ,  is not  shown. 
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E l e c t r o n i c  subsystems 

E l e c t r o n i c  subsystems a p p a r e n t l y  p r e s e n t  t h e  most 
r e l i a b i l i t y  problems. A r e c e n t  Defense Sc ience  Board re- 
port  presen ted  t h e  fo l lowing  d a t a  on the  s p e c i f i e d  v e r s u s  
actual mean time between f a i l u r e s  (MTBF) ( h o u r s )  of a i r c r a f t  
r a d a r  subsystems.  

A i r c r a f t  

P-4B 
A-6A 
F-4C 
P-111 A/E 
F-4D 
A-7 A/B 
A-7 D/E 
F-4E 
F-111D 
F-4s 

S p e c i f i e d  

(note  a )  
MTBF 

10  
75 
1 0  

140 
10  
90 

250 
18 

193 
20 

Achieved 
MTBF 

(note  a )  

4 
8 
9 

35 
1 0  
30 
1 2  
10  

less than 1 
5 

- a/ Approximate f i g u r e s .  

NASA sys tems 

NASA exper t s  b e l i e v e  t h a t  'absolute '  r e l i a b i l i t y  numbers 
are mis l ead ing  and t h a t  t h e  time requi red  t o  deve lop  t h e m  is 
b e t t e r  s p e n t  on c r i t i ca l -component  r e l i a b i l i t y  ana lyses .  I t  
does make p r e d i c t i o n s  du r ing  development to compare d e s i g n  
a l t e r n a t i v e s  and t o  e v a l u a t e  components. NASA's r e l i a b i l i t y  
expe r i ence  t o  1974 can b e s t  be i l l u s t r a t e d  by i ts  h i s t o r y  of  
launch  successes, which average  about  85 percent .  Only i n  
small sampl ings ,  it w i l l  be -no ted ,  is  100-percent r e l i a b i l i t y  
achieved  . 
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NASA Launch Vehic le  Performance 

Ve h i c 1 e 

Mercury Blue Scout  
Juno  I1 
JUpit.er C 
Thor-Able 
vanguard 
Atlas-Able 
A t l a s  
Thor 
L i t t l e  J o e  
L i t t l e  Joe I1 
s c o u t  x 
s c o u t  
Reds t o ne 
Thor - D e l  t a  
Thor-Agena 
Atlas-Agena 
Atlas-Centauer  
S a t u r n  I 
T i t a n  I1 
At las  X-259 
Gemini ( A t l a s -  

S a t u r n  I B  
S a t u r n  V 

Agcna T a r g e t  ) 

T o t  a1 

T o t a l  - 
1 
10 
1 
5 
4 
3 

11 
2 
7 
5 
1 

57 
5 

99 
13  
26 
32 
10 
1 2  

2 

6 
8 

1 3  

333 

- 
- - 

Successes  

0 
4 
0 
3 
1 
0 
9 
2 
7 
4 
0 

51 
5 

90 
1 2  
20 
26 
10 
1 2  

2 

4 
8 

12  

282 

- 
- - 

Success  
pe rcen tage  

0 
4G 
u 

60 
25 

0 
82 

100 
100 

80 
0 

89 

9 1  
92 
77 
81 

100 
100 
100 

67 
1 0 0  

92 

i o n  

85 

A s  f a r  as we  could l e a r n  du r ing  t h i s  b r i e f  review, DOD 
and NASA o f f i c i a l s  can o f f e r  l i t t l e  guidance as t o  how ve ry  
rare f a i l u r e s  o r  c a t a s t r o p h i c  a c c i d e n t s  t o  sys tems can be 
a n t i c i p a t e d ,  avoided ,  or p r e d i c t e d .  F a i l u r e  r a t e s  f o r  most 
eng inee red  sys tems cover a ve ry  wide range. According t o  
several r e l i a b i l i t y  e x p e r t s ,  simple mechanisms (ordnance  
f u z e s )  o r  sys tems l i a b l e  t o  incur  human l o s s e s  have f a i l u r e  
rates of 1 i n  1,000 t o  1 i n  100,000 occur rences .  

NASA goes  t o  ex  t r a.ord i n a r  y l e n s  t hs--:el i a b  il i t  y c o s t  
is h a r d l y  an objec t - - to  prevent  d i s a s t e r s  i n  manned space  
v e h i c l e s  and has  t h e  s i n g u l a r  advantage of v e h i c l e  occcpsn t s  
prepared  t o  make onboard r e p a i r s .  S t i l l ,  t h r e e  a s t r o n a u t s  
were l o s t  i n  one v e h i c l e .  The S o v i e t s  s u f f e r e d  s i m i l a r  l o s s e s  

6 
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i n  o t h e r  a t t e m p t s .  No one can t e l l  if  and when such c a t a -  
s t r o p h i c  f a i l u r e s  w i l l  be repeated .  

shall be g l a d  to  d i s c u s s  them wi th  you and your s t a f f .  
If  you have any f u r t h e r  q u e s t i o n s  on t h e s e  m a t t e r s ,  w e  

S i n c e r e l y  yours ,  zv 
Comptroller General 
of t h e  United  S t a t e s  
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