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The s t a t e  of knowledge concerning a i r c r a f t  crash hazard* to  nuclear power 
p l an t s  is c r i t i c a l l y  evaluated.  T h i r  e f f o r t  is part  of a  study to analyze 
the p o t e n t i a l  e f f e c t 8  of o f f r i t e  h z a r d a  upon the u f e t y  of nuclear power 
p lant -  and t o  develop a t echn ica l  bas i s  f o r  the assesameat of s i t i n g  
approacher f o r  ruch f a c i l i t i e s .  Tha evalua t ion  includes the de te rmin i s t i c  
modeling of a i r c r a f t  c r a rh  a c a m r i o r  and t h r e a t  environmsnts. the ec t imr t ion  
of the e f f e c e r  on and t h e  responrs of ths  v i t a l  p lan t  systems. and the 
p r o b a b i l i s t i c  -rsp.ctr of the crash  probler ,  i.e., da ta  baser and a t s t i s t i c s 1  
methodologier. Also c r i t i c a l l y  reviewed a r e  p.st l i cens ing  axperience and 
regulatory p r a c t i c r  with respect  t o  a i r c r a f t  crash hazards. 

I n  genaral  i t  i n  found t h ~ t  the  d a t e  h a e s ,  mthodologies  and modeling 
approacher are adequate t o  e r t i u t s  the t h r e a t  and plant  response. However, 
t h i s  knowledge is mt always f u l l y  rued i n  r p e c i f i c  appl ica t ions .  S i t i n g  of 
nuclear power plant8  r e l a t iwe  t o  a i r c r a f t  harard.  is a  r i s k  baaed procedure 
t h a t  cons ider r  t h  p r o b a b i l i t i e s  of c rash  occurrencs and t h e i r  
consequences. Ia t h i a  cootext  it appears L u a i b l e  t o  improve the s i t e  
screening procedurer and t o  develop eacluslon w n e s  from con t ro l l ed  a i r  
spaces ( a i r p o r t s ,  a inays ,  etc.)  based s o l e l y  on l o c a l  aviatlocl a t a t i s t i c a  
and independant of p lan t  design. Hethndologies f o r  t r e a t i n g  camplax 
a v i a t i o n  o n v i r o n u n t r  ruch u mult ip le  a i r p o r t 8  and overlappin8 airways a r e  
needed, a r  are gu ide l ines  f o r  c rash  t a r g e t  calculations. Further  
inves t iga t ion8 of c ra sh  s c e w r l o r ,  p a r t i c u l a r l y  those t h a t  could lead t o  
mul t ip le  o r  propagating f a i l u r e s ,  should be pursued. 
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Thir report  p r o v i d u  a revieu and evaluat ion of a i r c r a f t  c r ,  
analyren f o r  nuclear power plants .  Of p l r t i c u l a r  concern a r e  t b  

both p r t  and propond,  and regulatory e x p e r i e a u  of tha U 
Regulatory Cbmirr ion  cogatding the r i t i n g  md derign of there  Q 

U.S. Cod. of t e d r r a l  logula t iona  cu r ren t ly  r e q u l r m  t h a t  the  r i  
and engineered u f e t y  f e a t u r e r  of a nuclear power plant  should 1 
r l s k  of public exporum to accidenta l  radioact ive re leaner ,  and 
b a s i s  events  used to onrum t h l r  rhould not be exceeded by a 

considered credible.  HllC rtandard review prac t ice  conrider 
po ten t i a l  exporure events  a s  tho.= having an expected r a t e  of 
grea ter  than f r a r  lo* t o  lo-' per year depending upon the na 
da ta  and arrumptionr. Both tho B d e  of Federal L g u l a t i o n r  and 
provide foe  engineering rafeguardr t o  c a p e n r a t e  f o r  unfavc 
c h a r a c t e r i r t i c r .  The I(RC h a  recent ly  i n r t i t u t e d  a formal polic 
fu tu re  s i t e  r e l e c t i o o  on tho b a r i r  of proximity c r i t e r i a  t o  COI 

of c o r n e r c i r l  ond m i l i t a r y  a i r c r a f t  a c t i v i t i e r .  

It ?as been auggerted that tho prerent  r u l e r  and regula t ionr  ma 
an over-reliance on onginmering oo lu t ioa r ,  mmecersary exposuz 
empharir of rltlng as a defenre-in-depth f ac to r  t o  a i r c r a f t  h 
addi t ion  t o  r p o c i f i c  p l an t  de r i an  f ea tu re r  t o  d t i g a t e  a i r c  
induced conrequencer, .:ternat0 r l t i n g  approaches have been adva~  
summarlzed a r  follows: 

m i n i m u  rtandoff distance. 
exclurion d i r t r n c e r  
a l t o  acceptance l i m i t .  - exclurion threrhholds 
r i t e  acceptance Yloorr - approval threrhholds 
acreenfry d i r t a a o  valuer  
rcreening p robab i l i ty  l e v e l r  

As mentioued, recent  NRC reviow procedurer e r t r b l i r h  rcreeni  
valuer  which a ro  fadopondont of r p e c i f i c  plant  design. 

In general ,  e x t o n r i m  a i r c r a f t  da ta  barer  and r t a t i r t i c a l  c ra rh  
have been developod. Thr l a t t e r  a r e  Judged here t o  be act 
na t ional  b a r i r  to  wi th in  about one order  of u h n i t u d s  w i t h  
a r i s i n g  from tha d e f i n i t i o n  of crasher  po ten t i a l ly  threatenin4 
pover p lan t r  rad tho c l a r e i f i c a t i o n  of av ia t ion  charac te  
a c t i v i t i e r .  Deficiancier  do, however, e x i r t  v i t h  regard 
av ia t ion ,  d r l ina r t io l% of phr r r r  of operet ion,  and important p 
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aircraft crarh ocenerior. There dlfflcultier are usually murmounted through 
analytical wdelr, probability dirtribution function conrtructions. and 
cormervatiw arrcn~tionr. 

.~.,;+'$!:... . ,  .. .' 
L1L. 

Aircraft crarh rates correspond to groupings of aircraft type, aviation 

activity. airport cluracterirticr, and air rp.ce usage (e.g., airway. 
restricted air space, .od hckground air octivitier). The rates scale with 

the number of operatioor; other porrible scaling rffectr have not been 
adequately rtudied. A value of lo-' events per year per aquare d l e  is 
representative of tha crash rater of background light aircraft and of heavy 
aircraft in the icmediate vicinity of heavily traveled alruayr and within 
about five milea of a u j o r  airport. Although detailed cramh ratea in 

actual oitutiono ulll vary widely. thia representative value demonstrates 
that siting and plant daoign faaturea are imyortant and necessary 
considerationo in meeting federal rafety requirements for nuclear power 
plant. relative to aircraft harardm. More rpecifically, rltea tearby heavy 
aircraf c aviation rpacer, uhich concentrate uir traffic, inaeaae crash 
rate., and multiply the types of aviation activities, muac 
acrut!nized, and plantr rhould be relatively nonauscepti 
aircraft crarhes. 

Crash probabilitlar correrponding to various aviation groupings have been 
calculatsd for s mmber of plantr. There rerultm depend prinhliyally upon 
the number of annual operationr occurring locally in each avdtlon group, 
respective crooh rates, a r r m e d  accllent scenario p a r a m e t e  auch as 
aircraft type and crarh path, and plant parametere. The latter ncludee the 

identiflcatioa of ~urceptible rafety-related feature8 and coaputation of 
their effective target areas. There ulct'lationr typical1 
considerable local data gathering. rite-rpecific repreaentati 
parameter mdaling, and conditional probability ertimationr of 

occurrences. In particular, conditional probebilltier 
radioactive moterial releare exceeding NRC guidelines given 

cramh are urually implicitly mede am follovr: a value 

mtructurer ured in the effective target area evaluation ond 
excluded. 

The reaults obtained ara often near to or m r g i m l l y  within 
occurrence safety guf.daliner. Conridereble conrervatiom 

included in t h  usrs reviewed. Houever, not enough 
to certain spacialired arpectr of the problem 

renritivitier ,"o ,"rarultr to variations in the key 
important in any m l g f ~ 1  rituation. For example, 

aircraft and aircraft d r r i l o r  on eubrtantlal 



extenr ive ly  r tudied ,  but o the r  c ra rh  rcenarior  have not been purrued in any 
s i m i l a r  d e t a i l .  M r c r a f t  c rasher  ray r e s u l t  i n  u l t i p l e  f a i l u r e  i n i t i a t i n g  
events.  and a pt.?pagating f a i l u r e  org ina t ing  with a  nonrafety ayatem 
nal funct ion  m y  be porr ib le .  F i r e  and explorion hazards a r roc la t ed  with the 
a i r c r a f t  f u e l  haw not  born t r e a t e d  i n  r u f f i c i e n t  d e t a i l ,  and, uh i l e  there  
t h r e a t s  u y  be r e l a t i v e l y  lerr hazardous than the  d i r e c t  a i r c r a f t  l m p ~ c t  
t h r e a t ,  t h i e  h u  not  bean adequately demonstrated. 

Fur ther ,  there  l a  a h c k  of c l e a r  and rupported statement. on n n y  important 
underlyiag a rn tnp t ioa r  and of comprehenrire t res tment r  of the ove ra l l  
hazard. ?roo thr p r r p e c t i v e  of r i d  m a l y o i r  r t h o d ~ l o g y .  the ca l cu la t ion  
experience i r  g e n r r a l l y  r a t h e r  r lmpl i f ied  with grorc. and o f t en  implied 
r e l a t ionsh ips  rued t o  represent  the  complex couplings mong the many 
va r i ab le r  of the problem. It Sa important t o  s t a t e ,  however, t ha t  t h l r  does 
not  n e c e r r a r i l y  lmply t h a t  tho r e r u l t r  a r e  rimleading o r  inva l id  or t ha t  -- 
r i g n i f i c a n t l y  d i f f e r e n t  e r t i ~ t e r  can k l ade ,  but t ha t  improved treatments 
of a i r c r a f t  h t a r d  ecanarior  and m r e  advanced a thodologiem a re  general ly 
des i rab le .  

re that, i n  add i t ion  t o  the types of lmprovementa i n  
ana lyrer  and m8thodologiea ou t l ined  above, c e r t a i n  a l t e r n a t e  regula tory  
approaches are worthy of p r r r u i t .  S p c i f i c a l l y ,  the r ecen t ly  i n r t l t u t e d  
s i t e  r c r e e n i q  approach ua be f u r t h e r  re f ined ,  and thu er tabl i rhment  of  
mlnlmun otandoft  andlor  axclurion d i s t ances  r e l a t i v e  to  a i r p o r t s ,  airwaym, 
and cooplex aviation envirormentr appearr hoth f e a s i b l e  and p rac t i ca l  t o  
develop. The p r i n c i p a l  d v a n t a g e r  of the l a t t e r  w u l d  be (1)  t o  c l e a r l y  
mphar i ze  r i te  relectim over engineering  solution^ i n  thore  ca re r  where 
s a f e t y  deeiga f u t u r e r  are c o r t l y  m d  heavily r e l i e d  upon t o  reduce the r i sk  
of power g e m r a t i o n  t o  the publ ic ,  and (2)  to r i & n l f l c a n t l y  s t reamline and 
s impl i fy  the  repula tory  procerr .  



1. INTRODUCTION 

I n  recent pars tha e f fec t*  of o f f r i t e  hazardr h v e  bacome an important 
considerat ion i n  t h r  r i t i n g  and deminn of nuclear power p lants .  The 
objec t ive  of tha current  rtudy i a  t o  provide llRC with technical  background 
fo r  possible t u l e u k i n g  on the r i t i n g  of nuclear power plenta with regard to 
a number of o f f r i t e  brzardr.  One of the considered luzardr  i s  the crash of 
m ai rp lane  on the  power plant  r i t e .  An with a l l  hazarJr tha ul t imate 
concern i s  the s a f e t y  of the ueneral l u !~ l i c ,  vhich i n  turn implier the 
avoidance of r u b s t a n t i a l  radioact ive  re lersea .  Such re l eases  may a r i s e  
e i t h e r  d i r e c t l y  throuah t h e  d u a g e  or  breaching o l  a plant  component 
containing radioact ive  u t e r i a l r  or  ind i rec t ly  through the malfunction of 
plant  ryrtemr d c a p o n e n t r ,  which i n  turn r a r u l t  i n  s u b s t a n t i a l  dansge t o  
the reac tor  =om and primary heat  transport system. 

nbt m j o r  threat* u r o c i a t e d  v i t h  an a i r c r a f t  c rarh  a re  the impact loada 
r e l ~ u l t i n g  f r a  th c o l l i r i o a  of the a i r c r a f t  with power plant  structures and 
corlponentr d t he  t h a r u l  andlor overprerrure e f f e c t s  which can m i r e  due 
to th i g n i t i o n  of th f u e l  ca r r i ed  by tha a i r c r a f t .  While the damage 
mechanirmr depend on the  p lant  rymtem a f fec ted  by the craah,  c red ib le  
accident  acamriCr  muat conr idr r  both the d i r e c t  r e l ease  of r ad ioac t iv i ty  
due to b r u c h i a g  of h r r i a r r  and tha delayed re l ea re  aasociated with damage 
to core and othar  v i t a l  plant  ryrtemm. In the l a t t e r  category of prime 
lmportanca a r e  s&fe ty  r y r t u a  h i c k  a re  needed fo r  u f e  shutdown and lon&- 
t e r n  heat rmoval .  

Slnca o i f r i t a  tuza rd r  t o  a r e l a a t  power p lant r  n r i r a  from accidenta l  event., 
the r t o c l u r t i c  arpoct. of th. problem murt a l w  k conridarad. This  u x i m  
hold. p a r t i c u l r r l y  f o r  a i r c r a f t  c rarhar  kt aure i t  is mt possible a p r i e r i  
t o  exclude tha praraoer i f  a i r c r a f t  f r m  any p a r t i c u l a r  locat ion.  The 
purpora of the cur ren t  i4.8 i r  t o  c r i t i c a l l y  raviaw and svalua ta  the a t a t e -  
o f - t h w a r t  of both d e r e m J  2. . and p r o b a b i l i s t i c  knowle6~-  concerning the  
hazard* t o  arelaat paws .). from a i r c r a f t  c rarher .  This e f f o r t  i r  not 
only i n t a a d d  u raviau of part p rac t i ces ,  bnt raprerants  : indepandent 
avaluat ioo of t h e  &ta braes  and u t h c d o l o g i e r  w e d  i n  a r t l u t i n g  the 
hararde t o  nuclear p o m r  p lant r .  Roth t r t rong point# and the 
i ~ d e q u a c t a r  01 pmt prac t l ca r  a r e  i d e n t i f i e d ,  and where porr ib la  r a e d l a l  
approache* rrr r r c m a d a d .  Porr ib la  regulatory approachem a ra  dircurmed i n  
l i g h t  of them . ra lua t ioa r .  



. . . ,~ 

; 
6 

spective, p re smt '  policie., practiceo, and 
e f ly  reviewed i n  the next section. This is 

s , , : , . .  . ' . '  " ' ,. 
followed by:.ni~'overviav'of the l i t e r a t u r e  survey. Aircraft  hazards analyois 

, I . ,.. 
and the safety::relsted power plant systems and protection barr iers  are 

one. This is folloved by a detailed evaluation 
estimate crash loads, s t ruc tura l  response, and 
The f i n a l  sectiolu of the report concern the 
odologies and recomndations concerning analysis 
as ible  regulatory approaches. Brief summaries of 
re,  reports and documents are  provided in t h e  
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2. BAQ;CPOUKD 

r plant  s i t i n g  has k e n  t o  address t 
rdr  on a ca re -byca re  basis .  ld approach 

consisted of ( i ) ~ : i d e n t i f k s t i o n  of s i g n i f i c a n t  hazards, ( i i )  an a&lys i s  and 
evaluat ion of .thc'&iard l e v e l  the applicant  using recommended $r h i s  own 
methodologies, : & d j ( i i i )  a demonstration of techniques and engine&ed design 
f ea tu res  f o r  mi t iga t ing  the cocuequencu i f  the l e v e l  of hazard is found t o  
be  excessive^ . In  the  past a l l  of there  e f f o r t s  a r e  d i r ec ted  t o  meet the 
nuclear reactot '~imit1ng c r i t o r i .  which a r e  contained i n  the Code of Federal 
Regulations - ~ * r t  100 of T i t l e  10 (10 (PB 100) [ I ]  and which &ns t i tu t ed  
the primary mandate f o r  HRC evaluat ion of p r ~ p o r e d  r i t e s .  

.-; . .q: ? 
While n e w  c r i t e r i a  u y  be developed i n  conjunction vich fu tu re  s i t i n g  
r u l e ~ k i n g ,  severa l  a spec t s  of 10 CFX 100 a r e  important t o  t h i s  study s ince  
they have h i o t o r i u l l r  lrot only influenced the s i t e  s e l e c t i o n  and reac to r  
p lant  design processes but have provided the ob jec t ives  of most of the  
subjec t  analyses t o  be evaluated here. Spec i f i ca l ly ,  "... the  s i t e  loca t ion  
a d  the  engineered f ea tu res  included a s  safeguards aga ins t  the  hazardous 
conaequenc~n of M accident ,  should one occur. should insure  a low r i s k  of 
public  exposure." Provision i a  made f o r  the der iva t ion  of an exclusion 
a rea ,  a low populat ion zone. and population cen te r  d i s t ance  usuming a 
f i s s i o n  product release fraa the  core  and expected demons t rab le~ leak  r a t e  
from the  containment u t i l i z i n g  exposure guidel ines  described f o r  these  
regions. The f i s r i n r  product r e l ease  assumed is suggested t o  f o l l w  from 
ca lcu la t ions  bared upon a u j o r  accident  having p o t e n t i a l  hazards not 
exceeded by those from any accident  considered credible.  It i s  f u r t h e r  
s t a t e d  t h a t  ~ c h  &cidents  a r e  genera l ly  lssumed t o  r e s u l t  i n  & b s t a n t i a l  
core mltdown and re l ea ra  of appreciable q u a n t i t i e s  of f i s s i o n  products.  
S i t e  accep tab i l i ty  f a c t o r s  t o  be taken i n t o  account include, among o the r s ,  
unique o r  u n u r d  faa turea  having a s i g n i f i c a n t  bearing on the  p robab i l i ty  
and conrequences~ .o f .  acc iden ta l  radioact ive  r e l ease  and appropr ia te  and 
adequate engineer iag ' .  eafeguardr t h a t  compensate f o r  unfavorabG physlcal  
c h a r a c t e r i s t i c s  o f  ;:!,the site. Thus. 10 (PB 100 predica tes  cons1d;ration of 

, ... , 
the following topicex; 

;; {$pt@g$;:. 
.. ~?,.', 

i 
def init<&of i'i;hyrical c h a r a ~ t ~ r i e t i c s  of the  s i t e  ; 

..: ... &,,# 
the appropriateness and adequacy cf engineering safeguards, 

.'.,.*;s' " 

.A..',*Ei 

3 
t he  f a c t o r s ~ t h i t  .define p robab i l i ty  and conrequence eat imatfon 
and t h e i r  i ~ s e n r t i v i t y ;  

3!@, >. . . . . I 
l f a i l ~ r ? , ~ $ w d e r  of csdioact ive  mater ia l  b a r r i e r s  and subsequent 

uncontrol led release; 
f a i l u r a  .odes of m f e  shutdown and decay-heat-removal rystemn; 
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narios.  mechaniraa, a d  c r e d i b i l i t i e s ;  

ed by the NRC i n  in t e rp re t ing  10 Q1 

t he re  a r e  contained i n  the Stand 
(SW). NIlllP1C-0800 121. These procedures e s t a b l i s h  c r i S e r i  
complied wi ths l in  r p a c i f i c  l i cens ing  cases  before a  l i cense  

d i r e c t  bearing on a i r c r a f t  hazards a re :  

d e n t i f i c a t i o n  of Po ten t i a l  Hazards i n  S i  
Evaluation of Po ten t i a l  Accidrnts 
A i rc ra f t  Earards 

Sect ion 2 -2.1-2.2.2 is pr imar i ly  conceraed v i t h  the loca t ions  #nd separa t ion  
distances from ,... t h e  site of i n d u s t r i a l ,  m i l i t a r y ,  and 
f a c i l i t i e s  .and:::routes i n  the  v i c i n i t y  and during the 
p lant .  It suggests  review of a11 i d e n t i f i e d  f a c i l i t i e s  a c t i v i t i e s  
within 8 h' (5 miles)  and a t  g r e a t e r  d is tances  i f  t h  
a f f e c t i n g  p l an t . , s a fe ty - re l a t ed  f ea tu res  e x i s t s .  Sect ion 2. 
review of ~ . t h e . ' ~ : i d e n t i f i c a t i o n  of pocent ia l  acc ident  s 
completeness,,..,and the  bases of design accomodation. 
appropriate ,~~~~.~i i ' !~the review of p robab i l i t y  mnalyses - 
a n a l y t i c a l  w d e b i ;  - and consequence analyses of acciden 
design bakia%&ts. I n  the  past  design basis events  had include each 

..: b, 
accident  h a v i n g - ' a  expected r a t e  of occurrence of poten 
excess of t h e  .lO:CPB 100 guide l ines  exceeding approximat 
using s i t e - s p e c i f i c  o r  r ep resen ta t ive  information and 
r e a l i s t i c  e s t i l u t i o a s .  A r a t e  of per  year 
c o n a e r v a t i r  , c M $ ~  demonrtrated. The e f f e c t s  of those 
on ~ f e t ~ r s l a t . d ~ ~ f a t u r e s  must be analyzed, and IbebSUre 
consequencmimust .:be taken. It is recognized i n  the S 
probabilitr . .$f . ~ .  . ?  >;inhividual  c l a s s e s  of e x t e r n a l  smn-sad 
the acceptan&': c r i t e r i a  even though the indiv idual  r a  
acceptably .lw, and t h a t  i d d i t i o n a l  design f ea tu res  m y  

Sect ion 3.5.1.6. i s  s p e c i f i c a l l y  concerned v i t h  a i r c r a  
e s t ab l i ahe r~~ :&r& procedures t o  ensure t h a t  they a r e  e l i d n  

%.,rrm*Ji 
bas i s  concem'~:.or; that appropr ia te  accident  events  have b chosen end 
properly .ch&t&ired r e l a t i v e  t o  impact and f i r e  hazards. 

. . 
SRP review 

as the following s i t u a t i o n s :  



Y 

1. S i t e s  having an adequa te ly  la, p r o b a b i l i t y  of  o c c u r r  ce  ( l e s s  than 
about 10" par  year )  of r a d i o l o g i c a l  coneequences excess  of  the 
10 CPB 100 g u i d e l i n e .  This  c o n d i t i o n  is a a s u  t o  occur by 

i n s p e c t i o n  i f  the  d i s t a n c e s  from the  p lan t  meet requirements  
below: 

?# 
The p lan t - to -a i rpor t  d i a t s n c e  D is between 5  m d  10 s t a t u t e  * 
m i l e r ,  and the  p ro jec ted  annual number of o p e r l t i o n ~  is l e s s  

e 
than  500 D*, o r  D is g r e a t e r  than 10 s t a t u t e  ) i l e a ,  and the 

5 2 
pro jec ted  annual number of o p e r a t i o n s  is l e s s  t h a n  1000 D , 

t 
The p l a n t  is at  l e a s t  5 s t a t u t e  P i l e s  from the  edge of m i l i t a r y  
t r a i n i n g  r o u t e s .  inc lud ing  low-level t r ~ i n l  u t e s ,  except  
those  a s s o c i a t e d  with a  ueage g r e a t e r  than 1 f l i g h t s  per 
year ,  o r  where a c t l v l t l e .  (e.g., p r a c t i c e  bom ) may c r e a t e  
a n  unusual stress s i t u a t i o n ,  

The p l a n t  is a t  l e a s t  2 s t a t u t e  miles  heyond nearee t  edge 
of a  f e d e r a l  a i rway,  holding p a t t e r n ,  o r  approa 

2. S i t e s  not meeting the  above proximity c r i t e r i a  or s u f f i c i e n t l y  

hazardous m l l i t a r y  a c t i v i t i e s  a r e  i d e n t i f i e d .  In t s i t u a t i o n  e 

d e t a i l e d  rcview of a i r c r a f t  hazards  must be perf  
a i r c r a f t  a c c i d e n t s  uhlch could l t a d  t o  r a d i o l o  
excess  of 10  CPR 100 exposure g u i d e l i n e s  w i t  

p r o b a b i l i t y  g r e a t e r  than about lo-' per year should 
t h e  deoign of t h e  p l a n t ,  s u b j e c t  t o  t h e  des ign  
c r i t e r i a  regard ing  a i r c r a f t  impacts ( m i a s i l e a )  and 

Th's s e c t i o n  of the  SBP a l s o  a d d r e s s e s  review procedures  some d e t a i l  

r e l a t i v e  to  a v i a t i o n  uaes ,  ho ld ing  p e t t e r n a ,  d e a i g  
airways.  For thaw! c a a t n  the  c r a s h  p r o b a b i l i t y  depends u  

and frequancy. t h e  a i rway l o c a t i o n  and c h a r a c t e r i s t i c e ,  i 

( c r a s h e s  per a i r c r a f t - m i l e  flown per y e a r ) ,  and p lan  
addresaed are c i v i l i m  and m i l i t a r y  a i r p o r t s  dnd h e l l - p o r t s .  

p r o b a b i l i t y  w i l l  depend upon the  types  of a i r c r a f t ,  number 
a f f e c t i n g  t h e  s i te ,  a i r p o r t  c r a s h  s t a t i s t l c a  (c rashen  
equare  mile) of the a i r c r a f t  t y p e s ,  t r a f f i c  d a t a  f o r  the 

p a t h s ,  and p l a n t  f e a t u r e s .  The t o t a l  a i r c r a f t  hazard 
i n t e g r a t e d  over  a l l  p o t e n t i a l l y  t h r e a t e n i n g  a v i a t i o n  
e f f e c t i v e  p l a n t  a r e a  is recognized t o  depend upon a  st.ad 

assumed c r a s h  a n g l e s  of t h e  v a r i o u s  a i r c r a f t  and f a i l u r e  



based on a i r c r a f t  and topographical c h a r a c t e r i s t i c s ,  and the susceptible.  
f ea tu res  of the p lant  r e l a t i v e  to  s t r u c t u r a l  o r  f i r e  damage. 

T cur rent  nuclear power p lant  s i t i n g  policy and p rac t i ce ,  in  which an 
appl icant  s e l e c t s  a s i n g l e  proposed s i t e  w i n g  f a c t o r s  presented i n  10 CPR 

100 and submits it f o r  NRC s t a f f  review, h~ encountered s i g n i f i c a n t  
c r i t i c i s m  and has been under review by NRC for  sone time. One outcome was 
the forna t ion  by HRC of a  Task Force to  develop a  general  policy statement 
on nuclear power reac tor  s i t i n g .  Their f indl?gs were preeented i n  1979 in 

the "Report of the S i t i n g  Policy Task Force," NUREG-0625 ( 3 1 .  The major 
conclusion of t h i s  s tudy is t h a t  past  s i t i n g  prac t icc  has s t r e s sed  the 
employment of engineered sa fe ty  s y s t e m  and has tended to  dermphasize s i t e  
i s o l a t i o n  leading t o  the  acceptance of reac tor  s i t e s  with unfavorable 
c h a r a c t e r i s t i c s .  Recommendation 2 of the Report, which dea ls  s p e c i f i c a l l y  
with o f f s i t e  hazards, s t a t e s  tha t  10 CFR 100 should be revised to  require  
cons idera t ion  of p o t e n t i a l  hazards pooed by man-made a c t i v i t i e s  by 
e s t ab l i sh ing  minimum atandoff d ie tances  for  s p e c i f i c  t h r e a t s .  This 
recommendation is i n  line with the  ove ra l l  goals  s e t  by the Task. Force, 
namely: 

To strengthen s i t i n g  a s  a  defense in-depth f ac to r  by e s t ab l i sh ing  
requirement. f o r  s i t e  approval t ha t  a re  independent of plant deaign 
considerat ions.  

To take i n t o  cons idera t ion  i n  s i t i n g  the r i s k  associated with 
acc idents  beyond the design bas is  by establishing population dens i ty  

and distribution c r i t e r i a .  

To requi re  t h a t  s i t e s  se lec ted  w i l l  minimize the r i sk  from energy 
generat ion.  

W t h  respect  t o  the  hazard of a i r c r a f t  crashes,  the Task Force f e l t  t ha t  

some prac t icable  standoff d i s t ances  can be s e t  and recommended s p e c i f i c a l l y  
tha t  nejor  o r  commercial a i r p o r t s  be no c lose r  than 5 a i l e s  from a nuclear 
povrr p lan t .  

While not a l l  recomwndationa of the Task Force have been genera l ly  accepted 

by the NRC, s e r i o u  cons idera t ion  has been given t o  changee in the s i t i n g  

pol icy a s  evidenced by t h e  Mvance Notice of Rulemaking 7590-01: Revision 

of Reactor S i t i n g  C r i t e r i a  [4]. While the Notice d iscusses  many s p e c i f i c  
aspec ts  of nuclear power p lant  s i t i n g ,  its major th rus t  is t o  emphasize s i t e  

i s o l a t i o n ,  1.e.. s i t i n g  neu p lan t s  away from highly populated areas  and 
major i n d u s t r i a l  f a c i l i t i e s .  At the same time more uniform nat ional  



c r i t e r k  f o r  p l a n t  a i t i n g  a r e  s t r e s s e d .  One approach stAggested f o r  t h e  
implementation of  much u n i f o r m i t y  is the  so-called " t h r e e - t i e r "  approach.  
This  Would invo lve  t h e  a p e c i f l c a t i o n  of tw t h r e s h o l d s  for  each pnrameter .  
One w u l d  la t h e  accep tance  l i m i t  uhich would exclude any s i t e  not meeting 
i t .  The o t h e r  would be .n accep tance  f l o o r  - any s i t e  that d i d  not exceed 

thdt f l o o r  would be approved wi th  r e s p e c t  t o  t h i s  c r i t e r i o n .  Between t h e s e  
extremes would be s middle g rou ld  where r e s i d u a l  r i s k s  would be cons ide red  
i n  dec id ing  whether t o  approve a s i t e .  I n  t h e  c a s e  of o f f s i t e  hazards  t h e  
e s t a b l i s h m e n t  of minimum s t a n d o f f  d i s t a n c e s  is a g a i n  proposed. These 

suggestions have by no means gained g e n e r a l  accep tance  a s  evidence by some 
of  t h e  ACRS c o m e n t 3  i n c o r p o r a t e d  i n t o  the  Notice.  

To provide  t e c h n i c a l  backup f o r  some a s p e c t s  of t h i s  proposed rule-making 
NRC - O f f i c e  of Nuclear Reactor  Regulatory Research requested t h a t  Argonne 
Nat ional  Laboratory  review,  e v a l u a t e ,  and m e r e  p o s s i b l e  improve and 
recommend methodologies and approaches  f o r  a d d r e s s i n g  o f f s i t e  hazards  t o  
nuc lea r  power p l a n t s .  A t  t h e  same time a somewha1 s i m i l a r  e f f o r t  was 
launched by Ssndia  Nat ional  L a b o r a t o r i e s  under t h e  a u s p i c e s  of NRC/NRR [ > I .  

A review of  p a s t  n u c l e a r  power p l a n t  s i t i n g  e x p e r i e n c e  I n d i c a t e d  that 
hazardu a r i a i n g  from a i r c r a f t  c r a s h e s  were analyzed i n  a t  l e a s t  1 2  c a s e s  i n  
t h e  U.S.A. I h e  p r e f e r r e d  approach i n  the  e v a l u a t i o n  of the  a i r c r a f t  hazard 

is through p r o b a b i l i s t i c  t echn iques .  tiowever, d e t e r m i n i s t i c  s t u d i e s  
a d d r e s s i n g  p r i ~ ~ r i l y  impact load ing  and t h e  s t r u c t u r a l  response of c o n c r e t e  
s t r u c t u r e s  a r e  also p a r t  of pas t  exper ience .  b with o t h e r  o f f s i t e  haza rds  
t h e  c u r r e n t  approach h a s  l ed  t o  a v a r i e t y  of s o l u t i o n s  t o  m i t i g a t e  t h e  
a i r c r a f t  c r a s h  problem. I n  t h e  v a s t  m a j o r i t y  of c a s e s  the  hazard in aimply 
excluded on t h e  b a s i s  of  t h e  s t a t i 6 ' . i c a l  daca.  I n  some c a s e s  t h e  v i t a l  
power p l a n t  sys tems,  i n  p a r t i c u l a r  t t w  cnntai:tment s t r u c t u r e s ,  a r e  hardened 
t o  r e s i s t  t h e  impact of c e r t a i n  t y p e s  of a i r c r ~ f r ,  e .g . ,  n r e e  W l e  I s l a n d  
161. It a p p e a r s  that f o r  a l l  U.S. p l a n t e  currerrc ly  under c o n s t r w t ~ o n  i t  

h a s  been found t h a t  f t  i s  not necessa ry  t o  r e q u i r e  conta inments  d -c l~ \%r .d  t o  
t a k e  the  impact of a l a r g e  commercial j e t  a i r c r a f t .  

T h i s  p r a c t i c e  is c o n t r a s t e d  by t h e  exper ience  i n  the  Pedecal  Republic of  

Germany where i t  has been found necessa ry  t o  des ign  e s s e n t i a l l y  a l l  n u c l e a r  
con ta inments  t o  wi tha tand  t h e  c r a s h  of c e r t a i n  t y p e s  of m i l i t a r y  and 

commercial a i r c r a f t  [7 ,8] .  A s y s t e m a t i c  approach t o  t h e  problem of a i r c r a f t  
haza rds  is a180 recommended by t h e  I n t e r n a t i o n a l  Atomic Energy Agency [ 9 ] .  
Durifng the a i t e  su rvey  s t a g e  i t  is recornended t h a t  e i t h e r  a Sc reen ing  
Dis tance  Value (SDV) o r  a Screen ing  P r o b a b i l i t y  Level  (SPL) approach be used 

t o  determine i f  a i r c r a f t  haza rds  r e q u i r e  f u r t h e r  considerations. S teps  t o  
be f o l l w e d  i n  a d e t a i l e d  e v a l u a t i o n  of t h e  haza rds  a r e  a l s o  o u t l l n e d  i n  t h e  



IAU Safmty Gui& a d  include the d e t e t r i n a t i o n  of probabilities for  c ra rhe r  
of a l l  per t inant  typaa of a i r c r a f t .  When i t  i a  nocearary t o  pro tec t  the 
plant  aga ins t  a i r c r a f t  craahem, the dealgn hsls  crarh ,  1.e.. the crash 
giving the moat wvmrm coaoaqwnce, i r  defined. Ef fec t s  which a r e  included 
in  tb o v a l u ~ t i o o  arm impact and secondary mira i le r  aa well aa poarible f i r e  
and axploaion uusmd f u e l  ign i t ion .  The document r l a o  r e c o w n d s  ca re fu l  
coneiderat ion and procadurea f o r  the detet . inat ion of design b a r i r  
pa rme te ra ,  I..., a i r c r a f t  type, a i r c r a f t  speed, load t ine  funct ions,  and 
amount and type of f u r l .  



The l i t e r a t u r e  su rvey  can  b. u t e g o r i r a d  i n t o  the  fo l lowing  four  a r e a s :  

NRC Document$: NUII)RCC r e p o r t r ,  r e g u l a t o r y  g u i d e s ,  r t andard  review 

p lan ,  regulations, past a i t i n g  exper ience (SAR'a, SKR's.Dockets), 

IAEA Documentst S a f e t y  gu ides ,  S a f e t y  S tandards ,  recommer~dations, 
and procedures.  

l Coverruent Documents: DOE, DOT, DOD, WA, e t c .  

Open L i t e r a t u r e .  

The NRC documents provide t h e  background of c u r r e n t  r e g u l a t i o n s ,  c r i t e r i a .  
and procedures  f o r  l i c e n s i n g  and approval  of nuc lea r  power p l a n t  s i tes ,  a s  
we l l  a s  the  p a s t  s i t i n g  exper ience  which is conta ined p r i m a r i l y  i n  the  
v a r i ~ u s  SAR and SER r e p o r t s .  I n  a d d i t i o n ,  some p e r t i n e n t  in fo rmat ion  i e  
con ta ined  i n  s p e c i f i c  p l a n t  Dockets. The Docket m a t e r i a l  i s  poor ly  
re fe renced  and i r  a v a i l a b l e  o n l y  i n  a i c r o f l c h e  form, making the  s u r r e y  of 
t h i n  in format ion  r a t h e r  d i f f i c u l t .  On the  o t h e r  hand, the  ZAEA documents 
a r e  r e a d i l y  a v a i l a b l e  and much of the  informat ion is a l s o  con ta ined  i n  o t h e r  

U.S. p u b l i c a t i o n s .  Concerning o t h e r  U.S. Government documents, Nat ional  
T r a n s p o r t a t i o n  S a f e t y  Board r e p o r t s  were c o l l e c t e d  s i n c e  they provide t h e  
d a t a  base f o r  low p r o b a b i l i t y  a c c i d e n t  e v e n t s  i n  the  paat .  Uost of the  
structural response a d  a n a l y s i s  of a i r c r a f t  c r a s h  on the  nuc lea r  power 
p l a n t s  can be found i n  t h e  publ ished open l i t e r a t u r e .  

Computer s e a r c h e s  were used t o  l o c a t e  much of the  m a t e r i a l  and provided A 

l a r g e  number of titles; e.g.. i n  t h e  ca tegory  of s t r u c t u r a l  response a l o n e ,  
s e v e r a l  hundred papers  s u r f a c e d  a8 publ ished i n  t h e  l a s t  decade. A f t e r  
s c r e e n i n g  and c o l l e c t i o n  of t h e s e  o r i g i n a l  papers  from v a r i o u s  j o u r n a l s  and 
r e p o r t s ,  a  s u m a r y  sheet w a  prepared f o r  each r e l e v e n t  paper .  These a r e  
p resen ted  i n  t h e  Appendix of t h i s  r e p o r t .  I n  each summary s h e e t ,  t h e  t i t l e .  
a u t h o r ' s  name, o r i g i n ,  and a b r i e f  d e s c r i p t i o n  of the  c o n t e n t s  a r e  g iven  f o r  

t h e  convenience of later r e f e r r a l .  As cm be t e e n  f r o 6  t h e  References ,  most 
of t h e  p e r t i n e n t  open l i t e r a t u r e  appears  i n  t h e  J o u r n a l  of Nuclear 
Engineer ing and Deaign, which c o l l e c t s  papers f r o 6  v a r i o u s  i n t e r n a t i o n a l  
confe rences  ouch M SHIRT and t h e  I n t e r n a t i o n a l  E x t r e w  Load Conference on 

Nuclear Power P l a n t s .  Some p e r t i n e n t  s t r u c t u r a l  l l t e r a t u r e  can be found i n  

t h e  area of s e i a d c  a n a l y s e s  a' - 2  many a i r  c r a s h  responses  have been 

compared wi th  t h e  consequences of ear thquake.  



4 .  AIRCRAPT HAZARDS ANALYSES 

4.1 Sources of In fo rmat ion  

L i t e r a t u r e  r e l e v a n t  t o  a i r c r a f t  haza rds  was i d e n t i f i e d ,  c o l l e c t e d ,  and 

eva lua ted .  la a d d i t i o n  t o  t h e  NHC documents d i s c u s s e d  i n  S e c t i o n  2 ,  t h e  
l i t e r a t u r e  c o n s i s t s  of  

d a t a  h o e s ,  e.g.. a i r  t r a f f i c l a c c i d e n t  r e p o r t s ,  
probabilisticldetermini~tic methodologies and app : i ca t ions ,  
n u c l e a r  power p l a n t  and o t h e r  a i t e - s p e c i f i c  a i r c r a f t  r i s k  

e s t i m a t i o n s .  

Ex tens ive  d a t a  bases  e x i s t  f c r  v i r t u a l l y  a l l  a s p e c t s  of  a i r  t r a v e l ,  both 
c l v l l l a n  and m i l i t a r y .  I n  p a r t i c u l a r ,  e x c e l l e n t  c o m p i l a t i o n s  a r e  mainta ined 
on a  r o u t i n e  b a s i s  of  a i r c r a f t  by type.  usagc , f l i g h t s ,  e t c . ,  and of 
a i r p o r t s  i n c l u d i n g  movments and t r a f f i c  p a t t e r n s .  The a i r  apace over t h e  
United S t a t e r  i r  r a t h e r  nll d e f i n e d ;  an extensive network of a i r  c o r r i d o r s  
l a  mainta ined f o r  air c a r r i e r  t r a f f i c ,  and r e s t r i c t e d  a i r  upaces a r e  
enforced  f o r  epecial purposes  such a s  m i l i t a r y  a p p l i c a t i o n s  i n  a d d i t i o n  t o  
a i r p o r t  a c t i v i t i e e .  The p r i n c i p a l  aource  of c i v i l i a n  a v i d t i o n  records  and 
a t a t i s t i c s  is t h e  F e d e r a l  Avia t ion  Admin i s t ra t ton  ( P M ) ,  Department of  
T r a n s p o r t a t i o n .  S p e c i a l i z e ~ l  s t a t i s t i c s  t h a t  m y  be r e q u i r e d  i n  g e n e r a l  or 
f o r  a  p a r t i c u l a r  s i te vill be provided t o  t h e  e x t e n t  p o s a i b l e  by t h e  FAA 
Management S e r v i c e s  D i v i s i o n  and a i r p o r t  r e c o r d s .  U i l i t a r y  f l i g h t  
i n f o r m a t i o n  can be o b t a i n e d  from the  a p p r o p r i a t e  branch of t h e  Department of 

Defense,  m i l i t a r y  a i r p o r t s ,  and o t h e r  comand  . Unique problems e x i s t ,  

however, i n  t h e  c a s e  of d l i t s r y  a v i a t i o n ;  i n  p a r t i c u l a r ,  these  r e l a t e  t o  
u n a v a i l a b i l i t y ,  r e l i a b l l l t y .  and v e r i a b l l l t y  o f  t h e  d a t a  bases  a a  
exempl i f i ed  by c l a s s i f i e d  o p e r a t i o n s  and d a t a  and t h e  s t a t i s t i c a l  

s i g n i f i c a n c e  of  much of the f l y i n g  expcr ience  and especially s h o r t  d u r a t i o n  
miss ions .  

Accident  d a t a  f o r  U.S. C i v i l  Avia t ion  a r e  thoroughly  compiled on a  caae-by- 
c a s e  b a s i s  as well A# s t a t i s t i c a l l y  by the Nat ional  T r a n s p o r t a t i o n  S a f e t y  
Board (NTSB). It can  be assumed t h a t  t h e  d e t a  base of a c c i d e n t s  p o t e n t i a l l y  
t h r e a t e n i n g  t o  a n u c l e a r  power p l a n t  is complete and a c c u r a t e  t o  the  e x t e n t  
p o s s i b l e .  Unfor tuna te ly ,  however, t h e  n a t u r e  of an a c c i d e n t  s c e n a r i o  

u s u a l l y  preclude. t h e  a c c u r a t e  g a t h e r i n g  of  c e r t a i n  d a t a  t h a t  would be 
u s e f u l  t o  n u c l e a r  power p l a n t  a p p l i c a t i o n s ,  f o r  example,  t h e  a i r c r a f t  
t r a j e c t o r y  from norm61 f l i g h t  t o  po in t  of  impact ,  t h e  i n c l i n a t i o n  of t h e  
f i n a l  c r a s h  pa th  t o  t h e  ground, and the  a b i l i t y  o r  i n a b i l i t y  t o  c o n t r o l  t h e  



d e s c e n t  and p o i n t  of  impact. D e t a i l s  of t h e  a i r  t r a f f i c l a c c l d e n t  d a t a  b a s e s : '  
a r e  p resen ted  i n  S e c t i o n  4.2. 

P r o b a b i l i s t i c  methodoiogier ,  both  g e n e r i c  and s p e c i a l  a p p l i c a t i o n ,  have been 

developed f o r  a i r c r a f t  c r a s h e s ,  c r a s h  impact c h a r a c t e r i s t i c s ,  nuc lea r  power 

p l a n t  c h a r a c t e r i s t i c s ,  and t h e  r i s k  e s t i m a t i o n  p rocess .  I n  g e n e r a l ,  t h e  
v a r i o u s  a s p e c t s  of  t h e  problem can  be t r e a t e d  wi th  reasonab le  c o n f i d e n c e  
g i v e n  a p a r t i c u l a r  s i t e .  R e s u l t s  of t h e  r e l e v a n t  a n a l y s e s  a r e  p resen ted  i n  
S e c t i o n s  4.3 and 4.4. 

D e t e r m i n i s t i c  (and exper imenta l )  s t u d i e s  have been made f o r  t h e  a i r c r a f t  
impact load ing  and ntructure-component response  f o r  c e r t a i n  s t r u c t u r e s  and 
systems.  I n  a d d i t i o n  t o  impact l o a d i n g ,  f i r e  and p o s s i b l e  e x p l o s i o n  provide  
o t h e r  load ing  mechanisms. These r e s u l t s  are very important  t o  (1) d e f i n e  
t h e  range of consequences and bound the  r i s k  e s t i m a t i o n ,  and ( 2 )  provide  f o r  
some measure of c o n t r o l  v i a  engineered s a f e t y  f e a t u r e s  over  both t h e  
consequences and l e v e l  of  r i s k .  These r e s u l t a  a r e  p resen ted  i n  S e c t i o n s  6 
and 7. 

The r e s u l t s  of  a n a l y s e s  made f o r  t h e  a i r c r a f t  haza rds  t o  n u c l e a r  power ' 

p l a n t s  and o t h e r  s i t e s  a r e  summarized he re  KO i l l u s t r a t e  i n  some d e t a i l  t h e  
n a t u r e  of t h e  problem and pas t  p r a c t i c e s .  It should be remembered t h a t  
a i r c r a f t  hazards ,  l i k e  most o t h e r  o f f s i t e  hacarde ,  beloitg t o  t h a t  c l a s s  of 

low p r o b a b i l i t y - p o t e n t i a l l y  h i g h  consequences e v e n t s .  

4.2 A i r  Traf  f  ic /Accident  Data Base 

The necessa ry  &ta to  estimate c r a s h  p r o b a b i l i t i e s  inc lude8  both  normal a i r  
t r a f f i c  and a c c i d e n t  statistics. The moat g e n e r a l  s t a t i s t i c a l  c a t e g o r i e s  
a r e  

M r  C a r r i e r  

General  A v i a t i o n  
M l i t a r y  A v i a t i o n  

Nr  C a r r i e r s  o p e r a t e  under 14 R 121 and i n c l u d e  c e r t i f i e d  r o u t e  and 

supplementa l  (charter) c a a v l e r a  and c o m e r c i a l  o p e r a t o r s  of l a r g e  a i r c r a f t *  
(over  12,500 pounda). The c ~ p e a  of s e r v i c e s  provided by M r  C a r r i e r s  a r e  

t y p i c a l l y  p a r r a n g e r ,  ca rgo ,  t r a i n i n g .  and f e r r y  o p e r a t i o n s .  

* C o m m e r c i a l  o p e r a t o r s  w e r e  i n c l u d e d  i n  t h e  C e n e r a l  A v i a t i o n  
c a t e g o r y  p r i o r  t o  1 9 7 5 .  



General  Avia t ion  r e f e r a  t o  t h e  o p e r a t i o n  of a l l  U.S.  C i v i l  A i r c r a f t  o t h e r  

than  N r  C a r r i e r  o p e r a t i o n s .  The a i r c r a f t  a r e  c l a s s i f i e d  accord ing  t o  type.  
fiaximum g r o s s  t akeof f  weight ,  t h e  number and type of engine., e t c .  The 

typee  of f l y i n g  i n c l u d e  i n s t r u c t i o n a l ,  n o n c o m e r c i a l ,  commercial ,  and 
misce l l aneoue  f l y i n g .  H i X t a r y  Avia t ion  i n c l u d e s  a i r c r a f t  and a i r l a i r -  

ground o p e r a t i o n s  unique t o  m i l i t a r y  a p p l i c a t i o n s  and m i l i t a r  a i r p o r t s .  z 
4.2.1 Air C a r r i e r  S t a t i s t i c s  - 
Air C a r r i e r  a c c i d e n t s  a r e  d e f i n e d  t o  occur [ l o ]  when any pe r son ,  paasenger ,  
crewmember, o r  o t h e r  person i n  d i r e c t  c o n t a c t  with t h r  s i r c r n f t ,  s u f f e r s  
d e a t h  o r  s e r i o u s  i n j u r y  o r  t h e  a i r c r a f t  r e c e i v e s  s u b s t a n t i a l  damage. 
Accordingly ,  such a c c i d e n t s  a r e  t a b u l a t e d  by the  NTSB by i n j u r y  - f a t a l ,  
i n v o l v i n g  s e r i o u s  i n j u r y ,  invo lv ing  minor i n j u r y  - and by a i r c r a f t  damage - 
des t royed  o r  s u b s t a n t i a l  damage. The type of a c c i d ~ n t  r e l a t e s  t o  t h e  
c i rcumetancea  su r round ing  the  acciden t e11ch a s  collision wi t l ~  g round /va te r  , 
eng ine  f a i l u r e ,  overahoo t ,  e t c . .  and tw s e p a r a t e  types  may be recorded ,  
i . e . ,  f i r s t  and second types .  The f l r s t  phase of ope:etion - a t a t l c ,  t a x i ,  
t a k e o f f ,  i n - f l i g h t  o r  e n  r o u t e ,  l a n d i n g ,  unknown - i s  recorded f o r  each 
type.  F i n a l l y ,  c a u s e s / f a c t o r a  c a t e g o r i e s  such a s  p i l o t ,  weather .  power 
p l a n t ,  e t c .  a r e  t a b u l a t e d  from t h e  accidet r t  d a t a .  

For ehe t en  yea r  pe r iod  1967 t o  1976* t h e r e  was an average of  40 a c c i d e n t s  
per year w i t h  an average of 6 per year  wi th  f a t a l i t i e a  [ l o ) .  For t h i s  pe r iod  
f a t a l  a c c i d e n t s  v e r e ,  t h e r e f o r e .  a b o , ~ t  15 percent  of a l l  A i r  C a r r i e r  
a c c i d e n t s ,  and from 1971 t o  1976 about 25 percent  of t h e  a i r c r a f t  i n  
a c c i d e n t s  were d e s t r o y e d .  Over 50 percent  of a l l  f a t a l  a c c i d e n t s  from 1967 

t o  1976 had c o l l i s i o n  of some kind i n c l u d i n g  mida i r  a s  t h e  f i r s t  type of 
n c c i d e ~ t ,  whereas,  f o r  a l l  a c c i d e n t s ,  c o l l i s i o n s  r e p r e s e n t e d  l e s s  than 20 
pe rcen t  ( t u r b u l e n c e  is c i t e d  i n  about one- th i rd  of a l l  a c c i d e n t s ) .  The 
p r i n c i p a l  c a u r e s / f a c t o r r  c i t e d  i n  both f a t a l  and a l l  a c c i d e n t s  a r e  p i l o t ,  
pe r sonne l ,  and weather ;  t h e s e  a r e  r epor ted  on t h e  average  about seven times 
more f r e q u e n t l y  than  o t h e r  c a u e e s / f a c t o r s  such a s  a i r f r a m e ,  l and ing  g e a r ,  
power p l a n t ,  sys tems ,  i n e t r u a e n t s / e q u i p m r n t ,  airporta/airways/facilitles, 

and mincel laneous .  For t h e  t e n  yearn 1967 t o  1976, about 20 percent  of a l l  
a c c i d e n t a  a r e  d u r i n g  t h e  a t a t l c  o r  t a x 1  phaaes of o p e r n t i o n ;  l a n d i n g  
a c c i d e n t s  a t  abou t  25 pe rcen t  a r e  n e a r l y  four  t imes more p reve lan t  t h a n s  

t akeof f  a c c i d e n t s ,  and n e a r l y  50 percent  occur i n - f l l g h t .  The f i r e t  phase; ,  
of  o p e r a t i o n  r t a t i s t i cs  f o r  f a t a l  a c c i d e n t s  involve  l a n d i n g s  s l i g h t l y  wore 

* U n l e s s  o t h e r w i s e  s t a t e d ,  t h e  f r o m - t o  n o t a t i o n  i s  i n c l u e i v e .  



o f  ten than i n - f l i g h t  

more than t a k e o f f s .  

Prom 1971 t o  1975 a n  

(bo th  around 40 p e r c e n t )  and l and ings  about f i v e  t imes  

9  average of 2.6 x  10 a i r c r a f t - m i l e s  were f l o m  annua l ly  
by Air Carriers exc lud ing  commercial o p e r a t o r s  (about  2  t o  3 percent  o f  
Ldta l  mi les  f lovn) .  The average a c c i d e n t  r a t e  f o r  t h a t  per iod was 0.018 per 
m l l l i o n  a i r c r a f t - m i l e s  f l o m ,  and the  average f a t a l  e c c i d e n t  r a t e  was 0.003 
per  m i l l i o n  a i r c r a f t ~ i l e a  flown. 

4.2.2 General Avia t ion  Data Base 

Ceneral  Avia t ion a c c i d e n t s  a r e  a l s o  d e f i n e d  (111 on t h e  b a s i s  of i n j u r y  and 
damage indexes .  In a d d i t i o n  t o  the  type of a c c i d e n t ,  phase of  o p e r a t i o n ,  
and c a u e e s / f a c t o r s ,  t h e  k ind of f l y i n g  and type of a i r c r a f t  a r e  
s t a t i s t i c a l l y  analyzed.  Kinds of f l y i n g  a r e  i n s t r u c t i o n a l ;  noncommercial, 
i n c l u d i n g  p l e a s u r e ,  b u s i n e s s ,  and c o r p o r a t e / e x e c u t i v e  o p e r a t i o n s ;  
commercial ,  such a s  a i r  t a x i  and a e r i a l  a p p l i c a t i o n ;  and a  misce l l aneous  
c a t e g o r y .  The t y p e s  of a i r c r a f t  a r e  smal l  fixed-wing having maximum g r o s s  
t akeof f  weight l e s s  than 12,565 pounds, l a r g e - f i x e d  wing heav ie r  than 12,565 
pounds, and r o t o r c r a f t .  

Prom 1969 t o  1978 t h e r e  was an  average of 4,427 a c c i d e n t s  per year  (more 
than 100 times t h a t  of  the Air C a r r i e r s )  wi th  an  average  of  696 f a t a l  
a c c i d e n t s  per yecr  or abou t  16 pe rcen t  of the  to ta l .  a c c i d e n t s  i l l ]  - n o t e  
t h a t  the  f a t a l  to t o t a l  a c c i d e n t  pe rcen tage  is e s s e n t i a l l y  t h e  same fo r  both  
A i r  C a r r i e r  and General  Avia t ion .  During 1977 and 1978, abou'. 26 pe rcen t  of  
t h e  a i r c r a f t  damaged were d e s t r o y e d ,  aga in  roughly the  same percentage a s  
f o r  N r  C a r r i e r s ,  and v i r t u a l l y  a l l  the  o t h e r s  -eceived s u b s t a n t i a l  damage, 
i .e . ,  damage normally r e q u i r i n g  ma Jo r  r e p a i r  o r  replacement of t h e  a f f e c t e d  
component. Prom 1973 t o  1978 t h e  most p reva len t  f i r s t  a c c i d e n t  type was 
engine  f a i l u r e / m a l f u n c t i o n ,  a c c o u n t i n g  f o r  24 pe rcen t  of a l l  a c c i d e n t s .  
Uncontrol led  c o l l i s i o n  w i t h  ground/water accounted f o r  17 pe rcen t  of f a t a l  
a c c i d e n t s  followed by c o n t r o l l e d  c o l l i s i o n  with g round /va te r  a t  13  pe rcen t  

and engine  f a i l u r e / m a l f u n c t i o n  a t  12 pe rcen t .  The most f r e q u e n t l y  c i t e d  
causes  and r e l a t e d  f a c t o r s  f o r  both  f a t a l  and a l l  a c c i d e n t s  were p i l o t ,  

wea the r ,  and t e r r a i n .  

From 1973 t o  1978 t h e  i n - f l i g h t  phase of  o p e r a t i o n  accounted f o r  about one- 

t h i r d  of a l l  a c c i d e n t s  and two- th i rds  of  f a t a l  a c c i d e n t s .  For a l l  

a c c i d e n t s ,  l a n d i n g s  at  about 42 pe rcen t  o w u r  Nore o f t e n  than i n - f l i g h t  and 
about twice  a s  o f t e n  as takeof f  a c c i d e n t e ;  landing and t a k e o f f  phases of  
o p e r a t i o n  occur  i n  abou t  16 and 12 pe rcen t  of  a l l  f a t a l  a c c i d e n t s ,  
r e s p e c t i v e l y .  P l e a s u r e ,  a e r i a l  application, and i n a t r u c t i o n a l  f l y l n ~  
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accounted f o r  81 percen t  of a l l  a c c i d e n t s  from 1975 t o  1978, and p l e a s u r e ,  

a e r i a l  a p p l i c a t i o n ,  and a i r  t a x i  accounted f o r  75 pe rcen t  of f a t a l  
a c c i a e n t s .  

O f  793 f a t a l  a c c i d e n t s  i n  1978 about  h a l f  of the  a i r c r a f t  were beyond 
mi les  from an a i r p o r t  ( f o r  a l l  phases of o p e r a t i o n ) ;  of the  4,494 t o t a l  
a c c i d e n t s  (4,554 a i r c r a f t )  i n  1978, l e s a  than 30 pe rcen t  were beyond 5  m l l e r  
of  an a i r p o r t .  C h e l a p t i ,  Kennedy, and Wall [ 1 2 ]  analyzed ten- and four-yea 
p e r i o d s  up t o  and i n c l u d i n g  1968 and found t h a t  on the  average about two 

t h i r d s  of t h e  f a t a l  a c c i d e n t s  occurred beyond 5  miles o f  an a i r p o r t  f o  
amal l  and l a r g e  Ceneral  Avia t ion  a i r c r a f t  and f o r  Air C a r - r i e r a .  Smal 
fixed-wing a i r c r a f t  accounted f o r  90 pe rcen t  of both  a l l  and f a t a l  a c c i d e n t  
d u r i n g  1978. Large fixed-wing a i r c r a f t  accounted f o r  1  t o  2  percent  of 

< 
t h e s e  a c c i d e n t s ,  s p e c i f i c a l l y ,  14 f a t a l  and 48 t o t a l  acc i -den ta  d u r i n g !  , ~. 
1978. R o t o r c r a f t  and miscel laneoue types  account fo r  t t ~ e  remalnder.  . 

$ 3  
f ;$ 

Prom 1969 t o  1978 an average of 3.9 x 109 a i r c r a f t - m i l e n  was flown a n n ~ a l l y , ~ , ~  
ranging I ron  3.1 x lo9 (1971) t o  4.9 x lo9 (1978) mi les  flown per yea r .   he" 
t o t a l  and f a t a l  a c c i d e n t  r a t e s  both e x h i b i t e d  dec reaa lng  t endenc ies  d u r i n g  
t h a t  per iod.  On t h e  average (1969 t o  1978) 1.2 a c c i d e n t s  occur  per n l i l i o n  
a i r c r a f t - m i l e s  flown, ranging from 1.48 (1971) t o  0.90 (1978) ,  and 0.18 
f a t a l  accidents occur  per m i l l i o n  a i r c r a f t - m i l e s  f lown, ranging from 0 .211 , .  

, :a 
(1971) t o  0.159 (1977 and 1978).  ;.$ :.2 

I 

4.2.3 M i l i t a r y  Avia t ion  S t a t i s t i c s  54 * : 

Comparable a c c i d e n t  s t a t i s t i c s  f o r  U.  S. M i l i t a r y  A i r c r a f t  a r e  no t  
publ iahed.  I t  is widely  assumed, g .  by Solomon and o t h e r s ,  t h a t  t h e  
a c c i d e n t  r a t e  of l r l l i t a r y  a i r c r a f t  on noncombat miss ions  t h a t  could  cause  
the a i r c r r f t  t o  c r a s h  o r  c o l l i d e  wi th  any u t r u c t u r e  not a t  the  a i r p o r t  is 
comparable t o  t h e  a i m i l a r  a c c i d e n t  r a t e  f o r  Mr C a r r i e r s .  An a c c i d e n t  d a t a  
compi la t ion  publ ished by t h e  NRC, " A i r c r a f t  Impact Risk Assessment Dale Base 
f o r  Assessment o f  Fixed Wing Air C a r r i e r  Impact i n  the  V i c i n i t y  of  
Ai rpor t s . "  NVREC-0533, June 1979, by Akstulewicz ,  Rend e t  e l .  found t h a t  

m i l i t a r y  a i r  t r a n s p o r t ,  "...when o p e r a t i n g  a s  an a i r  c a r r i e r ,  has  a c c i d e n t  
r a t e s  approximate ly  t h e  sams a s  those  of c i v i l i a n  non-scheduled a i r  c a r r i e  
service." The a c c i d e n t  and t r a f f i c  exper ience  used i n  I c o m p i l a t i o  
included m i l i t a r y  a i r c r a f t  s i m i l a r  t o  typeu flown by c i v i l i a n  Air C a r r i e r s  - 
s p e c i f i c a l l y ,  CSA, C141, E4A a i r c r a f t .  I t  has been the  p rac t  I c e  i n  c e r t a i n  
cssen  where m i l i t a r y  a v i a t i o n  is involved t o  adopt a  r a t e  equa l  t o  the  Air 
C a r r i e r  a c c i d e n t  r a t e  m u l t i p l i e d  by an i n t e g e r  g r e a t e r  than one ( t o  a l l o w  
f o r  u n c e r t a i n t y )  ar t h e  m i l i t a r y  t r a n s p o r t  a c c i d e n t  r a t e  whrn t h o  

a c q u i s i t l o n  of s p e c i a l i z e d  d a t a  appeara  t o  be unwar rn t~ ted .  
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4.2.4 Ai rpor t  S t a t i s t i c s  

Niyogi,  b r i t r ,  and Bhattacharyya (13)  analyzed the  c h a r a c t e r i s t i c e  o f  
c r i t i c a l  a c c i d e n t s ,  i.e., a c c i d e n t s  r e s u l t i n g  i n  f a t a l i t i e l  o r  a  des t royed  
a i r c r a f t ,  of c i v i l  a v i a t i o n  o c c u r r i n g  w i t h i n  5  mfles  of an a l r p o r t  f o r  the  
years  1966 t o  1970. The r a t i o  of theae  c r i t i c a l  a c c i d e n t s  t o  f a t a l  

accidents is 1.6. Their  s t a t i s t i c a l  r e e u l t s  a r e  of i n t e r e s t  because of the  
breakdovl~ by a i r c r a f t  type and power p l a n t ,  phase of o p e r a t i o n ,  and a i r p o r t  

type.  The a i r p o r t s  l i s t e d  a r e  those  covered i n  the  1972 Nat ional  Ai rpor t  
System Plan and are c h a r a c t e r i z e d  i n  the  t a b l e  below: 

A i r p o r t  Type Number of Annual Number o f  
Designat ion t ( ~ p e r a t i o n s / ~ r . )  N r p o r t s  T o t a l  Opera t ions  

A <2,000 6,632 33.2 x  lo6 
B 2,000 - 10,000 1,702 28.4 x  lo6 
C 10,000 - 40,000 1,0117 70.1 x  lo6 
D >40,000 (non FAA) 299 85.4 x  lo6 
E >40,000 (FM)  330 192.5 x  lo6 

T o t a l s  10,010 417.6 x  lo6 

t ( a s s i g n e d  h e r e )  

Table  1 g i v a s  t h e  number of c r i t i c a l  a c c i d e n t s  dur ing  the  1966 t o  1970 
per iod f o r  s e v e r a l  types  of a i r c r a f t .  Table 2  shows t h e  r e l a t i o n s h i p  
between typsa of a i r p o r t  and power p l a n t s  f o r  smal l  fixed-wlng a i r c r a f t .  
Table 3  g i w s  t h e  d i s t r i b u t i o n  of smal l  fixed-wing a i r c r a f t  a c c i d e n t  
according t a  phase of . o p e r a t i o n  and d l a t a n c e  from the  a i r p o r t  f o r  eac 
a i r p o r t  t y p e .  

Godbout 1141 s t u d i e d  takeoff  and landing a c c i d e n t s  t h a t  produced f a t a l i t i e s '  

of  c e r i o u s  a i r c r a f t  damage f o r  heavy a i r c r a f t  ( g r o s s  weight more than 18,00 
pounds) f o r  t h e  yearm from 1960 t o  1973 i n  t h e  v i c i n i t y  of Canadian 
a i r p o r t s .  Ilo found t h a t  most of these  a c c i d e n t s  occur  w i t h i n  10 milea  of an 
a i r p o r t  but included d a t a  ou t  t o  30 mi les  i n  the  a i r p o r t - r e l a t e d ,  e.g. ,  

t a k e o f f  and l and ing ,  s t a t i s t i c s .  Figure  1  is a  po la r  r e p r e s e n t a t i o n  of t h e  
landing accLdentr  that b v s  occur red .  Very few heavy a i r c r a f t  a c c i d e n t  
wero found to occur  o f f  the runway a x i s  m r  i n d i c a t e d  i n  the  f i g u r e ;  t h i  

m y ,  i n  p a r t ,  bo due to Canadian a i r p o r t  t r a f f i c  p a t t e r n  p rocedure r .  Flgur 
2  rhown tha a c c i d e n t  h i s t o g r a w  f o r  landing (A), t a k e o f f  (B) ,  and combine 
( C )  acc iden t# .  Them statistlcn a r e  l n t e r e s t l n g  s i n c e  they a r e  analyzed 1 
a  manner t h a t  c l e a r l y  illustrates landing and t a k e o f f  d i r e c t i o n :  
c o r r e l a t l o n s .  



Table 1. C r i t i c a l  C i v i l  Avia t ion  Accidente ' d i t h i n  5 U t l e s  . K 

of an A i r p o r t  1966-1970 [13]  

C r i t i c a l  
Type of A i r c r a f t  Acc iden t s  

Large Pixad-Wing (more than  12,500 l b )  35 
Smell  Fixed-Wing - j e t  20 
Small Fixed-Wing - 2 p r o p e l l e r  260 
Small  Fixed-Wing - 1 p r o p e l l e r  1640 
Other 110 - 
T o t a l  2065 

Tab le  2. C r i t i c a l  C i v i l  Avia t ion  Accidents  of Spa11 Pixed- 
Wing A i r c r a f t ,  1966-1970. [13]  

A i r p o r t  Type of Power P l a n t  
Designht ion Jet p r o p e l l e r  1 P r o p e l l e r  ~ n y  

E 7 7 5 214 296 
T o t a l  20 260 1640 1920 



Table 3. Nature 
1964-19 

of Small Pixed-Wing 
170. [13] 

Aircraft Accidents, I 
Frequency of Accidents $ 

Air- Diatanee frca Airport (miles) I 
port Phaae of Traffic tPheae 
Type operationt Pattern 0-1 1-2 2-3 3-4 4-5 Total Prection 

TO 113 65 9 5 1 0  
IF 29 109 70 61 55 17 

A IL 1 1 2 1 1 0  
OL 

Total 717 .. 1.000 

. . 
OL 82 2 1 1 4 2 1 111 0.272 

Totrl 5 100 58 44 43 18 408 1.000 

- - - - " 
OL 38 17 5 0 0 1 62 : 0.284 

Total 8 58 3 5 2 5  13 9 218 h1.000 

. - 
OL 

212 206 1131 61 1920 
23 12 9 7 508 0.265 

Total -!a56 

Fraction of aircraft ererhea 0.412 0.2?m.tC7 0.146 0.055 
+TO - Takeoff, I? - In-flight, IL - Inatrumcnt Landing, OL - Other land in^. 



Fig. 1 Polar Plot for a l l  Canadian Landing Accidents for Aircraft Above 
18.000 Pounds during 1960-1973 [I41 





 PO^ any of tha av ia t ion  ca tegor ies  and chmracter ia t ic r  d i rcusae  
much r p e c i f i c  d e t a i l  a r  desired is genera l ly  ava i l ab le .  
loca t ion  is aalected the presence of nearby a i r p o r t s ,  fede 
con t ro l l ed  a i r  apncea, and m i l i t a r y  a c t i v i t i e s  can be id 
appropriate  r i t e - r p e c l f i c  r t a t i a t i c a  can be gathered and ana 
informatiorr is necrraary t o  (1) i den t i fy  the appropriate  c ra  
determine whether ~ p e c t a l i r e d  r t e t i a t i c a l  crash modela requir  
and (3)  compute the deeirad crash p r o b a b i l i t i e s  for  a i r c r a f t  

nuclear power plant .  In  Section 4.3 ex i s t ing  crash r a t e  a d e l s  a re  
presented. 

4.3 N r c r s f t  Crash Rate Hodela 

Several d e f i n i t i o n s  of an a i r c r a f t  accident  po ten t i a l ly  har 
nuclear power p lant  have been used. e.g.. f a t a l  and c r i t i c  
defined i n  the preceding nection. Other definitions include i 
r e s u l t  in  f a t a l i t i e r  o r  malfunctions ser ious  enough t o  force  the 
land a t  other  than its planned d e r t i n a t i o n  and accldents  t ha t  
the a i r c r a f t  t o  c ra rh  o r  c o l l i d e  with any a t ruc tu ra  not a t  an 
the following c ra sh  r a t e  models, the d e f i n i t i o n  involved w i l l  
aa used with no rer ioua  attempt a t  quan t i t a t ive  c o r r e l a t i  
gene ra l ,  the d i f f e renca  between f a t a l  and m j o r  accident  ru 
acc idents  l a  lesr  than OM order  of magnitude. The t h r e  
normalizing fac tora  applied t o  the accident data a re  the number 
miles flown, tha aurfaee area over which f l i g h t s  a re  made, and t 
a i r p o r t  operat ions o r  movements. 

4.3.1 Craah Rater par Aircraft-Mile 

A s  derived i n  Sect ion 4.2.1, the  average f a t a l  M r  Carr ie r  ac 
about 3 x 10" per a i r c r a f t - m i l e .  NRC Standard Review P1 
value of 4 x comnerclal a i r c r a f t  en route crashea pcr 
having been urad and references H.E.P. Krug, "Teatimo 
Operations i n  Rasponee t o  A Request from the Board," Docket 
50-323. This c ra sh  r a t e  is baaed on the assumption tha t  
i n - f l i gh t  f a i l u r e  w l l l  occur i n  the U.S. per year,  an event 
l o s s  of a l t i t u d e  with no p i l o t  d i r e c t i o n a l  cont ro l  of the a 
c e r t a i n l y  an acc ident  aubaet amaller than the t o t a l  f a t a l  
and, although no a c c i d m t  da ta  bare analyaia  was presented,  the v 
en route ca tae t rophic  r l r c r a t t  avant per year appears pla 
i t  is not obvioua t h a t  only ce taa t rophic  a i r c r a f t  f a i l u r e  
t o  nuclear power p l m t e  i n  view of the record tha t  c l t e e  
of accidents Ae warther,  personnel,  and p i l o t  (e .g. ,  p i l o t  f a i l e d  
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procedures a d  d i r ec t ions ,  misjudged speed and d is tance .  e t c . ) .  
would appear tha t  ca l cu la t ing  the in- f l ight  crash r a t e  per a i r c r a  
the bas is  of tho rmallest  accident  subset ,  i.e.. ca tas t rophic  accidentb,  
y i e lds  the  lover bound f o r  the  N r  & c r i e r  en route accident r a t e .  

T h  SRP aleo caut ions  tha t  heavily t raveled corr idors  (more than 100 f l i g h t s  
per day) m y  requi re  a m r a  de ta i l ed  analyria .  This is laportan 
rep-ognizes t h a t  the  above value is .n average over a11 co r r ido r  
knowledge Nr Carr ier  crash r a t e s  have oot been derived as  a  func 
co r r ido r  c h a r a c t e r i s t i c s  such a s  iden t i ty .  t r a f f i c  densi ty.  
a l t i t u d e ,  e t c .  

Codbout and Br  have ca lcula ted  the following en route 
fo r  heavy a i r c r a f t  i n  severa l  count r ies  for  the years  1969 t o  1973; 

Craah Rate per 
Country B i l l ion  Mrcraft-Uilea Uncertainty 

United S t a t e r  2.1 30% 
Uni tad Kingdom 24 58% 
Prance 50 50% 
West G e w n y  32 100% 
World Average 9.5 12% 

These r a t e s  are b a e d  upon a l l  acc idents  se r ious  enough t o  
a i r c r a f t  to land, but include only acc idents  tha t  occur f a r t  
miles from .a a i r p o r t .  I n  the  U.S. it has been observed tha t  
t h i r d  of f a t a l  acc iden t r  occur within 5 miles of an a i r p o r t  
4.2.2). Thur, t h e i r  value of 2.1 x po ten t i a l  crashes per 
r e f l e c t s  the i n c r e a s i q  e f f e c t  of using an accident da ta  bas 
the  f a t a l  subset and the  decreasing e f f e c t  of the 30-mile 
s o n  around UI a i r p o r t .  For heavy Canadian a i r c r a f t  they ha 
in - f l igh t  se r ious  accident  r a t e  of 8.0 x per a i r c r a f t - d l e .  

Solomon [16,17,18] derived tha f o l l o w i q  average M r  Carr ier  
three  c l a s ses  of acc ident r  f o r  the  period 1967 t o  1972: 
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Accident Clarr Accident. per Aircraft-Mile 

Al l  k c i d e n t r  23 x 
M j o r  ~ c c i d e n t r ~  11 10 '~  
F a t a l  Accidents 4 x 

t P o t e n t i a l  crash o r  c o l l i s i o n  with any structure 
not a t  an a i r p o r t  

For major Nr Csrr ie r  accident. Solomon derived the following 
f o r  three phares (mode.) of operat ion:  

Major Accident. 
P h a r  of Operation per Aircraft-Mile 

Takeoff 116 x lo-' 
l n f l i g h t t  5.2 x lo-' 
Landing 450 x lo-' 
Average 11 lo+ 

t Inc luder  climb and dement 

Co t t l i eb  1191 determiner a f a t a l  accident r a t e  of 0.045 x 
averaging the r a t e s  fo r  the year. 1970 to 1975 am reported by 
This value i r  en order  of magnitude lower than o ther  r imi l a r  
and s ince  the rupporting da ta  bare ia not presented, i t  is no.  
ca l cu la t ion  is made. 

Subject t o  poerible a i r  co r r ido r  t r a f f i c  va r i a t ions ,  value of 
the in- f l ight  h e b v  a i r c r a f t  crash r a t s  per a i r c r a f t n i l  
co r r ido r s  uppearr t o  be a reaeonable compromise among var ia  
phase of operat ion end accident  d e f i n i t i o n .  S i t e  analyses in  
of an a l r p o r t  my dup l i ca te  from one-third to one-half of these 
the a i rpor t - re la ted  hr tbrd  r a t e r ,  and an expanded accident  da ta  
than about 1.5 t o  3 timea the f a t n l  accident da ta  could be ju 
upon reviawr of accident  typee and acenarioa tha t  could be 
po ten t i a l ly  thraa taa ing  t o  nuclear power plants .  

For the  Cenaral Aviation category, craah r a t e r  per a i r c r a f t - m  
developed by Solown 116,171 u i t h  kind of f ly ing  s a  an addi t ion  
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thane re ru l t  umarired be lw  for major accidenta and the phares of 
operat ion : 

)(.for Accidentr per Aircraft-Mile (x 

Pllght Category A l l  Takeoff 1n-flightt Landing 

A l l  530 2440 318 2440 
Inrtructional 330 153 1 198 1010 
Buainerr/Corporate 370 L71Q 222 1210 
Pleasure 940 423G 564 6350 
Aerirl Application 790 2370 474 1740 
Air Taxi 320 1470 192 1230 
- 
tJ.ncludea climb and dercect 

The ra t io  of the major accidant and f a t a l  accident crash ra tes  la  about the 
r.me for both Air fhrrier and Ccneral Aviation, a l ight ly  l a m  th+p a Factor 
of 3. (Thlr ra t io  i a  r ignif icant ly  l a r ~ e r  than three for inrtruational and 
aerial  application flighte.) 

Niyogi e t  e l .  1131 derivad crarh ra tes  for c r i t i c a l  accidents of small 
F i r ed r ing  Canera1 Aviatim a i r c r a f t  as a functlon of dirtance f r m  the 
a i rpor t ;  these are  prereated below for the five-year period 1966 t o  1970: 

Accident Ava~sge Cri t ical  Cri t ical  ~cc ideo ta -  
Location Accidents per Year per Alrcraft-Mile 

a i rport  
0-1 d1.r 
1-2 miles 
2-3 o i l e r  
3-4 milea 
4-5 mile. 
: 5 milea 

A l l  accidantr 

Clearly, the c t r rh  rat* of ma11 fixed-ving a i rc ra f t  reaches the. bcyond-5- 
mile aaymptoth valru rhortly a f t e r  the S-dla distance.   hi; value i r  

,! 
computed uaing an rvarage 02 3.12 x lo9 r i r c r a f t - d l e r  Elom beyo* 5 miles; 
tho miler f l m  witdin I miler of an airport  is OM order of magnigude less .  



C r i t i c a l  acc ident r  defined by Riyogi e t  a l .  a re  1.6 times l a r g e r  than the 
f a t a l  rubset;  therefore ,  the average f a t a l  crarh r a t e  is 175 x per 
a i r c r a f t - d l e  conr ia ten t  v i t h  tho valuer of 180 x loe9 and 187 x per 
a i r c r a f t - m i l e  given i n  Sect ion 4.2.2 and by Solomon, respec t ive lp .  C o t t l i e b  
1191 giver  f a t a l  c r a l  r a t e r  for  twin-engine a i r c r a f t  of 69 x 6.4 x 
lo-', and 14 x 10" per a i r c r r f t - n i l e  f o r  pleasure,  business ,  and a i r -  t a x i  
f l y i n g ,  respectiveLy, derived from data fo r  1975 and 1976. 

There crash r a t e r  a r e  used i n  computing c r s r h  p r o b a b i l i t i e s  fo r  s l t e r  in  the 
v i c i n i t y  of f l i g h t  paths o r  airways ( see  Sect ion 4.4). A a t a t i s t i c a l  
measure of the  craah d i r t t i b u t i o n  normal to  the f l i g h t  p a t h  o r  airvay is 

needed t o  d e f i n  th. c ra rh  acc ident r  per a i r c r a f t - m i l e  per m i l e  normal t o  
the  f l i g h t  path o r  per f l i g h t  operat ion per square r i l e .  

4.3.2 Crash Rates per Square Mile 

There i s  an absence of r t a t i r t i c a l  data  required to  c o r r e l a t e  the 
d i s t r i b u t i o n  of c ra rh  impact loca t ions  v i t h  a i r c r a f t  and f l i g h t  path 
character is t iccr .  Analyser :hat cons t ruc t  w d e l s  t o  do t h i s  a re  discuaaed in 
Sect ion 4.4. Hovever, tu, ca re r  can be developed f r m  s t a t i r t i c a l  data  and 
correspond t o  the axtremer i n  vhich the f l i g h t  path is e i t h e r  i r r e l e v e n t  or 
r e l a t i v e l y  f ixed.  Th. f i r r t  reprerents  s t a t i s t i c a l l y  random f l l g h t r  vhich 
c l o r e l y  approximate u c h  of General Aviation, and the  recond represents  the 
i m e d i a t e  v i c i n i t y  of a i r p o r t r .  

Uoing the da ta  of Hiyogi st a1. from 1966 t o  1970, t he re  l a  an average of 
898 c r i t i c a l  acc ident r  per year of ma11 f i x e d r i n g  a i r c r a f t  (not  including 

a i r c r a f t  on the a i r p o r t ) ,  ubich g ives  an average of ?.O x acc iden t r  per 
square mile per year ovor the  Continental U.S. during the reference 5-year 
period. Nlyogi e t  81. der ive  a value of 2.3 x loe4 crashes  per square mile 
per year for  t he re  ccc idant r  occurr ing more than 5 miles  f r m  an a i r p o r t  
aesuming 10,010 a i r p o t t o ;  t h e  average a i r p o r t  r a t e ,  1.e.. v i t h i n  5 mlles ,  is 
4.9 x a c c i d m t r  per  aquare mile per yeat ,  and t h i s  r a t e  tncreasea 
rap id ly  a s  the  d i r t r n c s  t o  the a i r p o r t  de~, reaaes .  'the Canadqan l i g h t  
a i r c r a f t  en routs  average c ra rh  r a t e  is de r t r ed  by Godbout a t  41. t.1 be 
about 4 x 10" per rq ru re  mile per year d u r i n ~  1974. 

:I 
* C o n t i n e n t a l  U.8 .  a r e a  i a  3 .023  x l o 6  s q u a r e  m i l e s  ( s o u r k e :  i! a ,  

1978 Hammond Almanse) .  !i 



These race# a a r u w  tha: a  crash can occur anywhere with equal l ikel ihood and 
independent of f l i g h t  path. They m y  be viewed as  nonconservative in the 
sense that t h q  represent  gross  averages of a t r t l c t i c a l  data  and do not take 
i n t o  account f l i g h t  t r a f f i c  densi ty.  The Canadian craah r a t e  could ell 
r e f l e c t  th in  type of va r i a t ion .  Thus, the a r u  of suscept ib le  t a r g e t s  of a 
nuclear power plant  t o  m a l l  fixed-wing a i r c r a f t  u s t  be exceedingly low fo r  
the probabil i t ,  of an unacceptable c rash  event t o  be l e s a  than loq7 per 
year. Thia w i l l  be diacusred i n  more d e t a i l  i n  Sections 4.4 and 8. k 

t 

Several analyaer  have been made for  a i r p o r t  c rash  r a t e s  u t i l i z i n g  
s t a t i s t i c a l  da t a  on the d i s t r i b u t l o n  of crasher  occurr ing i n  the v i c i n i t y  of 
an a i rpo r t .  Eirenhut 161 analyzed f a t a l  crashes tha t  'occurred within a  60 
degree reference f l i g h t  path symmetric about the extended c e n t e r l i n e  of the 
runway." His r e s u l t a  a r e  based upon 8 x lo7 Air Carr ie r .  5.5 x lo7 

7 Navy/br ine  b r p r ,  and 3.9 x 10 Air Force movements and a re  given i n  Table 
4. Eisenhut 16,201 a l ao  derived f a t a l  c rash  r a t e s  for  Ceneral Aviation a s  
funct ion of d i s t ance  from the s i r p o r t  using a  data  base of 3993 f a t a l  
accidentr  r e s u l t i n g  from 3.2 x 10' movements from 1964 t o  1968. These a r e  
given i n  Table 5 and range from 3.75 t o  6.46 times higher than the 
corresponding r a t e s  for  A i r  Carriers v i t h  an average of 5 : l .  

Boonin 1211 performed a a lml lar  ana lya is  of d ~ t a  for the years 1966 t o  1970 
aasuning t h a t  a11 acc ident r  ( f a t a l )  occurred within the 60 degree cone uaed 
by Elsenhut. Resul t s  vcre obtained for  -11 ( l e s s  than 12,500 pounds) and 

I 
l a rge  (more than 12,500 pounds) a i r c r a f t  i n  General Aviation and Air Car r i e r  
cacegorles  and a r e  given i n  Table 6. They agree c lose ly  v l t h  Eisenhut's 
r e su l t a  fo r  General Aviation but exhib i t  a m  d i f f e ~ e n c e a  with regard t o  Air 
Carr iers .  

i 

Prom h b l e r  5 o r  6 f o r  General Aviation the f r ac t ion  of f a t a l  a i r c r a f t  
c rashes  occurr ing i n  each r a d i a l  zone can be computed a f t e r  mult iplying by 
the  respective zone a rea r .  The r e s u l t i n g  d i s t r i b u t l o n  of f a t a l  acc idents  
agree. c lose ly  with t h a t  of Niyogi e t  a l .  for  c r i t i c a l  ma11  fixed-win# 
a i r c r a f t  accident# operat ing out of any a i r p o r t  (see Table 3).  The radiaf  
va r i a t ion  of craah r a t e  s t rongly  decreases due to  (1)  the decrease in t h i  
nuober of acc ident#  with increaa ine  d is tance  from the a i r p o r t ,  and (2) t h  
geometric divergence of the r a d i a l  rones. 

a 
i 

Solomon e t  a1. 122,231 der ive  an average craah r a t e  of 2.0 x lo-' per 
operat ion pet square ails by c o n s i d e r i q  a11 f a t a l  crashes occurr ing a t  a l*  
col.mercia1 a i r p o r t 8  from 1965 t o  1972 over the 10 square p i l e s  immediately 
adjacent  t o  th runway#. In  addl t lon  s f a t a l  crash r a t e  of 15 x per 
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: . Table C Fa ta l  Crash Date8 for  Air Carr ie r  - : . . 
: . ., ,  

, .  7 . .. H i l i t a r y  Aviation (6,201. 

Distance Probabi l i ty  (x  10') of a f a t a l  craah 
f r c a  end per aquare mile per a i r c r a f t  movement 

of runway 
(miles)  U.S. Air Carr ie r  USNlUSUC USAP 

NAt N A t  
NA N A 
NA N A 
NA N A 
HA N A 

*No craahea occurred a t  theee distances within e 60' f l i g h t  
path. 

tData not avai lah la .  

Table 5 Fa ta l  Craah Rates for  General Aviaticn [ 2 0 ]  

Probabi l i ty  of q f a t a l  
Diataace from craah per mile per 
a i r p o r t ,  . i l ea  a i r c r a f t  movement 



h b l e  6 Detailed Crash b t e s  - Fatal  Accidents per Operation per Sguarr Mile 1211 

Distance from Airport 

Aircraf t  a t e g o r i e s  112-1 rL;e 1-2 mile 2-3 mlle 3-4 d l e  4-5 mile 

A l l  a i r c r a f t  

Sull a l r c r a f t  

Large a i r c r a f t  

Gcnerll Aviation ( t o t a l )  

General Aviation (swll) 

General Aviation ( large)  

Air taxi  ( t o t a l )  

A i r  t a d  (small) 

N r  taxi  ( large)  

A i r  Carrier ( t o t a l )  

A i r  a r r i e r  (-11) 

2.447 x 

2.447 x 

--- 
7.639 x lo-' 
1.905 x 10-7 

-- 
1.091 x lo-' 

3.809 x 

--- 
5.319 x lo-' 
5.319 x lo-' 

8.488 x lo-' 
1.905 x 

Air Carrier ( large)  2.601 x lo-' 6.135 x lo-' 4.090 x lo-' 2.761 x lo-' 4.090 x lo-' 
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o p e r a t i o n  per  aquare  mile over  the 'moat dangerous' square  m i l  
d i s t a n c e  o f  one mile and a long  t h e  c e n t e r l i n e  of t h e  runway 
These valuea  a r e  independent o f  a i r c r a f t  ca tegory  and a r e  
agreement wi th  t h e  a11 a i r c r a f t  va lues  in  Table 5 .  

Codbout and Brair [IS] found t h a t  f o r  l i g h t  a i r c r a f t  ( g r o s s  we 
18,000 pound*) t h e  c r a a h  po in t  distribution i n  the  v i c i n i t y  
a i r p o r t s  e x h i b l t a  no a n g u l a r  dependence wi th  r e s p e c t  t o  
d l r e c t f o n .  F u r t h e r ,  t h e  number of ncc iden ta  decrease.  ver  
d i s t a n c e  ruch  t h a t  t h e  presence of a  l i g h t  a i r c r a f t  a i r  
un lnpor tan t  a f t e r  about  2 t o  5 d l e s  a s  shown i n  Pig.  3. 
c r a r h  r a t e s  would appear  t o  d rop  off  f a s t e r  wlth d i a t a n c e  t h a  
i n d i c a t e ;  kovrvet ,  t h e  en r o u t e  va lue  f o r  l i g h t  a i r c r a f t  e x i  
caaes  i n  the neighborhood of 5 mi les  fram the  a i r p o r t .  

The dependence o f  t h e  heavy a i r c r a f t  crsmh r a t e  on the  po 

( r .0 ) .  r being t h e  r a d i a l  d i s t a n c e  and B the ang le  t o  a  
measured r e l a t i v e  to M a i r p o r t  runway, is der ived  by Codbout 
on t h e  b a s i s  of Fig.  2 f o r  t akeof f  and l and ing  r - v a r i a t i o n s  a  
e t  a l .  model [ 22 ]  f o r  t h e  + v a r i a t i o n .  l ac . ,  given a  r e l s  
C(O) - 1.0 between 0  and 1 degree  of the  runway. 

a. - { 1.0 , o o a a O  , 

11 8 , l0<8C9U0. 

Flaking uae o f  t h e  conmervat ive  aasumptlon t h a t  a l l  t a  
a i r c r a f t  a r e  made i n  t h e  same d i r e c t i o n  a long  a  runway * 
r ~ e t e o r o l o g l c a l  o r  o t h e r  c o n d i t i o n s ,  t h e  c raah  r a t e  d i a t r  
a i r c r a f t  i n  the v i c i n i t y  of Canadian a l r p o r t s  i e  shorn i n  ti 
a i r p o r t  having 300,000 annua l  movements from r s i n g l e  runway. 

The c r a s h  r a t e  model of Bolomon et a l .  a l s o  e x h i b i t s  both  r a d i a l  
dependence abou t  a runvay f o r  t akeof f  and l and ing  a c c i d e n t s .  
Codbout both  cona idered  a i r p o r t a  wi th  more than one run 
crash a l t e r  near p a r t i c u l a r  a i r p o r t s  f o r  uhich a d d i t i o n a l  r e l e v  
ga thered .  In ruch a c t u a l  a l t u a t l o n s .  s t a t l a t i c s  on t akeof f  
p a t t e r n s  and p r r c t i c e a ,  e i t h e r  from a i r p o r t  and P M  r 
d i r e c t  obaerva t lon ,  are neceaaary t o  d e f i n e  the  t r a f f i c  l e v e l a  a 

the  c raah  p r o b a b i l i t y  on a  mite 
aquare mile h e r e .  

*Codbout'a r a a u l t a  p resen ted  f o r  
a r e  conver tad to c r a m  r a t e r  per 



DISTANCE FROM LANDING OR TAKE - O F F  S I T E S ,  MILES 

Fig. 3 Canadian Crash Point Histogram for Diatanca to  Landing 
or  Taluoff S i t e  for Light Aircraft 1151  

- ,  



. ,... . "  , ,  . , . . . .  .... ~. . .. 
. . .. . . . 

Pig. 4 Crash Rnte Contour Lines for Heavy Aircraft in the Vicinity of a Hypothetical Canadian 
102 U r W m  vith lM,000 Landing rad 150.000 Takeoff Annual Movements 115) 



the c a l c u l a t i o d  where desirable. Bornylk e t  81. [2.6,25,26] derived c.aah 
r a t e  d i s t r i b u t i o n a  f o r  m i l i t a r y  a i r c r s f t  f l y i n g  target-bombing f l i g h t  
p a t t e r n s ,  again ' u t i l i z i n g  ava i l ab le  s i te -apec i f ic  information ( i n  th in  case 
m i l i t a r y  da ta  &re /obtained).  

;>, < ' I . . '  .:., I , . . . "  

4.4 Ai rc ra f t  Crash Probabi l i ty  Methodologies 

The a i r c r a f t  c r a sh  r a t e s  of Sect ion 4.3 a r e  used t o  determine the 
p r o b a b i l i t i e s  of craahea a t  any s p e c i f i c  a i t e .  In general  s s e t  of 
p robab l l t t y  es t imates  must be generated corresponding t o  grouping. of  the 
following parameters: ( i )  type of a i r c r a f t ,  ( i i )  type of  a v i a t i o n  a c t i v i t y .  
( i i i )  a i r p o r t  c h a r a c t e r i s t i c s ,  ( i v )  a i r  co r r ido r ,  restricted a i r  .pace, and 
background a i r  a c t i v i t y  overhead o r  within craah range. and (v) a i t e  
f ea tu res .  There parameter. appear e x p l i c i t l y  i n  the probabi l i ty  emtimation 
process and impl i c i t l y  through the se l ec t ion  of the appropr ia te  craah r a t e  
s t a t i s t i c s  and mde l ing  methodologies. 

The s e n s i t i v i t y  of t h e m  ca lcu la t ions  is such t h a t  the r e a u l t s  w l l l  depend 
p r i n c i p a l l y  upon the  frequency of f l i g h t a ,  the  c ra sh  r a t e ,  m$ the  
p o t e n t i a l l y  auscept ib la  t a r g e t s  a t  the .it= f o r  each grouping. Ohvioualj  
s i t e - spec i f i c  da t a  muat thus be used i n  any nure r i ca l  crash p robab i l i t y  
eva lua t ion .  It ahould be mentioned a t  t h i s  point .  however, that p a r t  
experience indicate.  t h a t ,  fo r  t s i t i n g  of nuclear power plant., the  
presence of nearby a i r p o r t s  having a r e l a t i v e l y  l a rge  number of annual 
movements, nearby a i r  c o r r i d o r s ,  and the f l i g h t s  of l i g h t  (a ingla  engine) 
a i r c r a f t  usual ly dominate the o v e r a l l  craah probabi l i ty  valuat ion.  k, these  
ins tances  it haa been found t h a t  the engineered aa fe ty  f ea tu res  of a nuclear  
power plant  a r e  importantly d r a m  i n t o  the r i s k  es t imat ion  procedure. and 
the indiv idual  hazard groupings above become q u i t e  s i g n i f i c a n t  i n  t 
i n  addi t ion  t o  t h e i r  cont r ibut ion  to  the ove ra l l  craah probabi l i ty .  

4.4.1 Crash-Probability Models 

The probabi l i ty  PC of an a i r c r a f t  crash per year fo r  a p a r t i c u l a r  
described above Is given by 

( I )  PC-NAC 

(11) PC - NACIW 

where N is the  number of annual operation., e.g.. a i r p o r t  m v e m p t a  o r  
a i r c r a f t  f l i g h t s ,  A l a  the e f f e c t i v e  t a r g e t  a rea  a t  the a i t e .  C i r  t@ craah 
r a t e  per movement per rquare d l e  i n  Eq. 4.2(1) or  the c ra sh  rate per 



aircraft-.ile in lq. 4.2(11). and W is the effective crash width extent 
centered on the aircraft's flight path (when C is given per aircrsft- 
mile). All of these variables depend upon the identities of the parameters 

chosen to belong to the various posaible groupings (subscripts to indicate 

the five principal paremetera are omitted for clarity with the ringle 

subscript C affixed to P to sophasize chis dependence). The values of the 
variables in Eq. 4.2 are, of course, site-specific, and their variability 

depends upon the level of detail represented by the parameter groups chosen. 

Note that although crash rates can vary considerably depending upon their 
parameter composition, they are derived on the basis of the national 
accident data barn - a statistical requirement in view of the rarity of 
aircraft crashes at any given site location. Additionally, certain 
conditional probabilitfu are required as they affect potential target areas 
and aircraft crarh consequence models. These relate to the aircraft crash 
path and its orientation relative to the plant features. the aircraft impact 
speed and might. and the likelihood of fuel fire and explosion events. 
given that the crash of a psrtlculsr type of aircraft occurs. The 
discussion in the following subsections d l 1  examine the formulation and 
evaluatioa of the pertinent ~ ~ n d i t i o ~ l  probabilities. 

4.4.1.1 Aircraft Crash Path 

Crash trajectories from the flight point here trouble. (first) de~lelopa to 
the impact point are implicitly represented by the statistical distribution 
of crash points for airport-related activities and treated as randomly 
occurring even- for uncontrolled (general) aviation. For in-flight traffic 
along prescribed router such as air corridors and traffic patterns h e r e  a 
flight line existr, for example. military air maneuvers such as weapons 

dtlivery or ~vigation practice 1251,  prob~bility distributions can be 
constructed for both th. oorul traffic deviatioo. and crash traJectorie8. 
The latter uill depend upoa such factors as altitude, attitude. type of 

aircraft and other characteristics such aa speed. 

Hornyik et al. [24.25] conrtruct a normal air traffic density function in 

order to compute a collimioo prob~bllity, t b t  is, collisioru resulting fro6 
deviations from tb intended flight path and the presence of plant 

structures. Then accident types are included in the statirtical data base 
and can be curully Ignored as an Important uparate class of events except 
in very speci.1 cases of l w  flying aircraft in aerial application and 
military aviation. ?or most low flying slrcraft. e.g.. pleanure flying, the 
deviations f r a  'Intended' routes are uiually ea large that the routes are 

virtu~lly mruxlstent relative to the present application, and collirionr 



i 
are equivalent t o  randm craah events.  For high a l t i t u d e  f l i g h t s  along a i r  
co r r ido r r ,  f l i g h t  path devia t ions  a r e  assumed negl ig ib le  in  extent  abd 
impl i c i t ly  included within the crash t r a j ec to ry  d i s t r i b u t i o n  orthonormal t o  
the f l i g h t  path. 

C .a 
Crash s i t e  probabi l i ty  d i r t r i b u t i o n  funct ions have been conetructed by 
tlornyik e t  a1. [24] a d  Sol- [16 ] .  Figure 5 i l l u s t r a t e s  the geometric 
r e l a t i o n  betveen the crash  a i t e  and ( s t r a i g h t )  intended f l i g h t  path, e.&, 

i 
a i r  co r r ido r  centerline. h s o c i a t e d  v i t h  the crash s i t e  to f l i g h t  path 
d is tance  x is the condit ional  probabi l i ty  of a  crash occurring along the 
l i n e  x equal t o  a conatant ,  given tha t  a  crash occurs.  Solomon assumes t h i s  
condit ional  p robab i l i ty  t o  be a negative exponential function tha t  decays 
(symmetrically) as x increares  and given the fol loving subjec t ive  es t imates  
f o r  the decay constant  as a funct ion of av ia t ion  category: 

'i 

Exponential 
Aviation Category Decay Constant (mi-') 

A i r  Carr ie r  
General Aviation- 
Aer ia l  Appliction 

Ceneral Aviation-Other 
Mi l i t a ry  M r c r a f t  

Co t t l i eb  [19] incraared c e r t a i n  of there valuea t o  account fo r  lower a l r -  
co r r ido r  a l t i t u d e r  i n  hie  a i t e - spec i f i c  analys is .  

! 

I n  general ,  air corr idora  m y  mt be r t r a i g h t ,  and there a r e  o f t e n  a r l t i p l e  
co r r ido r r  h a v i q  d i f f e r e n t  d i r e c t i o n s  a d  d i f f e r e n t  a l t i t u d e s  over a  given 
s i t e .  Gott l ie? w d e l e d  rush an inr tance  by dividing the a i r  apace i d o  
hnl f -mi le  vide s t r ips  and ruperimpoaed the negative exponential dens i ly  
funct ions f o r  each s t r i p .  He found that the  o r t h o n o r ~ l  c o n d i t i o ~ l  
probabi l i ty  b s c o . ~ ~  negl ig ib le  beyond x equal 3 miles for  a  decay conr tant  
of 2/.ile. 

t 
The value of If1 i n  Eq. 4.2 i a  t h i r  condit ional  probabi l i ty  of o r t h o n o r d l  
craah site loca t ion  and is a funct ion of the distance f r a  the  plant  to ths 
a i r  co r r ido r  unterl ln8.  SUP Section 3.5.1.6 suggeata using f o r  the val& 
of Y the air cor r ido r  width vhen the  r i t e  is under i t ,  and thim vidth Pl& 
tvicr the d i r t ance  from its edse t o  the a t r e  when the a i t e  is beyond the b 



e e f f e c t i v e  plant  a rea  A i s  the equivalent ground surface area such that  a  
ash probabi l i ty  computed on the bas is  of A accounts fo r  a l l  crashes t h a t  

could a f f e c t  suscept ib le  t a r g e t s  a t  the plant  s i t e  f o r  each parameter 
jrouping. The ca lcu la t ion  of A v i l l ,  i n  general ,  involve a i r c r a f t ,  craah 
r e l a t e d ,  and t a r g e t  c h a r a c t e r i s t i c s .  Noat analyses t r e a t  A a s  the sum of a 
pkid area ,  ahadow area ,  and t rue  t a rge t  area.  The shadou area is very 
s i g n i f i c a n t  s ince  i t  allows f o r  t a rge t  height; i t  depends s t rongly  upon the 
crash angle and is  i l l u s t r a t e d  in  Pig. 6. The shadow area var ies  inversely 
with tan 4 where 4 is the crash angle shovn in  the f igure .  Solomon uses 
& 

values f o r  + of 15. 116) and 20. 122); Niyogi 113) quotes values of 10. f o r  
"&andings and 45. f o r  takeoffs .  Cravero and Lucent [28] conclude from t h e i r  
,@tudy of in t e rna t iona l  av ia t ion  tha t  of 34 accidents  from 1962 t o  1966 over 
&elf resul ted in  v e r t i c a l  dives ( $  equal to 9 0 ° ) ,  and tor  the remainder ,+ is 
#eater  than 45.; they a r r i v e  a t  s imi l a r  conclusions f r an  t h e i r  study of 
@ropean pr iva te  s v i a t i o n  for  the years 1968 t o  1970. Joer issen  and &end 
@ 9 ]  assum an average value f o r  4 of 45.. 
k 2 
i 
e skid a rea  is shorn by Solomon [I61 to vary proport ional ly withe the 
@piare  of the a i r c r a f t ' s  i n i t i a l  hor izonta l  ve loc i ty ,  and inversely wiih n 
f r i c t i o n  f ac to r  t h a t  depends on the ground t e r r a i n .  Prom a review of 
accident  r epor t s  and o ther  s tud ies .  Solomon [16] l ists possible sk id  
lengths ,  v1z.i 0.6 mile fo r  high veloci ty mi l i t a ry  a i r c r a f t ;  0.3 mile' for  
Air Carrier  a i r c r a f t ;  0.06 mile fo r  General Aviation a i r c r a f t ;  and an upper 
+!stance of one mile f o r  high ve loc i ty  mi l i t a ry  a i r c r a f t  on very &oth 

r ra in .  tfotn,ik and Crund 1251 s t a t e  tha t  the choice of skid length sdould 
11 i n t o  the  category of conservatism due t o  " p a r t i a l / t o t a l  ignorance". i t 

many analyses,  skid area  is not factored i n t o  es t imat ions  of A; t h i s  m y  
C due t o  the corresponding decrease of the a i r c r a f t ' s  iopact  k i n e t i c  e w r g y  
L 

the  s k u  d i s t a a a  increases .  However, Solomon notes tha t  skid area tends 
6 dominate the  evaluat ion of t o t a l  e f f e c t i v e  area ,  more so than the c  i c e  

4, and is, therefore ,  important. 1 
general ,  the  ca lcu la t ion  of e f f e c t i v e  plant  a rea  can become ra the r  

t plex. The e f f e c t i v e  a i r c r a f t  diameter is of the same order  of magnqtude 
plant  s t r u c t u r e  dimensions und must be included; t h i s  is usually d o 6  by 
ply increasing th dimenrions of the t a rge t .  Accordingly. A is a ddrect  

nction of the  a i r c r a f t  type. Crash r e l a t ed  c h a r a c t a r l n t i c s  other  than  $ 

n be important such a8 crash o r i en ta t ion  r e l a t i v e  to the plant!  and 
c ident  f a i l u r e  modes. The t a r g e t s  a t  the plant have complex geometries 
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Fig. 5. Crash S i t e s  Orthonormal to  a Plight Path (161 

hadw Area of a Plant Structure [16] 



& p e c i s l l y  i n  r ? l a t i o n  t o  one another ( sh ie ld ing  p o s s i b i l i t i e s  a r i s e  and 
vary wfth crash  o r i en ta t ion ) ,  and t e r r a i n  fea tures  (both na tu ra l  and esn- 
made) s t rongly  a f f e c t  skidding. 

> 
4.4.1.2 M r c r a f t  Impact O l a r a c t e r t s t i c s  

L 
From 1973 to '1976,  19 d i f f e r e n t  a i r c r a f t  mkea and m d e l s  were involved in 
88 percent of a l l  and 90 percent of f a t a l  Air Carr ie r  accidents  [ l o ] .  
Including both p i a t r l  and turbine engines, there  were over 118,000 m a l l  
( l i g h t e r  than 12,500 lbs )  and 5,100 la rge  (heavier than 12.500 lbs )  a i r c r a f t  
i n  1968 [12]. Chelapati  e t  a l .  note tha t  the s i z e ,  weight. and speed of an 
a i r c r a f t  are d i r e c t  funct ions of i t s  horsepower and use the 1967 annual FAA 
census and o the r  da ta  t o  construct  frequency d i s t r i b u t i o n s  fo r  m u a l l  'and 
l a r g e  a i r c r a f t  apeeds and engine weights and thur t h e i r  e f f e c t i v e  diameters 
and weights. A ' t y p i c a l  speed of 140 percent of s t a l l  was assumed within 5  
milee . ~ t  an a i r p o r t ,  and 75 percent of power, 140 percent of a t a l l . ' a n d  
maximum power w r e  assumed beyond 5 miles. 

Niyogi e t  al. [13] analyzed the cha rac te r i a t i ca  of small f i x e d r i n g  a i r c r a f t  
and observed that length,  maximum takeoff m i g h t ,  s t a l l i n g  ve loc i ty ,  rand 
~ x i r n u m  horizontal  ve loc i ty  ( f o r  a t  l e a s t  single-engine a i r c r a f t )  a l l  s c a l e  
with empty w i g h t ,  w,. They developed ideal ized a i r c r a f t  parameters a s  - 
funct ions of wo f o r  single-engine (1000 l b  <wo < 2200 lb )  and twin-engine 
(2800 l b  4ro < 8000 l b )  a i r c r a f t ,  and they suggest aeveral  probabi l i ty  
d i s t r i b u t i o n  models t o  account f o r  f l e e t  mixes. Solomon e t  a l .  [22] base 
s e l e c t i o n  of a i r c r a f t  c h a r a c t e r i s t i c s  upon the  a i r c r a f t  f l i g h t  da ta  f o r  two t npeci f ic  a i rpor t a ;  e.g., wide-body j e t  a i r c r a f t  account f o r  one-third of a l l  
operat ions a t  Los Angelen In te rna t iona l  Mrpor t .  

e 
Godbout and Brai. 115,271 have constructed probabi l i ty  dens i ty  funct ions '  f o r  
t h e  crash c h a r a c t c r i s t i c a  of a l a r g e  number of indiv idual  l i g h t  and heavy 
a i r c r a f t  (e.g.; average crash  speeds of 80 and 150 mph. respect ivs iy) .  

lbdel ing  the  coad i t iona l  p robab i l i ty  of an inpact ing a i r c r a f t  having any 1 
given s e t  of c h a r a c t e r i s t i c s  l a  necessary t o  the r e a l i s t i c  es t imat ion  of 
possible crash  consequences, e.g.. the condi t ional  probabi l i ty  of a  
p a r t i c u l a r  n t r u c t u r a l  f a i l u r e  mode occurring. Information on the f lee t ,mix  
appropr ia te  t o  a given s i t e  loca le  can be subsequently used t o  y ie ld  ove ra l l  

i t f e s  def in ing  the a i r c r a f t  crash consequence 
t 
i 

s : , i . ' i  ,> ' , , '  
1: .,'.., 

la t h e i r  s t ;dfdt '  accident  da ta ,  Cravaro and Lucenet I281 found t h a t  foe 44 



accidents  froll 1962 t o  1966, 26 f i r e s  commenced a f t e r  iapact  &ins t  t h e  
ground (about 60 percent of the  accidents)  h i l a  9 a i r c r a f t  "verefLn f i r e  a t  
th moment of th impact O. t l l  ground.- Joer issen  and Iuerd t29] repor t  
t h a t  an engine ca tches  f i r e  i n  about a t h i r d  of a11 f a t a l  acc idents ,  r 
according t o  r tatirt lcr.  Wall (301 reviewed RTSB repor t s  of accidents  and 
found that about 30 percent of General Aviation and 50 pcrcdnt of M r  
Carr ier  crashe0 i n v o l v d  postaccident f i r e .  

4.4.2 Crash Probability C. lcula t ions  

The h d i a t e  ob jec t ive  of u l c u l a t i n g  an a i r c r a f t  crash probabi l i ty  a t  a 
given nuclear power plant  site 1s to obta in  the annual frequency of the  
condit ion -given a crash occurs" corresponding t o  each or  eny combi~ut ion  of 
groupings of the a i r c r a f t  accident  a d  plant  parameters defined k n  Section 
4.4.2 and se l ec ted  from s i t e - spec i f i c  c r i t e r i a .  This can then d. combined 
with su i t ab le  c o ~ l d i t i o n n l  p robab i l i t i ea  (see Sectionm 4.4.1.1 Lb 4.4.1.3) 
and de terminis t ic  r e l a t ionsh ips  (see Sections 6 and 7) t o  e n h a t e  the 
p o s s i b i l i t i e s  that varioru modes and magnitudes of crash-ind&ed plant- 
r e l a t ed  c4nsequences w i l l  exist. 

However, the  crash  probabi l i ty  i s  i t s e l f  a condi t ional  p&babi l i ty ,  
conditioned by the  pa r t i cu la r  p a r u o t e r  grouping, tha t  is ,  accida& sceanrio 
c h a r a c t e r i s t i c s  4, a r c  L p o r t a n t l y  i n  the current  context ,  th$.?dfectlve 
t a rge t  features.  Since the  nature of the t a rke t  in  the present 8 i P l i c a t i o n  
depends i t s e l f  upon the  curumed accident scenario,  e.g., light?; o r  heivy 
a i r c r a f t ,  the ca lcu la t ion  process can ta ra ther  involved; ~ u r t h e r c ~ o t e n t i a l  
nuclear power plant  ( safe ty- re la ted)  t a r g e t s  a re  complex and "Fried (see 
Section 5). The procedure requi res  i d e n t i f i c a t i o n  and quant 
l i k e l y  accident  . .cenarios and evaluat ion of corresponding ta rge  
the bas is  of i n i s t i c  and judgmental methudologies and 

the  r e s u l t s  of various i n v e s t i g a t i  
t i v e  i n  mind s ince  the necessary d e t  

both scenario and ,plant  f ea tu re  assumptions and s e n s i t i v i t y  ca lcula t ions  a r e  
extremely d 1 f f i e u l t t o  f ind  and evaluate.  Furthermore, crash p r o b a b i l i t i e e  
w h  be m l t i p l i e d " , b j  .ppropriate condi t ioaa l  probabilities of a .%dioact ive . , , ;.p*:, .;. 
mater ia l  re lur i - , , exceedin$ 10 CFR 100 guidel ines  t o  obta in  the onrequeace 

.,%<~.,. 
probabilitie~:~~or,~,ruch , . a re lease .  This is usually L p l i c i t l $ 4  done $by 

434 crssuniag a ~ e l & n ' ' , c b n d i t i o n a l  p robab i l i ty  of uni ty fo r  a11 s t r u c t u r e s  u;ed 
i n  the e f f e c t i ~ i  :piant a rea  evalua t ion  and of zero f o r  those e 
f i r a t  a s smpt ioa" , . . i i  i n  .any cases  very conservat ive f o r  
s t r u c t u r e s  a d .  range of both accident  and plant  reapon 

I . ! .  .., . .:.:,.< 
. '," 
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involved. S e n s i t i v i t y  t o  
a l l  p o t e n t i a l l y  relevant  

the  eecord assumption cur ba e a t i m a t d  by using 
plant  fea tures  (and t h e i r  shadow, $,kid, m d  

shie ld ing  c h m a c t e r i 8 t i c s )  a s  dn upper-bound ca lcu la t ion ,  but t o t a l  
e f f r c t i v e  p lant  area .va lua t ions  a r e  genera l ly  unavailable. 1 ' Niyogi st ale [13] discuss t h i s  aspect  of thc p rob lm i n  more ,de ta i l  and 

i numerically m i g h t  the  e f f e c t i v e  areaa of t h e i r  i d e n t i f i e d  suscept ib le  
t a r g a t s  by assumed condi t ional  re lease  p robab i l i t i e s  a s  follows: a value of 
1.0 f o r  the containasat ,  f u e l  s torage  building,  and con t ro l  roam; 0.1 f o r  
the  prima?y a u x i l i a r y  building and equipment vault ;  0.01 fo r  ;ha d iese l -  
goner i tor  bui ldi&, cooling tower, waste-processing building,@refuel ing .. 
water: s torage  tank, c i r c u l a t i n g r a t z r  pump house, and re rv ice  water pump 

.L% 

house;l&nd 0.0 f o r  the  turbine building. 

$4 
.loerisnen and Zuend 1291 present probabilit iem of crash-induced 
releaoes and r e f a r  t o  de ta i l ed  s tud ies  of syste~/component susce 
and reac tor  responw fo r  both BUR and PUR plants ,  but do not c i t  
o r  p r h i d e  de ta i l a .  They est imate the condit ional  probabi l i ty  
damage i n  a rooo ins ide  a penetrated building M genera l ly  g ra  7 U 
percent. Selvidge [31] considerr  damage scenarios for  an a i r  
penet&ing a bui ld iag  containing plutonium and computer 
( ~ o c k j ;  F l a t s  Plant)  of varioue forms of plutonium escaping 
quan t i t i e s ,  h e n  scenarios a l l  involve f i r e  of the a i r c r a f t  f u e l  as the  

r e l e  
4% > 

Tab1ep7 presents  various crash probabi l i ty  and re l a t ed  r e s u l t s  
power 'pbnts  [20] and i r  based on calculations by Eiaenhut [6]  
SAR a h  AEC Ihgulatory s t a f f  evaluat ions.  Chelapati e t  e l .  
[30] h i v e  the  following crash p robab i l i t i e s  fo r  a " typic  
located r a l a t i v e  t o  an "average" a i r p o r t  using crash r a t e s  and t 
averaged over the e n t i r e  0.S.r 

do not include m y  condi t ional  p robab i l i t  



Uircellaneous 

0.01 m f *  0.02 mi2 

.& tn* fac i l i ty  is , & s i p 6  to ulthstand th craeh of a l l  these 97000 
movements. $ .+. WI-carrier s tat i s t ics  were used for theae mvemnts. F. S ~ o r  small aircraft, a r a  used was 0.005 mi2 &. 

..$ 
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sequences, but they derive adjustments t o  the  s t r i k e  
probabi l i r i e s  based upon ca lcu la t ions  of the per fora t ion  f a i l u r e  mode i for  
v a r y i w  thicknerres of concrete and tu, a i r c r a f t  types. Addit ional ly,  they 
de r ive  the  condi t ional  probabi l i ty  of s t r i k i n g  any s p e c i f i c  ia te ty- re la ted  
equipment within a building t o  be 0.01. 

3 
Niyogi et  a1. 1131 der ive  the following crash p r o b a b i l i t i e s  from normal 
backeround av ia t ion  crashes i n t o  safe ty- re la ted  s t r u c t u r e s  f m  a typ ica l  
two-unit nuclear power plant  h6ving a t o t a l  area o f ,  about 0.01 

2 , '  m i  : :; W . ~  

X., 
t .  

, . 2 

Aircraf t  Two-Unit 
Type Crarh Probabil i ty  (yr - l )  

'I: M r  Ckrrier 2.0 x lo-8 
Soal l  Fixed-Wing (2  Engine) 2.0 lo-' 
S a d 1  Pixad-Wing (1 Engine) 1.1 x lo-b .j* 

h~ 1.3 x lo-b , . 
.', 

fie e f f e c t i v e  p lan t  a rea  does not appear to be conservat ively c a l c u l a t e d ,  
and the  condit ional  damage p robab i l i t i e s  discussed above have b a n  applied 
t o  obtain these r e su l t s .  Further ,  the background av ia t ion  used does not 
e x p l i c i t l y  take in to  account a i r p o r t  and airway e f f e c t s .  

, k t 
~ o l &  [16] de r ive r  e f f e c t i v e  plant  areas* f o r  the Palo Verde Nuclear 

2 Cenerating S ta t ion  of 0.017 m i 2  f o r  General Aviation a i r c r a f t .  0.1 m i  f o r  
an P-104 S t a r f i g h t e r  J e t ,  and 0.067 m i 2  fo r  a  DC-10 using shad- and skid 
a reas  f o r  the c o n t a i a u n t ,  f u e l ,  and radwaste buildings.  Thssq a reas  a r e  
s i g n i f i c a n t l y  l a r g e r  than those used in  most such s tud ies .  T l k  PVNCS is 
near &me m i l i t a r y  av ia t ion  and approximately 5 d l e s  from an air corr idor  
havlng about 100,000 f l i g h t s  per year. The crash p robab i l i ty  f o r  the a i r  
co r r ido r  hazard (s:rongly dependent upon separat ion d is tance)  i r  derived t o  
ba abdut 6 x 10" per year and represents  the l a r g e s t  a i r c r a f t  hazard a t  
t h i s  s i t e .  Solomon [17,18J a l r o  has developed a generalized met6dology f o r  
calcul.tiqg the crash-probabil i ty  a t  an a r b i t r a r l y  located s i t e , ;  but ,  s ince  
h i s  &ple r e s u l t s  are hypothet ica l  i n  nature,  they w i l l  not bb presented 

';$ ... 8 here. i~ . ~ 

'.> 
;$ 

C-ott&b 1191 t r ea t ed  a s p e c i f i c  s i t e  near severa l  a i r  co r r ido i s ,  a  la rge  
airPo& 50 ay, r l a rge  number of small a i r p o r t s ,  and a t  l e a s t  .ix 

g 6 
;?{ 
a 
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l a rge  ones within 75 o i l e r .  His ana lys i s  c l e a r l y  i l l u ~ t r a t e s  the importance 
of der iv ing  crash p r o b a b i l i t i c r  on the basin of the parameter groupings 
discussed previously. The crash p r o b a b i l i t i e r  for  single-engine and t w i n -  
engine General Aviation a i r c r a f t  a r e  given a r  3.9 x and 1.0 x per 
year, respec t ive ly .  

E x c d l e n t  i n f o r u t i o n  sourcer  e x i s t  and a r e  r ead i ly  ava i l ab le  fo r  
e s t ab l i sh ing  a i r c r a f t - r e l a t e d  data  bases and s t a t i s t i c s .  A11 s i r c r a f t  
acc idents  a r e  i n v e s t i ~ a t e d  and repor ts  f i l e d  contsining a s  much d r t a i l  a s  
possiblc  under the c i rc~*mstsnces .  Th. abrence of or  d i f f i c u l t i e s  involved 
i n  generat ing c e r t a i n  typea of accident  parameters can usua l ly  be 
compensated f o r  by a n a l y t i c e l  procedures, conservat ive aasumptlons, o r  
probabi l i ty  d i s t r i b u t i o n  funct ions.  l h j o r  a i r c r a f t  c rashes  a t  any given 
site represent  very low p robab i l i t y  eventr .  A i rc ra f t  crauh r a t e s  tha t  s c a l e  
with the number of operat ions and based upon the data  bases can be estimated 
with a reasonably high degree of confidence. However, except pr imar i ly  f o r  
a cursory t r e a t s e n t  i n  the  Canadian repor ts  [14,15,27], other  sca l ing  
e f f e c t s  have not been adequately s tudied.  Niyogi e t  a l .  [I31 found. 
however, t h a t  the  a i rpo r t - r e l a t ed  accident r a t e  f o r  emall f i x e d r i n g  
a i r c r a f t  var iee  from ahout one-third to a l n o r t  f i v e  timea the average r a t e  
i n  going from l a rge  PM a i r p o r t s  t o  very m a l l  a i r p o r t s  (see Table 3). The 
p o s s i b i l i t y  of regional  a d  a i r  co r r ldo r  va r i a t ions  in the c rarh  r a t e s  f o r  
a11 typer  of  av ia t ion ,  beth mnrouted and i n  airways, 
adequately inveet igatad i n  regard t o  the present a p p l i c a t i o  
enough a t t e n t i o n  is given i n  general  to  the p a r t i c u l a r  
scenarios posed by small  but r e l a t i v e l y  heavy and f a s t  (e.g 

three  primary e f f e c t s  of a i r p o r t s ,  airways, and o 
4 r: (1) to concent ra te  the bevel of a i r  t r a f f i c .  (2 )  t o  t n c r e a s e  the  

c ra sh  r a t e e  a8 d i s t ance  t o  these  zones decreases,  and ( 3 )  t o  #ncreaae the 
number of d i f f e r e n t  types of av ia t ion  a c t l v i t i e r  ( f o r  example, t akeof f s ,  
l andingr ,  and the  concent ra t ion  of l a rge  commercial a i r c r a f t ;  o the r s  include 
mi l i t+ ry  a p p l i c a t i o a s ,  s tc . ) .  It is  reasonable t o  conclude t h a t  the  
combiaed e f f a c f r  of  t h e r e  con t ro l l ed  regions represent  a d g n i f i c a n t l y  

*i 
increased hazard to  nuclear power p l an t r  than the t rue  or  even averaged 
background a i r c r a f  c tusard  . d 

.# 
f o r  hul l  ( Aviation) a i r c r a f t  it would appear from the ava i l ab le  
ana ly jes  t h a t  the a i r p o r t  e f f e c t  mergea i n t o  background crash r a t e r  a t  about 

8 having say 10,000 operat ions per year and probably a t  

. . 
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only a slightly larger distance, say 6 miles, for any nize airport; a 
significantly incteased rate would only begin to appear very close in, say 
uithin 2 to 3 miles. For large (Air Carrier) aircraft a nominal background 
crash rate on the order of major crashes per flight per square mile can 
be assumed along tho affected strip of ground under a single air corridor 
(assume a crash rate of 3 x per aircraft-~ile and a mean crash-width 
dimension of 3 miles). For heavily traveled corridors, more than 100,000 

flights per year, the heavy aircraft crash rate in the immediate vicinity of 
air corridors will vary fraa about the same to significant , greater than 
the background light aircraft rote. 

The heavy aircraft crash rate per square mile 5 miles from an airport is not 
significantly lnrger than that near an air corridor per operation. If it la 
assumed that one-third of all M r  Carrier crashes occur vithin 5 d l e s  of an 
airport and one-half of all craahes ere "airport related," then the airport 
effect on crash rate will extend for some, poaoibly considerable, distance 
beyond 5 miles. This dirtance-airport effect relationship cannot be 

examined further at present using only the analyses and data evaluated hare. 

Crash probability calculations for the specific sites previously studied 
involved considerable data gathering and modeling of site features and 
accident parametera. Results are strongly dependent upon the= factors and 
invariably reflect derived and in most cases assumed conditional probability 
estimations of certain event occurrences. In general, the air&sft accident 
hazard cannot be eliminated solely on the basis of the crash probability 
being less than to lo-' per year without taking into account the 

inherent hardnesr and identity of eafety-related features of the plant. 
Even doing so often leads to results that are near to or marginally vithin 
10 CPR 100 guidelines; however, considerable conservatism is apparently 
included in the radioactive release conditional probabilities typically 
used. 

The aircraft hazards studies that have been made are important to more 
general considerations of reactor safety, siting, and risk estimation. 
These procedures are essentially risk-based concepts [ 3 2 , 3 3 , 3 4 )  in that both 
probabilities of occurrence and consequences as the result of occurrence, 
i.e., all aspecte of possible event, are considered. Finally it should be 

noted that there ate m explicit requirements on the frequency of occurrence 
of aircraft crasher per se on nuclear power plants provided that the risk i, 
acceptably small. l l w  low risk value La, of course, tantamount to a lov 
crash probability in cases uhere the conditional probability of having a 
radioactive release given a crash is taken as unity, e.g., for large 

commercial aircraft. At the other extreme of zero conditional probability, 
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! 
g i w  aircraft  crashing into the containment rtructure, 

no much r e l a t i o n ~ h i p  e x i r t ~ .  



. . , ,> 
,.:, 5. SAFER-RELATED SYSTEMS .y $. . 

. . * '.~ 
?d 

S a f e t y - r e l a t e d  r y s t e r r  m y  be rubdivided i n  (1) c r i t i c a l i t y  c o n t r o l  sys tems,  
(2)  h e a t  removal ry r t emr .  (3) suppor t  systems,  ( 4 )  conta inment  s y s t e m ( s ) ,  

CI 
and (5) m i t i g a t i o n  ryr temr.  I n  t h s  fo l lowing  we s h a l l  a d d r e s s  p r i m a r i l y  t h e  
f i r s t  t h r e e  t y p a r  of ryr tems.  

5.1 PUR Safety-Related Syrtems 

5.1.1 PUR C r i t i c a l i t y  Cont ro l  Systems 

For  RIB. t h e  c r i t i c a l i t y  c o n t r o l  ryr tems c o n r i s t  o f :  (1) c o n t r o l  r o d s  and 
d r i v e r ,  and (2) r s f e t y  i n j e c t i o n  s y s t e m  (SIS) .  Rapid shutdown by dropping 
t h e  c o n t r o l  r o d r  doer  n o t  r e q u i r e  t h e  a v a i l a b i l i t y  of e l e c t r i c  power. 
However, it rhould  be recognized t h a t  i n  PWRs t h e  c o n t r o l  r o d s  do n o t  
c o n s t i t u t e  a complete shutdown system, i n  that t h e  r e a c t i v i t y  worth of  t h e  
r o d s  i u  o n l y  sufficient t o  b r i n g  t h e  p l a n t  from f u l l  power t o , h o t  stand-by 
c o n d i t i o n r .  To b r i n 8  t h e  p l a n t  t o  c o l d  shutdown r e q u i r e 8  in je&on of boron 
by meana of the a a f e t y  i n j e c t i o n  system, which doea r e q u i r e  electric power 
i f  the primary sy r t em remairrs p r e s s u r i z e d .  Note t h e t  both  t h e s e  c r i t i c a l i t y  

P 
c o n t r o l  a y a t e u r  are q u i t e  w e l l  p r o t e c t e d  a g a i n s t  d i r e c t  impact i n  c a s e  of  a n  
a i r c r a f t  crash .  

5.1.2 PUR Beat Barnoval Systems 

These syrtema MY be rubd iv ided  i n t o  two groups:  

(1) PUR Xeat Removal Symtemm f o r  Norm81 Opera t ion  
pr imary h e a t  t r a n s p o r t  s y s t e s  (PUTS), i n c l u d i n g :  

p r e r r u r e  v e s s e l ,  primary c o o l a n t  p i p l n g  and pumps, 
a t e m  g e n e r a t o r s .  and p r e s s u r i z e r ,  

0 l a i n  feedwater  u y s t m  and stem l i n e r ,  
0 condenser  and condehaer c o o l i n g  sys tem,  

0 r e r i d u s l  h e a t  removal syr tem (RHRS), 
water i n t a k e s  and u l t i m a t e  h e a t  s i n k ( s )  (UHS). 

Of t h e s e  r y e t a r ,  the condenser  and condenser  c o o l i n g  water  ry r t em,  p a r t r  of  * 
t h e  feedwate r  ry r t em and t h e  ateam l i n e s ,  a r  well a r  t h e  water i n t a k e s  and 
u l t i u t e  h e a t  a i n k ( r )  are no t  p r o t e c t e d  i n s i d e  hardened a t r u c t u r e s ;  they a r e  
t h u s  v u l n e r a b l e  to d i r e c t  impact.  b r a o v e r ,  though t h e  r r r i d u a l  h e a t  
removal r y s t a a  i t r a l f  is f u l l y  con ta ined  i n  t h e  hardened conta inment  and 
a u x i l i a r y  b u i l d l n p a ,  i t a  i n t e r m e d i a t e  h c a t  removal c i r c u i t  and u l t i m a t e  h c a t  
r i n k  ere n o t  p r o t e c t e d  i n  t h a t  way. 



0 emergency core cooling system (ECCS), with i ts 
i n j e c t i o n  and r ec i r cu la t ion  mode, 

0 a u x i l i a r y  feedwater sys tea ,  
s t e m  dump sys t ea ,  

0 containment cooling ay#teo (PAW). 
0 systems fo r  the feed-and-bleed cooling mode, 
0 r e s idua l  heat removal system ( R H R S ) ,  

0 water in takes  and u l t imate  heat s ink(e)  (UHS). 

Most of the above systems a r e  contained ins ide  hardened structures, except 
fo r  va t e r  in takes ,  u l t imate  heat s inks ,  and s o w  of the support s y s t e m .  

5.1.3 FHR Support Systems 

The support systems play an extremely important r o l e ,  i n  t h a t  kuny safety-  
r e l a t ed  s y s t e m  would f a i l  without theZr co r rec t  performance. . Among these  
support oystems should be named 

0 component cooling water sys teu  (CCUS), 
0 r e r v i c e  water system (SWS) 

e l e c t r i c  power system (PPS), including (a)  ops i t e  paver,  
(b) o f f s i t e  power. (c) emergency d i e s e l  generators ,  and (d) 
b a t t e r i e s .  

4% 
Though the CCUS and SUS a r e  well protected i n  hardened s t r u c t u r e s ,  some of 
t h e i r  subsystems a r e  not (e.g., water in takes  and conduits  f rga  the water 
in takes) .  Furthermore, the o f f s i t c  power is qu i t e  vulnerable t o  d i r e c t  
impact i n  case of an a i r c r a f t  crash.  

i 
5.2 BUR Safety-%latad Systems - 
5.2.1 BUR C r i t i c a l i t y  Control Systems - 
I n  the  BUR8 the  r e a c t i v i t y  worth of the coo t ro l  rod. is s u f f i c i e n t l y  l a rge  
to  shut  the r eac to r  dom from f u l l  power t o  cold condi t ions .  Th. rods have 
t o  move agains t  g rav i ty ;  however, each rod is provided v i t h  an indopendent 
energy source (conprarsed n i t rogen) ,  and is not dependent on outoide 
e l e c t r i c a l  power f o r  rap id  r eac to r  shutdown. Furthermore, the e n t i r e  
r eac to r  shutdom ryrtam is well protected aga lne t  d i r e c t  i,rpact i n  case of 
an a i r c r a f t  c rash ,  being f u l l y  i n r i d e  the containment o t ruc tu re .  



t removal systems m y  ba rubdivided i n t o  

e r i d u a l  h e a t  removal system (RHRS). 
wate r  i n t a k e s  and u l t i m a t e  hea t  s l n k ( s ) .  

Ae f o r  PWRr, t h e  condenaer and condenaer c o o l i n g  r y s t c n ,  p a r t s  of t h e  
feedwate r  system and stem l i n e n ,  t h e  condenser and condense c o o l i n g  
sys tem,  a c  w e l l  a t h e  wa te r  i n t a k e 8  and u l t i m a t e  h a a t  e i  1 k ( s )  a r e  
v u l n e r a b l e  t o  d i r e c t  fmpact i n  case of an  a i r c r a f t  c r a s h .  ~otp t h a t  f o r  
BWRs t h e  PHTS i n c l u d e s  t h a  rtem l i n e s ,  t h e  condense r ,  and t h e  p a i n  
feedwate r  rystem. 

(2)  BWR b a t  Removal Systems f o r  Off-Normal B n d i t l o n s  
h i g h  p reasura  c o r e  r p r a y  system (HPCS), 

0 lw p r e s s u r e  c o r e  s p r a y  syatem (LPCS), 
0 low p r e s s u r e  c o o l a n t  i n j e c t i o n  (LPCI). 

r a s i d u a l  h e a t  rwmoval r y s t a  (RHRS). 

% 

As f o r  t h e  M a ,  mrt of  t h e  above aystems a r e  con ta ined  i n a i d e  hardened 
s t r u c t u r e s ,  excep t  f o r  t h e  v a t e r  i n t a k e r  f o r  t h e  s e r v i c e  water  
t h e  u l t i m a t e  h e a t  s i n k s .  

5.2.3 BUB Support  Systems 

The BUR r u p p o r t  aystems are s i m i l a r  i n  n a t u r e  t o  t h o s e  i n  a 

fe ty-Rela ted  Systems 

The r e s u l t s  of  m a i r c r a f t  c r a r h  on a n u c l e a r  power p l a n t  a r e  nu t  
t h e  a f f e c t .  of  thr impact of  heavy p a r t s  ( such  a s  a j e t  e n g i n  
e n g i n e e r i n g  s t r u c t u r e # .  )luoerous syetemr a r e  r e q u i r e d  i n  o r d s  
r e a c t o r  rhutdovn a d  a d e q u a t r  l o n g - t a m  c o o l i n g  of t h e  c o r e .  
of  t h e s e  s a f e t y - r e l a t e d  sys tamr a r a  wl l  p r o t e c t e d  w i t  
r t r u c t u r e s  (eontafnment  sy r t em,  a u x i l i a r y  b u f l d i n g ) ,  s o m  



zero: Paat .xh?ience h a  ahown t h a t  e l e c t r i c a l  f a i l u r e s  

Onofre, Rancho S c o ,  e y s t a l  Rtver). 

t he  a v a i l a b i l i t y  of a turbine-driven a u x i l i a r y  feedwater pump. 
, . 

d i f f e r e n t  from a d i r e c t  impact on a hardened structure, m u 1  
on syateru a f fec t ing  long-tern heat removal capab i l i ty  such 
h a l l  (severing the  a t e m  l i n e s )  and the water intakes.  It 
foremost i n  sid tha  due to an 

present rtudy. 

depre raur i za t ion ' , o f  tha p lan t ' s  secondary cooling system, 

cooldovn of t a r y  aystcm, thus r e su l t ing  i n  r e c r i t i c a l  
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ra ted  water),  and s ince  the  sa fe ty  in j ec t ion  system 
unctioning due to 1068 of e l e c t r i c  power, t ha r s  muPd be . Purthermore, s ince  the los s  of e l e c t r i c a l  

p o m t  'and tha:Ld"age ; to  the  recondary rystem would preclude any cooling 
o ther  than short-term ' boil-off of the primary coolant inventoiy, the core 
would moat probably be. headed f o r  eeriour  d m g e  i f  not t 

Core meltdown w i t h o u t  the  a v a i l a b i l i t y  of e l e c t r i c  power, 
r e s u l t  i n  containment o re rp re r su r i za t ion  and re l ease  o 
mater ia ls  t o  t roment  f a r  in  excess of 10 CPR 100 guide 

Note tha t  t h  equence of events  does not depend i n  
breach of a  hardened s t r u c t u r e  due to the impact of a  heavy 
a i r c r a f t  a t  some optimum (i.e., =st-damaging) angle, which 
to have had the  g r e a t e a t  a t t e n t i o n  in  the evaluat ion of 
r eac to r  sa fe ty  with respect  t o  a i r c r a f t  crashes. Note fu r the r  that t h i s  
accident  scenario r equ i re s  the  occurrence of mult iple  f a i l u r e s ,  many of 
which a re  s t rongly  plant-dependent. As an example, the loca t ion  ( ina ide  o r  
outs ide  hardened s t ruc tu res )  of the aux i l i a ry  transformer (used ,for reducing 
the  voltage o f  the  o f f r i t e  power l i n e s )  and the aerociated brea,kors. s t rongly  
a f f e c t s  t h e  'p robabi l i ty  of lo s ing  a l l  e l e c t r i c a l  power. . A d e t a i l e d  
p r o b a b i l i s t i c  : evaluat ion  of t h i s  accident scenario is  beyond . .  t h e  . scope of 
t h i s  s tudy; .  e k h  a study is, however, recommended i f  the  

. . 
a a probabi l i ty  of occurrence l a rge r  than r e  

. . 

Long-term cooling c a p a b i l i t y  is m important requirement fo r  p 
damage or  meltdown. An a i r c r a f t  crash could compromise long 
c a p a b i l i t y  i n  nunerour ways. Systems, o r  par ts  of systems, mo 
t o  a i r c r a f t  ;:.impact ' a r e  thoae not (or  not f u l l y )  encloaed 
s t ruc tu res .  - h n g , t h e r e  should be named: The main feedwat 
condenser co&ing.water a y r t m ,  the  steam l i n e s ,  the u l t i  
(cooling tower , ' va t e r ,  , . , , ,,~.. in takea ,  e t c  .) is ..., 

.,,,,, $+:>,s4, . , '  ;. 
. , ..,. , ",>. . ' I . '  :I$; ..;>ji[,&+;: , /  , , . 

(1)  ~ u ~ t u r e ' ~ ' o f ~ ; ' e i t h e r  . .. the s t e m  l i n e s  o r  the main feedwater lime ( a i r c r a f t  
crash on the  % b i w  building) couldcompromiw the normal mean$~;'~or cooling 
down the core~~~~d'depreasurizing the PHTS t o  the point h e r e  t$,WR ,, system 
can be employkd.. If the  feedwater l i n e  rupture can be isolatedj.! the use of 
the  a u x i l i a r y f e c d w a t e r  rystem m u l d  provide an adequate mcan(J,;of cooling 
tha core  a+;deprersurizing the PHTS t o  the l eve l  of the BRsls. If the  
sux i  l i a r y  f e e d k e r  system is nor funct ional ,  the  feed-and-bleed cooling . . 
mode would c the only long-term method of cooling the  
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lw it t o  deprearur i rs  the PHtS t o  the  l eve l  of the  

e, r e s u l t i n g  i n  rupture of the pain feedvater  l i n e s  
of e l e c t r i c a l  power, would requi re  the  co r rec t  

dr iven  a u x i l i a r y  feedwater ptmp. 

a f f e c t i n g  the ul t imate heat  r ink  (cooling tower, 
uohld leave core cooling dependent on th. feed-and- 

a s u f f i c i e n t  water aupply and e l e c t r i c a l  power 

5.3.3 Accident Sequencer Involving BUR Safety-Related Systems 

con t ro l  ayatems a r e  well-protected agatna t  d i r e c t  
p lant ,  and aince t h e i r  performance is i&pendent of 

e l e c t r i c a l  power, it seems that theae aystems can be 
w i t t e d  aa cont r ibutor#  t o  accident  caurer  i n  c a n  of an a i r c r a f t  crash. 

The avai lab  the  l a rge  suppression pxl (heat  s ink)  ina ide  the  
hardened contn i  e t r u c t u r e  makes BWUs i n  general  l e a s  susceptible than 
PWBs t o  loas  of &l ing  capabi l i ty .  However, a ince the PHTS includes the 
steam l i n e r . ' i n d '  feedwater l i n e s ,  a d i r e c t  impact i n  the  e r a  of the 
containment penet ra t ion  of the  ateam Line(s) and feedwater l i ne (# )  could 
conceivably c a u w  blowdown of PHTS i n t o  the environment, i f  both steam l i n e  
i s o l a t i o n  valves i n  the  steam l i n e s ,  o r  the check valvea in  the feedwater 
l i n e ,  were t o  k damaged simultaneously. 
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6.  STRUCWIIAL RESPONSE 
. , .. 

,' : /  *,: 
. ,  . 

To undera t and ' the  phenomena of nuclear power plant s t r u c t u r a l  response 
subjected to  a i r c r a f t  impact. it is necessary t o  d iscuss  f i r s t  the impact 
l o d i n 8  function. Without proper d e f i n i t i o n  of impact load. the  s t r u c t u r a l  
raoponse c c l c u l s t i o n  u y  l e d  t o  e r roneow conclusions. In  dea l ing  with 
s t r u c t u r a l  rorponse, one h a  t o  examine the mater ia l  desc r ip t ion  and i t s  
modeling technique. In  Sect ion 6.2 some typ ica l  c o n s t i t u t i v e  equat ions for  
concrete  and s t r u c t u r a l  s t e e l  w i l l  be given together  v i t h  the e f f e c t s  of 
mater ia l  n o n l i n e a r i t i a s  on +.he a t r u c t u r a l  response. The l o c a l  response of  
the  s t r u c t u r e  v i l l  than be presented i n  tern* of its f a i l u r e  mechanism and 
corresponding tailure-mode analys is .  The s t r u c t u r a l  system may f a i l  through 
e i t h e r  its l o c a l  o r  g lobal  renponar. Tna nuclear power plant  equipment 
response CN 'be cor re l a t ed  t o  t he  f loo r  response spec t r a  which depends upor. 
t h e  s t r u c t u ~ e l  system response t o  the impact. The aeve r i ty  of equipment 
response is then compared t o  a rodes t  earthquake-induced v i b r a t i o n a l  
e f f e c t .  Since a va r i e ty  of approaches is used i n  the publishad analysas,  a 
comparison of modeling techniques is a l s o  made. 

r a f t  u ; ' ~  a r e l a t i v e l y  r i g i d  or  hard s t r u c t u r e  vill 

gene ra l ly  r a r u l t  i n  the  g r d h  col lapse  o r  cruahing of the a i r c r a f t  
\ 

s t r u c t u r e .  Some components of e a i r c r e f t ,  such a s  outboard mounted 
\ 

engines,  which a r e  r e l a t i v e l y  s o l i d  ~v,bstructures ,  can impose severe l o c a l  
impact loads upon the s t r u c t u r e  and msyN?ead t o  loca l  puncture of the plant 
s t r u c t u r e .  S t i l l  o the r  a i r c r a f t  components, such a s  the f u e l ,  can be 

expected to behave i n  yet  another response wde. Since the plant  s t r u c t u r e s  
a r e  gene ra l ly  hard e t ruc tu res ,  t h e i r  grosa motion8 in tire v i c i n i t y  of the 
impact will he mall compared t o  thore of the a i r c r a f t  s t ruc tu re .  Thus, the 
response of the a i r c r a f t  can ba uncoupled from t h a t  of the plant  s t r u c t u r e .  
and the inpact  load can be evaluated under the condit ion t h a t  the  a i r c r a f t  
impacts a r i g i d  surface.  

It is reaaonablo to expect t ha t  the motion of a l l  the mass of the  impacting 
a i r c r a f t ,  a t  least f o r  impact normal t o  the s t ruc tu re .  w i l l  be completely 
a r r e e t e d  (without any s i g n i f i c a n t  rebound) by the  impact event such that the  
momentum t r ans fe r r ed  t o  the p lant  s t r u c t u r e  is v a l l  defined and is equal t o  
t h e  product of the  mssr of the a i r c r a f t  and its speed a t  the onset of the 
i apac t  procers. Since the a i r c r a f t  is, i n  i t s  simplest  gaosa t r l c  forn ,  a 
l i n e  m u r c e  (along its f l i g h t  path) ,  the impact process w i l l  take place over 
a shorc period of time which, t o  a f i r s t  approxioat ion,  can be ca lcula ted  a J  
t h e  g m t i a n t  o f ' t h e  length  of the a i r c r a f t  and the a i r c r a f t  speed. Thus, 



mgklw imposed upon the plant  s t r u c t u r e  is known and the 
ura t ion  can bs estimated. An adequate treatment of the 
d  power plant  s t ruc tu ra  t o  nn a i r c r a f t  impact w i l l  

.arb d e t i n i t i v e  d rac r ip t lon  of the  impact load. 
d e t a i l s  of the  force  a c t i ~ r g  over a nominal impact 
addi t ion ,  f o r  c e r t a i n  a i r c r a f t  conf igura t ions ,  a  

eourca representa t ion  may be appropriate .  This w u l d  
a i r c r a f t  uhich ha8 r e l a t i v e l y  massive outboard engines. 

t hu been expended over the  paat decade i n  o r h r  t o  
r e s u l t i n g  from the impact of an a i r c r a f t  on a hard 

s t ruc ture . .  . ,Th . ' recent  Cnnadian repor t  I271 presents  a  cumprehensive summary 
and evaluation of t h i s  aspect  of the a i r c r a f t  crash problem. Tvo models fo r  
the s o f t  missile ( a i r c r a f t  f r ao r  and d l s t r ibn ted  .ass reprasenta t ion  a8 
d i f f e r e n t i a t e d  from tha r e l a t i v e l y  s o l i d  ea.line auh-structure, t he  w-ca l l ed  
r ig id  i a s i l a  impact treatment warrant discuaaion. Both w d e l s  a r e  
r e l a t i v e l y  s i m p l i s t i c  nnd t r e a t  the a i r c r a f t  as  a  l i n e  source of d i s t r i b u t e d  
maas and cruahing strength.  The t im dependent r eac t ion  force i s  
represented a0 the  sum of two terms; the P i ra t  represents  the force ac t ing  
upon the  , (still) uncrushed port ion of the  a i r c r a f t ,  and the  second 
reprerent. th. inf luence of the cruahed portion of the a i r c r a f t  adjacent t o  
the r ig ld  impact aurface. The f i r a t  model of i n t e r e s t  was developed in  1968 
by Uiera 1351. I n  t h i s  w d e l  the  uncrushed portion of the  a i r c r a f t  is 
decelerated b 4 r e s u l t  of the  imposed crushlng load, and the  second term 
ccn t r lbu t ing  to the  reac t ion  force repreaents  the mnnentua f l u x  en te r ing  the 
crushed region. . Ths reac t ion  i r  given a s  a  function of the d i s t ance  from 
the  M S ~  of the a i r c r a f t .  This d is tance  is converted t o  time by assuoing 
t h a t  the  crushed region is very small; hovever, t h i s  assumption slw leads  
t o  a  ve loc i ty  d iacont inui ty  a t  the  wall ( r i g i d  boundary) o r  a t  the crushing 
f ront .  Thia apparent nonphysical f ea tu re  is  the primary veatnesa of the  
Biera m d a l  [27]. I n  1975, Rice e t  a1. [36] developed a  someuhat d i f f e r e n t  
model w h i c h a l i m i r u t e d  the  ve loc i ty  d i scon t inu i ty  and represented the  tvo 
t e r n s  t h c t ' :  con t r ibu te  t o  the  reac t ion  fo rce  d i r e c t l y  a s  a  funct ion of 
time. ~ h d s e  tw aoda l s  allw tne  d i s t r ibu ted  charac ter  of the a i r c r a f t  
(1.e.. i ts  MSS and crushing a t rcngth)  t o  be incluGcd i n t o  the  load 
defini t ion. ,  The uss  d i s t r i b u t i o n  i a  genera l ly  well known; however, t h e  
a x i a l  crushing s t r eng th  of the a i r c r a f t  is not ell knona. 

.:, ..,' . , , .  
The R i c e  &dkl & usod [37,38] t o  analyze the a i r c r a f t  craah problem f o r  

, . ;.-. ;i. 
t he  &abrookc~'#lclb.r S ta t ion .  The s p e c i f i c  app l i ca t ion  d e a l t  with the 

.<!.;*$; 
impact of .iho:,.,ri-ill a i r c r a f t  t r ave l ing  a t  200 mph. The weight and crushing "i :-... Si. . 
r t r s n g t h  d l i t r i b u t i o a s  a r e  presented i n  Pig. 7 end the  r e s u l t i n g  load 

Fjg. 8. Since the crushing s t r eng th  was uncer ta in  
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the ca l cu la t io ru  were repeated with crushing s t rength  variations d i f f e r i n g  
by a f a c t o r  of f i v e  (both l a r g e r  and a l r .  The r e a u l t s  of there 
ca lcula t ion# a r e  a h  presented i n  Pig. 8 and show t h a t ,  fo r  t h i s  cane a t  
l e a a t ,  the  cruahing s t r eng th  is ~t an i n f l u e n t i a l  parameter i n  the impact 
load spec i f ica t ion .  The a i r c r a f t  weight is 107,440 lba and i t r  length l a  
73.8 f t ;  thur ,  tho t o t a l  i spu l se  i n  9.79 x 10' lb-aec with an approximate 
load dura t ion  of 0.252 see.  The corresponding uniform reac t ion  force  pulse 
l a  8180 presented in Pig. 8. I t  is c l e a r  t ha t  the t o t a l  impulse of the load 
h i s t o r y  c a p u t e d  by the Rice model is s i g n i f i c a n t l y  smaller  (by  

approximately 40 percent) than the co r rec t  impulse; hovevcr, the  duraclons 
a re  genera l ly  i n  the co r rec t  range. 

The Canadian report w i n e d  Riera's w d e l  and compared i t s  load predic t ion  
with the predict ion# from a nuaber of more soph i s t i ca t ed  models 
[39,40,413., 'Theme comparisons a r e  presented i n  Pig. 9 ond show t h a t  the  
various models y i e l d  s imi l a r  r e s u l t s .  They a l so  note t h a t  s e n s i t i v i t y  
analyses fo r  t yp ica l  comnercial a i r c r a f t  ind ica te  tha t  the momentum t e n s  (of 
Riera's model) cont r lbutea  approximately 80 percent of the impact force .  
Thus, the  crushing s t r eng th  d e t a i l s  should not be an i n f l u e n t i s l  parameter 
i n  these carer .  The Canadian repor t  concludes tha t  Riera ' s  model y i e l d s  
r e s u l t s  which are "pessimist ic  i n  nature" due to  its treatment of the 
behavior of the cruahcd port ion of the a i r c r a f t .  It used Rice's model t o  
eva lua te  the above reference ueakneas of Riera'a w d e l  and notes t h a t  peak 
loads predicted by the Rice model a re  approximately 40 percent lower than 
those predicted by Biera ' r  w d e l .  They fu r the r  conclude t h a t  "even i f  'the 
RIERA approach may be i n  e r r o r  by a t  l e a s t  40% it represents  a reasonable 
formulation f o r  the upper bound." 

The cur rent  eva lua t ion  examined the M e r e  model for  a simple s o f t  mlse l le  
which consiated of a uniform mass and crushing s t r eng th  d i s t r i b u t i o n .  The 
r e s u l t a  demonstrated t h a t  the t o t a l  impulse uas conserved and t h a t  f o r  the 
l i m i t i n g  case of zero crushing a t rength  the  load is 8 simple constant  
r eac t ion  force  whose dura t ion  is equal t o  the approximate (i.e., idea l ized)  
value defined i n  the i n i t i a l  por t ion  of t h i s  sec t ion .  A s lml l a r  l i m i t i n g  
treatment of Rice's m d e l  yielded a uniform pulse shape; however, the 
amplitude war only one-half of t h e  proper value and thus,  50 percent of the  
t o t a l  impulse war l o a t .  The cu r ren t  eva lua t ion  a l s o  examined a continuum 
model f o r  a rimple uniform r ig id-per fec t ly  p l a s t i c  mater ia l .  In such a 
model 8 p l a s t i c  vave e x i s t a  across  which the  p a r t i c l e  ve loc i t /  changes 
discontinuously. Thia detaL1, although not e x p l i c i t l y  defined i n  Riera 's  
model, can k used t o  i n f e r  t h e  cor rec tness  of the model. This continuum 
model indicated t h a t  the  compression r a t i o  which occurs across  the p l a s t i c  
f r o n t  l a  the only pa ra re t a r  involved ( i t  is relatsb1.e t o  the cruahing 
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strength) .  The reac t ion  load fo r  t h i s  ideal ized case is uniform i n  
magnitude, and its dura t ion  i s  shortened a s  the comprerrion r a t i o  i s  
reduced. Since t h e  t o t a l  impulse is conserved, the  amplitude oust  
increase.  For typ ica l  values of the compression r a t i o .  the inf luence of the 
crushing s t r eng th  i r  r e l a t i v e l y  small.  It is c l e a r  t h a t  Rice's model is not 
c o r r e c t  and that Riera's model is  adequate. 

6 proport ional  t o  the speed of the  a i r c r a f t  a t  the  onse t  
t i r  important t o  spec i fy  the value of t h i s  parameter 

The Canadian r epor t  presents  an exce l l en t  
s t a t i s t i c a l  t reatment  of t h i s  aspect  of the a i r c r a f t  crash problem. 
F ina l ly ,  the  appropr ia te  representa t ion  of the a i r c r a f t  a s  a s ing le  l i n e  
source o r  a s  a  s e r i e s  of add i t iona l  passes t o  model any s i g n i f i c a n t  outboard 
f ea tu res  of the a i r c r a f t  is important. Again, t h e  Canadian repor t  presents  
a  comprehenriva summary of the  methodologies needed t o  t r e a t  the  hard 
mis s i l e  problem. The l e v e l  of soph i s t i ca t ion  used t o  def ine  the impact load 
should be conaimtent v i t h  the  l e v e l  of soph i s t i ca t ion  being applied t o  the 
response of the p lant  r t r u c t u r e .  

6.2 Cons t i tu t ive  Relat ionship of S t ruc tu ra l  Materials 

6.2.1 t h t e r i a l  Models 

The reaponre of containment s t r u c t u r e s  subjected t o  a i r c r a f t  impact depends 
on the ma te r i a l  proper t ies  of the s t ruc tu res .  The mater ia l  models fo r  
reinforced concrete  i n  general  include a  f r ac tu r ing ,  spa l l ing ,  and yielding 
of  concrete and s t e e l  components. There a re  three  types of concrete  
f a i l u r e :  (i) f a i l u r e  by tens ion ,  ( i f )  f a i l u r e  due t o  shear deformation, and 
( i i i )  f a i l u r e  due to  compressional crushing. Concrete can be considered a s  
an i so t rop ic  r a t e r i a l  i n  a  three-dimensional s t a t e  of s t r a i n .  In  tension 
and fo r  moderate compression, a  l i n e a r  e l a s t i c  c o n s t i t u t i v e  law can be 
applied.  I n  the  domain of higher compressiva s t r e s s ,  a  nonlinear  s t r e s s -  
s t r a i n  r e l a t i o n s h i p  should be used. The f a i l u r e  c r i t e r i o n  can be expressed 
a s  a funct ion of e t r e s s  inva r i an t s ,  spec i f i ed  i n  the s p a t i a l  coordinates  of 
t h e  three  p r i n c i p a l  s t r e s s e s .  The same f n i l u r e  c r i t e r i o n  governs the 
f a i l u r e  i n  t en  (cracking) and compression (crushing).  

The nonline fo r  of concrete  is  described by a  va r i ab le  shear modulus 
~r a s  a funct ion of the  second s t r e s s  invar ian t  I*, such a s  shown in Fig. 
10(a)  t a k e n '  from [ 4 2 ] .  The f a i l u r e  su r face ,  shown i n  Pig. 10(b) is a 
genera l  cone centered along the average a x i s  of ',he p r inc ipa l  s t r e s s e s .  Any 
s t a t e  of .tress which is on or  outs ide  the  sur face  represents  a  f a i l u r e .  
The loadingvnloading  behavior of concrete  '.s shown i n  Fig. lO(c). For 
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f o r  axample, by the von Misea c r i t e r i o n :  
e r e  Xk), the  uniaxia l  t e n s i l e  y i e ld  s t r e s s ,  i a  a 

k. Figure 10(d) shows a typ ica l  curve fo r  
kinematic hardee&:';hailure i n  s t e e l  bars occurs when the u2tii .ate t e n s i l e  

6.2.2 

Z!.rrmermann inves t iga ted  the e f f e c t s  of material  n o n l i n e a r i t i e s  
cir response a r e s u l t i n g  from the impact of a Boeing 107-320 on the  
secondary e o n t s i m e n t  of a BWR r eac to r  such an shown i n  Fig. 11. h e y  used 
:: finite-element madel which consi6ered concrete cracking and crushing a s  
v e l l  a s  s t e e l  y ia ld ing  f o r  the  ana lys i s .  The r e s u l t i n g  displncrment time 
h i s t o r i e s  a r a  s h a m  i n  Pig. 12. Comparison of the nonlinear and l i n e a r  
displacement time h i s t o r i e s  shows a s i g n i f i c a n t  ir.creaee i n  the v e r t i c a l  
displacement (28%) i n  the v i c in i t ;  of impact zone, which fadqs out r sp id ly  
away from tha impact point a s  expected, s ince the response f a r  away from the 
i ~ p a c t  a r u  is primari ly e l m t i c  behavior. Therefore, i f  the impact loading 
is s u f f i c i e n t  t o  produce any permanent deformation, a more complicated 
constitutive equat ion must be used i n  order  to  obtain the r e a l  s t r u c t u r a l  
response. Since thare  is no consensus theory which can p r e d i c t & l l n a t e r i a l  
behavior of concrete ,  much sa  tensjon. compression, cruahing. microcracking, 
creeping,  etc., tha  choice should depend on the most important. 

6.3 Local S t r u c t u r ~ l  Response -- 
6.3.1 Loc.1 Yailurn Mechanisms 

The lopact  of uur a i r c r a f t  upon a concrete  containment of a nuclear povcr 
plant  genera l ly  u y  r a s u l t  i n  th+ damage to  concrete walls .  The damage may 
be l o c d  at .my produce an o v a r a l l  dynamic response of t h e  t a r g e t  wall. 
Kennedy [43]  . .grrsentad a d e t a i l  r a v i w  of procedures f o r  the ana ly*is  and 
deaign of concrete  r t r w t u r e r  t o  v l ths tand  mis s i l e  impact eff a c t s .  Missi le  
v s l o c i t i a r  genaratrd by a i r c r a f t  crashes nay be between 100 and 1500 

ga doe t o  a i r c r a f t  impact cons ia t s  of s p a l l i n a  of 
ont  (impa.".ted) sur face  and r c a b b i q  of concrete  from the 

r e a r  sur face  ~ ta rg ' t t  togather  v i t h  mls s i l e  =net ra t ion  i n t o  the t a rge t  
a s  rhom i n  I I f  the damage is r u f f i c i e n t ,  the missile may p e r f o r a t e  

A s  the ve loc l ty  of tha L p a c t i n g  mis s i l c  increases ,  pieces of concrete  a re  
apal led off from 'the impscted sur face  of the t a rga t .  This spa l l ing  c r a a t e r  
a spa11 crrtor that can extend over an area ?ubs tan t i a l ly  g r e a t e r  than the 
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cross-sect ional  a rea  of the s t r i k i n g  miss i le .  As the ve loc i ty  increases ,  
the a i s s i l e  w i l l  penetrate  the t a r g e t  to  depths beyond tho depth of the 
s p a l l  c r a t e r ,  forming a cylindrical hole with diameter s l i g h t l y  greaecr than 
the miss i le  diameter. Aa the  penetrat ion continues,  the  mis s i l e  w i l l  s t i c k  
to  the concrete t a rge t ;  t h l s  is ca l l ed  p l a s t i c  impact. Further increases i n  
ve loc i ty  produce cracking of the concrete on the rear  sur face  followed by 
scabbing of concrete f ron  t h l s  rear  sur face .  The zone of scabbing w i l l  

genera l ly  be much wider, but not a& deep a s  the f ront  sur face  s p a l l  c r a t e r .  

Once scabbfng begins, t \ e  depth of penetrat ion w i l l  increase rap id ly .  For 
b a r r i e r  thickness t o  mis s i l e  diameter r a t i o s  l e s s  than f i v e ,  the pieces of 
scabbed concrete can be l a rge  and have subs t an t i a l  v e l a c i t i e s .  Aa the 
mis s i l e  ve loc i ty  increases  fu r the r .  per fora t ion  of the t a rge t  ~ $ 1  occur as  
the penetrat ion hole extends through to the scabbing c r a t e r  
v e l c c i t i e s  w i l l  cause the miss i le  to  e x i t  from the r ea r  
t a rye t .  Upon p l s # t i c  impact, port ions of the k i n e t i c  en 
impacting mis s i l e  a re  converted to  s t r a i n  energy associated w i t  
of the mis s i l e  and energy los ses  associated k i t h  t a rge t  pene 
remaining energy i s  absorbed by the  impact t a rge t .  Thfs a  
r e s u l t s  i n  an o v e r a l l  t a rge t  response tha t  includes f l exura l  
the t a r g e t  b a r r i e r  and the  subsequent deformation of 
s t ruc tu res .  A reviaw of commonly used empir ical  procedures 
l o c a l  mis s i l e  impact e f f e c t s  such a s  penetrat ion dept 
thickness,  and scabbing thickness for  concrete t a rge t s  subject(#, to  hard- 
misni le  impact can be found in 1431. Noce tha t  these empiric+ formulas 
were developed by the Amy Corps of Engineers, the National ~ e f e q k  Research 
Committee, and o the r s  many years ago barled on experimental d)#ervation. 
Today, with the advent of the finite-element method and s f t e e  in tens ive  
research i n  f r a c t u r e  mechanics. i t  is possible  t o  p red ic t  these  phenomena 
a n a l y t i c a l l y .  The above discussion dea ls  with concrete a t ruc tu ree  only. If 
the a i r c r a f t  impact on a  s t e e l  s t r u c t u r e ,  then only penet ra t ion ,  
per fora t ion ,  and o v e r a l l  response  w i l l  occur. The numerical approach t o  
various t a r g e t  geometries of t h i s  type can be found in (441. 

6.3.2 Failure-node Analysis Using P l a s t i c  Shel l s  of Revolution Theory 

Degen, Purrer ,  and Jemielewski [ 4 5 ]  have investigated the e f f e c t  
commercial a i rp l ane  c r a ~ h i n g  perpendicular ly on the sur face  of 
r eac to r  bui lding dome. They obtained the carrying capaci ty  of t 
under en rrquivalent r t a t i c  load using the yield-l ine theory 
p l a t e s ,  and ca l cu la t ed  the sections: forces  ualng l inear-e  
theory. They ',hen calculate the f a i l u r e  load and d t s t r l b u t i o n  
fo rces  using the p l a s t f c  s h e l l  theory. The ana lys i s  was pe t fo  



computer code STARS-2P developed by Pvalbonas and Levine [46]. This code 
performs plastic analysis of shells of revolution. Plastic effects are 
approximated using the initial strain appproach, and different modes of 
hardening may be taken into account. From the results, they obtained the 
failure zone mechanism at the apex of a spherical ishell~ubjected to 

aircraft inpact over a finite loading area. The results are'shown in Fig. 
14. 

Degen et al. [45] also presented failure mode analysis by the finite-element 
progrsm TRID1 1471 which utilizes three-dimensional elements for concrete 
and one-dimensional elements far reinforcing steel. This program considered 
nonlinear stress-strain relationships for concrete under multiaxial stresa, 
cracking and crushing under a triaxial stress state, .and elastic-plastic 
behavior for reinforcing steel. The calculation of collapse lond using 
yield-line theory for plates, STARS-2P for shell of revolution, and three- 
dimensional TRIDI are in the pressure range of p - 11 to 25, 30 to 35, and 

2 25 to 30 kg/cm , respectively as reported by Degen et al. 

Since the calculated collapsed load wns assumed to be distributed over a 

certain contact area, the impacting total load correspdnding'to a range of 
30-35 kg/cm2 results in 28,000-33,000 tons, using the peak load-velocity I 
relationship; the crushing velocity of a large commercial airplane which the 
structure under consideration could still qustain may be between 480 and 530 
kmlhr. If the impact velocity further increases, part of the energy (not 
absorbed by the structure) will be retained in the falling object. Figure 
15 nhows the maximum remaining loads an a function of crash velocity. 
Within the velocity range of 480 to 750 kmlhr, only part of the peak load 
may act on the structure, but over 750 km/hr the total peak load me. be 

used. Carlton and Bedi [48] and Cupta and Seaman [49] also studied the 
local response of reinforced concrete to missile impacts using a different 
computer code. The analysis appears to be adequate for the description of 
failure mode mechanisms. 

6.4 Structural S y s t m  and Equipment Response 

There are many rtudies 150-581 concerning the comparison ol the dynamic 

rerponse of a typical nuclear pover plant subjected to a modest earthquake 
and to the impact of aircraft crashes. Ahmed at al. [50-511 used a finite- 

element beam model and modal superposition techniques to obtain the time 
history response and the corresponding floor response spectra of the 
structure/component. The effect of soil-structure interaction is considered 
in that rtudy. Figure 16 shows the structural idealization of the nuclear 
power plant in the finite-element model. Figure 17 s h o w  the comparison of 
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tra a t  the top of the foundatlon r a f t h o r  
damping. These spec t ra  show c l e a r l y  tha t  the e f f e c t  of impac; by a  Multi- 
Role Combat Ai rc ra f t  (HRIRCA) a t  215 m1s i s  considerably l e sa  gevere than a  
modest Safe Shutdown Earthquake (SSE) a s  represented by <he Parkfield 

i 
earthquake. On the o the r  hand, the e f f e c t  due t o  the impact $f the Boelng 

I* 
707-320 a t  103 mls is c l e a r l y  more severe than tha t  due to 'an earthquake. 

As indicated i n  1511. i f  the  l o c a l  i n e l a s t i c  impact 
~ ~ 

the e f f e c t s  of t h e  fmpact of the b e i n g  707-320 on the &hctog plant could 
$ be l e sa  o n e r o h  than the SSE. Krutzik [ 5 6 ]  made comparisons of a i r c r a f t  
i 

crash e f f e c t a  with both an earthquake and an explosion sh&k wave on reac tor  
buildings. Although the e x c i t a t i o n  funct ions of thee;$ loads a re  of a 
t r ans i en t  and s tochas t i c  na ture ,  t h e i r  e f f e c t a  a r e  q u i t e  ;d i f f ; ren t  due to 
t h e i r  d i f f e r e n t  dura t ions  and frequency contents .  Figures 18 and 19 show 

" 3 
the  comparisons of frequency-dependent responses of the s t r u c t u r e  in terms 
o i  acce lera t ions .  A l l  r e s u l t s  i n  the f igu res  a r e  b k ~ e d  n  the same k 
a n a l y t i c a l  s h e l l  model. From these f igures  i t  can be seen tha t  in  the low 
frequency range (up t o  5 Hz) the load for the earthquake *case is governing, 
whereas i n  the  high frequency range above 10 Hz the load fo r  the a i r c r a f t  i 
case crash governs. The ex te rna l  explosion shock wave: e f f e c t  is small 
compared t o  both SSB and a i r c r a f t  crash i n  a l l  frequencyCra$es presented 
here. 

. . 
6.5 Comparison of b d e l i n g  Techniques i: 

I:? ?I 
: :  .. . 

Inves t iga t ions  of the inf luence of the type of model representb t lon  on t h e  

r e s u l t s  of dynamic ca l cu la t ions  for  the a i r c r a f t  crash by i ~ r u t z i k  (561 a r e  

shown i n  Qlge. 20 and 21 i n  terms of responsc spec t r a .  A s  ' indi iated in [ 5 6 ]  

t h e  l o c a l  behavior and the  dynamic response can be ' det$rmined more 
accura te ly  using s h e l l  models than using a t i c k  models a s  expec8ed. Qiguree 
20 and 21 s h w  comperisons of the r e s u l t s  for a  r ep reaen ta t i  
a x i s y m e t r i c  bui lding obtained using s t i c k  and s h e l l  models; 
23 shod ths s i m i l a r  copparleons f o r  a  boxed-rhaped bu i ld l& 
beam model and a three-dimensional model. It can be seen' t h  
ou t s ide  s t r u c t u r e s  but  a l s o  the in s ide  s t r u c t u r e s  a h w  
dynamic response p a t t e r n s  i n  the high frequency range. The 
t o  the d i r a c t l y  l o a d d  regions of the outs ide  s t r u c t u r e ; ~ d i f & r  r a d i c a l l y  
F i g .  2 4 )  In genera l ,  a more m p h i r t i c a t e d  model (such as a  p h e l l  modei) 
g ives  b e t t e r  results than simpler (such as  b e m  or  s t i c k )  mod@s, provided 

? 
both have the -me w d e l  representa t ion .  Of course, simpler opdela involve 

f shor t e r  coppLter tunnilyl time than more complicated modela; Whenever 
poss ib le  a .ore &cura te  m d e l  should be applied in order  :to obta in  a  be t t e r  
understandl s t r u c t u r a l  respcnse. 



Fig. 18 Comparinon of Response spectra due to 
External Dynamic Loads. PWR Reactor 
Building/Poundation Plate, Radial 1561 
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FRLOUENCY ( H z )  --- Beam model 

Fig. 21 Response Spectra, Comparison [ 5 6 ]  
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Fig. 22 Response Spectra. Comparison. X1 1561 ' 

Fig. 23 Response Spectra. Conparison. X3 1561 



6.6 - Evaluation Summarl: 

The a t ruc tu  ponse of s subs tan t in l  nuclesr power plant  s t r u c t u r e  to  
the impact of a i r c r a f t  has been dir~cussed bn the previous subnectlona 
with reapect t o  (1) the  establishment of the  impulsive load t h a t  the  
a i r c r a f t  imposes upon the s tructure-  under a normal f l i g h t  impact 
condit ion,  ( i i )  the  w a i l a b l e  a t ruc tur  a1 re-ponre models o r  llcthodologiee 
f o r  examining the  l o c a l  i . .  punc ,,re) and the gross  response of the  
s t r u c t u r e ,  (iii) tha cur rent  state-of-tht!-art of the c o n s t i t u t i v e  models f o r  
concrete/reinforced steel.  systems experisncing p l a s t i c  deformation, and ( i v )  
the  v ib ra t iona l  respoirsa of the  s t r u c t u r e  and its a t tendant  equipment. 
These de te rmin i s t i c  aspec ts  of the response need to  be a u e e n t e d  by a s e r i e s  
of s t o c h a s t i c  variabl~mr r e l a t i n g  t o  the a i r c r a f t  typo a weight) ,  
a i r c r a f t  speed, f l i g h t  impact d i r e c t i o n ,  a i r c r a f t  o r i e n t a t i o n  ( p i t c h  and 
yaw), and impact l oca t ion  on any given n t ruc ture  or s t r u c t u r a l  system. 'Ihe 
l e v e l  of d a t e r a i n i s t i c  analyses cu r ren t ly  ava i l ab le  and being applied t o  
t h i s  problem appears t o  ba adequate i n  most cases ,  except perhaps fo r  those 
deal ing with the systlm v i b r a t i o r .  Tt~ese analyses a r e  alro adequate t o  
e s t a b l i s h  the level of the hazard imporrd upon the plant  o r  the degree of 
enginseritlg s a f e t y  syaterm required t o  ml t iga t e  t h i s  hazard to an acceptable 
l eve l .  Ibwevur, it 111 c l e a r  t h a t  thetle methodologies should include the 

thc problem t o  b e t t e r  define the hazard. 



the  gener .~?vic in i ty  of t h e  crash s i t e .  A s i g n i f i c a n t  f r a c t i o n  of the 
naximm air&ft'--t.keoff weight is fue l ;  thua, q u a n t i t i e s  of the order  of 
50,000 l b  ' o f t  f u e l  "cm be expectad to  be releared by l a rge  m i i i t a r y  a l r c r a f t  
such as  an F&111 f i g h t e r .  Even l a r g e r  quan t i t i ea  of f u e l  a r e  uaed i n  l a rge  
comaercial a i r c r a f t .  'Ihe f u e l s  ore ,  typ ica l ly .  JP-1, JP-4; o r  kcroeen*. 
There f u e l r  a r e  not highly v o l a t i l e ,  but they burn r ead i ly  and when properly 
mixed with a i r  can explode. 

Crarh eventr  uhich cona i r t  of r e l a t i v e l y  long ground traverses frequently 
sever or  puncture f u e l  tanka (i.e.. wing ~ t r u c t u r e a ) ,  and the leaking f u e l  
i a  sprayed and ap i l l ed  out over r a the r  long distances forming vapor clouds 
and l iquid  poolr. Craah events  which conaiat  of the abrupt arresting of the  
e n t i r e  a i r c r a f t ,  and, t he re fo re ,  providing e a r e n t i a l l y  t o t a l  s t r u c t u r a l  
co l lapse  of . tha h i r c r a t t  i n  a few ten ths  of l aecond, r e l ea re  t h e i r  f u e l  
very rapidly,  r p i l l i n g  the f u e l  on the impact point (structure) and the 
i m e d i a t e  a rea . .  h a i n  a port ion of the f u e l  w i l l  tend t o  mix with the  
rurrounditqj a i r  !forming a p o t e n t i a l l y  explosive cloud. A ~ j b r  port ion of 
the fue l  w i l l  foxm poola o r  wet dom the adjacent  surfaces. 

. , 

The craah a v a n t ,  being r a t h e r  ca toa t rophic ,  rlll be assoc ia ted  with the 
r e l e a s e  o f .  a ign i f i can t  amouata of energy, hea t ,  and aperka auch t h a t  
i g n i t i o n  aourcsr Will genera l ly  be preaent;  it l a  therefore  m a t  l i k e l y  t h a t  
a fue l  f i r e  w i l l  occur. There f i r e r  w i l l  be l o c a l  eventa end l a s t  f o r  
periods of time of the  order  of man7 minutea, perhaps a few tena of 
minuter. They w i l l  generate  l a i g n i f i c m t  amount of heat  (thermal r a d i a t i o n  
and hot gar&) -.nd embuntion productr (amok. and toxic  fuwa) .  The hot 

a rge ly  gasea, 1 be traaaported upward due t o  
w i l l  rove downwind. Ihua,  t h e m  6iaea have the  

nearby intaka venta of th surrounding f d c i l i t i e a .  

f 
above p o t e n t i a l  combination and Lsxic h z a r d a ,  uhich 

4 
i n  m a y  ins t anca r ,  a t  l e a a t  fo r  a d e q q t e l y  deaigned 

t a n t  t o  examine the craah event and th; l o c a l  impact 
i 

tuat iona which u y  caure m unacceptablei hazard. For 
i 

a r e  of an iapact  on a double mvelopdd containment 
poraible  t o  depor i t  a a ign i f i can t  a d e q u i b  quant i ty  of 
envelopes. The aubrequent vaporizat ion ind i g n i t i o n  of 

mixtuie could lead to a r a t h e r  v io l en t  explosion 

ae  upon the p r i u r y  containment r e l a t i v e l y  revere 



impact p r o c e s e , b u t  ruy  be jus t  a s  severe. Purthermore, these loads w i l l  

occur shor t1y:a ' f tec j ' thc  impact load,  and, therefore ,  the response of the 
s t r u c t u r e  t o  'the :c'&bi&d load event should be examined. 

i 

f da t a  and ana lys i s  methodologies e x i s t s  r e l a t i n g  
t o  f i r e s  result! om the crashes of a i r c r a f t .  This da ta  base r e s ides  
r r imar i ly  i n  ' t h  domain and i s  aupported by a yet l a r g e r  da ta  base 
dea l ing  with f i r e  f i r e  e f f e c t s  i n  general.  ' he  quan t i f i ca t ion  of f i r e s  

xpec ia l ly  pool f i r e s ,  has been developed~,  t o  a s t age  
r i s t i c s  (i.e.. flame he ight ,  dura t ion ,  r ad ia t ive  

own. While i t  i a  s t i l l  d i f f i c u l t  to predic t  with 
prec is ion  the  e of various a i r c r a f t  fue l - sp i l l  f i r e s .  the Inf luence  of 
many ma jo r .  parametbts auch a s  f u e l  proper t ies  and vind . ! e f f e c t s  is 
understood. The a n j o t  d i f f i c u l t i e s  genera l ly  l i e  i n  the complex nature of 
the fue l  d i s t r i b u t i o n ,  the inf luence of random e f f e c t s ,  and tila somevhat 
extreme geometric h m y  be encountered i n  any r e a l i s t i c  a i r c r a f t  crash 
a t  a plant s i  l u s t e r  of bui ldings) .  

The explosion s u l t i n g  from the crash of an a i r c r a f t  is d i f f i c u l t  to  
de f ine  fo r  s eve ra l  reasons. One is t h a t  the bcsic  phenomenon is very 
complex, and aany o r  varied degrees of energy r e l e a s e  o r  combustion can 
occur. The o t h e r  is t h a t  the  dissemination of the fue l  and its p a r t i a l  
mixing with the  surrounding a i r  t o  form an explosive cloud a re  v i r t u a l l y  
impossible t o  predic t  with any acceptable degree of accuracy. TIH approach 
used by Eichler  end lhpandensky 1591 and o the r s  in  deal ing v i t h  a broad 
c l a s s  or acc iden ta l  vapor cloud explosions was t o  de f ine ,  f r m  accident  and 
experimental da t e ,  reasonably conservat ive TNT equivelence f ac to r s  f o r  these 
events .  Because of the  very dynamic f u e l  d ispers ion  and the low vapor 
pressure of a v i a t i o n  f u e l s ,  the a p p l i c a b i l i t y  of the  TNT equivalency 
approaches t o  the  explosion hazards frcu ca tas t rophic  a i r c r a f t  crashec musc 
be c a r e f u l l y  evaluated. This  is particular1.y t r u e  f o r  the e f f e c t s  close-in 
t o  the  explosion. Rapadensky and Takata [60]. while exeminir& t r a i n  
acc idents  involving the  r e l e a s e  of combustible ma te r i a l s  fo r  a 10-year 
period i n  vhich a f i r e  andlor an explosion occurred, observed t h a t  
approximately 36 percent of the evento involved both f i r e  end explosion, 
w h i h  approxtmntely 56 percent of the *vents involved only f i r e .  The 
remaining 8 percent  of the  events  involved only an explosion. 

It is c l e a r  o d  s p e c t r u  o r  mix of f i r e  and explosion event* can 
occur ,  and aunt  of f u e l  involved i n  any explooion event m y  be 
qu i t e  small,  t .nee of such events  must be considered. I f  only one 
percent of y 500 l b  fo r  the PB-111 f i g h t e r  piene, ia!.involved i n  

! 
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such an even nvironaent w i l l  be equlvalenc t o  t h e  detonat ion of 
approxiautely 1000 l b  of M. The loca l  b l a s t  c h a r a c t e r i s t i c a  of s vapor 
cloud a r e  s u b s t a n t i a l l y  d i f f e r e n t  from those of a  M explonion; however, a t  
longer ranges ' t h i " ' equ iva lency  concept i s  appropriate .  For the above 
explosion the "aa preaaure of 1 ps i  w i l l  e x i s t  a t  a  range OF 

n a complete and perhapa co r rec t  p ic ture  of the 
ptance proceaa as it appl iea  to  any given o f f s i t e  

hazard f ea tu  he d e t a i l a  a r e  frequently divided between laany 
d iverse  docum dockets and i n  the i t e r a t i v e  question and answer 
format which Uaing the  f i r e  hazard analyclia of the Seabrook 

lave1  of treatment appear8 t o  ba t yp ica l .  The 
1 e  vapor i n  dismiansd aa being insignificant ( i n  
a t  the  atomization process takes placd over the  
t i on .  This durat ion l a  not representa6ive of the 

e a r l y  a number of vapor production $echanisms 
w i l l  e x i s t .  , some f u e l  w i l l  be aprayad i n t o  the atm<aphere end 
then f a l l  a s  t t l i n g  a t  a  r a t e  much l e a s  than 0.1 mla,': depending 

rtharmore, fuel. can be expected t o  bc thrown over 
with nubsequent Flow downward over these su r faces  

due t o  the a c t  

temperature of these exposed ourfacab (exposed 
perhaps to  tho nun) and t h e  poaaible presence of f i r e ,  the vaporizat ion r a t e  

i f i c a n t l y  and the vaporizat ion period m y  l a s t  fo r  many 
minutea. li uacul ly  t r ea t ed  i n  a  more comprehensive manner than 
explosions a in  i e t y  of pool condlt iona can be pos tu la ted ,  and using a  

o r  a b u r n i w  pool) of approximately 0.004 c d a ,  the  
durations of t h  8 can be estimated. Flame temperatures,  r a d i a t i v e  f lux  

a t iona  can then k used (but  usua l ly  not e x p l i c i t l y  
i r e a  do not c o n s t i t u t e  a  t h rea t  t o  the f a c i l i t y .  Tnle 

probab i l i t y  of f u e l  en te r ing  the  r e l a t i v e l y  few opening8 (vent atack,  a i r  
in take  venta. a t e m  l i n e  tunnels ,  etc.)  t o  these c o l l e c t i v e  r t ruc tu rea  w i l l  
genera l ly  ba q u i t e  low aimply on an area  bas i s ,  although apec i f i c  valuea a r e  
f raquent ly  not c i t ed .  Account has been taken 1611 of the  i n t e r n a l  concrete  
wall which a c t r  a8 a m i s s i l e  b a r r i e r  when present t o  prevent flamea and f u e l  
from d i r e c t l y  en te r ing  tho a i r  intake.  It would appear,  however, t ha t  t h i s  
is too op t imis t i c  s ince  vaporized f u e l ,  hot gaseous reac t ion  products,  and 
t o  a c e r t a i n  e ions of l i q u i d  ( f u e l )  streams w i l l  flow around such 
obs t ruc t ions .  
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licensing eXperien i t  appears t1i.t f i re  and 
treatad with much lee. care than!, the direct 

t i -  rtructural response. ~ h e r e f o i i ,  the claim 
4: acts do not represent a threat to nuclear power 

clearly demonstrated. 4 
? 

I 
< 
.; 
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,,. ur;* d:y~ . h!-.% ,-,,it ,s.,.-"ol;q*i.; , ,- .:;.;,.,2g:*::;.~~~I. ' ,. 

I n  t h i s  section:cn:wlll provide an overa l l  evaluat ion of the methods and 
*:!:i,,. .?i 

approaches employed.~ . in ' i i rc raf t  ,.. . hazards s tudies  and present conclusions tha t  
. , . . , . , 

can be drwn ' the r i f rom.  j S i t i n g  of nuclear power p lants  r e l a t i v e  to a i r c r a f t  
, d .  , ,.., ,, .' 

hazards Lo g e n i r a l l y , ~ ~ ~ r e s t e d  a s  a  risk-based procedurr t h a t  considers both 
'.,. .':.'.$'.:. 

t he  probabilities:.:'of'occurrence and consequences of a  radioact ive  material  ;.. . .:.$")~: !:I:. 
re lease  g i ~ c n ; ~ : t h > ~ r o b a b i l i t ~  . . . _ of occurrence of an a i r c r a f t  crash. In ac tua l  
prac t ice  10 CPRII.lOO%ni.SRP guidel ines  have been'(exclusive1y) employed on a 

ir. ..*. .. 
case-by-care "bks i s .~$ / :~h l s .  methodology provides fo r  the impl i c i t  ' inclusion of 

.,. .., ..*?.. : . !: 
r i s k  by reguiring'::thrt '  the exposure probabi l i ty  of a i r c r a f t  crash events is 
acceptably  r m a i 1 ; : ~ ~ d a t e k i n i r t i c  analyses and engineered sa fe ty  f ea tu res  a re  
used i n  ca re r  of design b a r i s  events ,  those having otherwise unacceptable 
exposure pr n t i l  the exposure ( r i s k )  guide l ines  a re  s a t i s f i e d .  

The a i r c r a f  d fo r  nuclear power plant. is primari ly a  a tochas t ic  
problem, vh i  s on many condit ional  p r o b a b i l i t i e s  including the 
probabi l i ty  o oac t ive  mater ia l  r e l ease  given a pa r t i cu la r  crash 
event. Con is usual ly applied i n  est imating the  condit ional  
p robab i l i ty  of occurrence of any given l eve l  of radio logica l  consequences - 
i n  the extreme a value of uni ty  is assigned t o  the condi t ional  probabi l i ty  
of having an unacceptable release.  However, it is observed tha t  there is a 
d i r e c t  coupling between the  ca lcu la t ion  of crash p r o b a b i l i t i e s  and these  
condi t ional  p robab i l i t i e s .  and. therefore .  the  problem is nct s i c p l y  
defined. 

In general ,  account i s  taken of the  s tochas t i c  f ea tu res ,  response, and 
r e l a t i v e  v u l n a r a b i l i t y  of s t ruc tu res .  systems, and components. Major 
c r i t i c i s m s  that m y  be made of typica l  a i r c r a f t  hazarda analyses a re  the 
lack of c l e a r  and.,'iupported statements on many key underlying aseumptions 
and comprehensive ;: treatments of the ove ra l l  hazard. Thus both the open 
l i t e r a t u r e  a ~ d o c & m e n t a t i o n  concerning epec i f i c  pover p lants  abound with 
s tud ies  of t h d ,  ' impact phenomena of a i r c r a f t  o r  a i r c r a f t  mis s i l e s  on 
subs tan t i a l  conc re t i  . a t ruc turea .  Them analyses a r e  pursued t o  the  v i r t u a l  
exclusion of other,: &cra f t  crash scenarios. While it f a  trcognized tha t  
the  breac11ingi:otj;;:bou ,.. of the  p lant ' s  concrete b a r r i e r 8  may of ten  be 

... . , ,.;, 
tantamount to- .a : ' ro l ra8r  of r ad ioac t iv i ty ,  i t  is not r ead i ly  evident  why 

? ..:, >> .,,., 
other  crauh rcenarid.:i8hould not be considered i n  s imi la r  d e t a i l .  

i ;i.'jyi'&Jip$i .. ,,<:.... 
:+;*:<@fi$~.i;:. 

A s  discueaed &i '&ii t loa 5, it is poasibla t o  envision a chain of events  tha t  ,*, 
involver n~nh i rden&I$)~ lan t  . rystems, e  switchyard-turbine h a l l ,  which 

: ...vw :"":"*;ti:.. 

could lead to:,,mvoro conaequences. It i s  rea l i cad  t h a t  t o  obtain a  
: .: .., 

s u b s t a n t i a l  t a d l o i c t f v e  r d e a s e  through the f a i l u r e  of those nonhardened 
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essary to have multiple initiating' events or a 
the malfunction of a nonsafety system ultimately 

affects a,piin~.'&f&y system. There is some indication that the latter, a 
propagating.'fiilk& can sometimes occur. The crash of s large aircraft 
with the resulting projectile impacts, fuel rplllage, and firelexplosion 

. . , . . ,' 

scmariossuggertr that multiple initiating events MY also b. possible. In 
none of the?{rdvi&&d literature have thew problem been addressed; the 
combination'~~f,!~~fir./explosion and impact damage has recaived a little but 
highly supdrficial. attention. 

s directly influence the estimation of radiosctive 
expoaure probability and the cramh probability itself, through site 
location, susceptible target areas, etc., it is necessary to represent them 
consistent with the range of possible accident ecenarios. As indicated 
above this process ir usually performed either inadequately or without 
pertinent rupporting data or calculations. In particular, potentially 
vulnerable plant features are not identified through a uniform code of 
practices. as, for example, the inclusion or not of switchyard, turbine 
hall, and other structures. On the other hand, calculations of the 
effective plant area for the included susceptible targets are made 
conservatively through the choice of the aircraft crash angle, although the 
skid problem and it8 contribution to plant area have not been adequately 
resolved. Another shortcoming of .any aircraft crash analyses is the 
esploynent of simplified and/or outdated methodologies or data when much 
more advanced methods and batter data are available. An example of this is 
the treatment of local structural damage to concrete walls where both better 
material representations and computational procedures are availa'Jle than 

conservatism is apparently included in the conditional 
oactive release that are typically used for the plant 
the amlysee performed, craeh probability calculations 
ar power plant niter h a w  yielded values that are often 

ct to 10 CPR 100 and SRP guideliner, i.c., in the 
to 10" per year, and/ox (ii) unacceptably high 

ount either the inherent hardness of plant structures 
aturer. Generally these rites ere close to one or 
n and military) and in some instances within 5 
ence of General Aviation light aircraft flights in 
and major air corridor traffic in the immediate 

usually result in unacceptable crash probabilities 
of hardness factors through a significant reduction 

tee. In addition, the followiog specific observations 



81 

and conclur io  

0 1 Aviation a i r c r a f t  it is found tha t  a t  about 5 

milea from moat a i r p o r t a ,  the e f f e c t  of the a i r p o r t  becomea 
unimportant; 8 ,  t h e  background l e v e l  dominates. Using 
na t iona l  avrrager  f o r  craahea of l i g h t  a i r c r a f t  r e s u l t s  i n  a 
r e l a t i v e l y ' h i g h  frequency of approximately eventa per year 
per square aile. This  i n  genera l  g iver  marginal c rash  
probabilities (on the order  of per year) f o r  nuclear pover 

a fgn l f l can t  a i m ,  and, therefore ,  a major port ion 
tea m a t  be nonsuaceptible o r  hardened agains t  auch 
rhould a l s o  be noted t h a t  i n  a reas  of high t r a f f i c  

ployment of m ' t iona l  average crash  r a t e s  may be 

0 v i c i n i t y  of heavi ly t raveled airwaya, m r e  than 

t r ' :per  year,  the craah frequencies  again appear t o  be 
high .::::* : >  

B *e* sl::, , , 
, . , . eventa per year per aquare mile,  r e s u l t i n g  i n  

I :  , . ... 
u a r g i d ~ ; s i t u a t i o n s  f o r  pomr  p lan t s  with vulnerable a reas  of the  
order  :df':l0-* mquare d l e r .  Since airways a re  predominantly used 
by l a r g e  a i r c r a f t ,  power p lant  hardening i a  not an easy tank. 
k a i n ,  t h e  effect .  on na t iona l  average craah r a t e s  due t o  l o c a l  

ndi t iona  and t r a f f i c  p a t t e r n r  i s  not ea tabl iahed .  

u t  330 major FAA-controlled a i rpor t .  i n  the U.S., 

b e r o f  c r i t i c a l  Air Carr ie r  crashes,  i.e., c rashes  
age 8 nuclear  power p lant ,  fa  of the order  of about 

ten per year. Assuming t h a t  one-third of such crashes  occur 
w i t h i n 5  d l e r  of these  major a i r p o r t a  and using the  na t ional  
accident  a t a t i a t i c a ,  one f inds  tha t  the p robab i l i t y  of auch a 
c rash  within the  5-mile  radius from the a i r p o r t  i n  on the  average 
lo4 ; i en t ' , pe r  year per aquare mile - again a r a t h e r  exceaaive 
value'.~~::'.'Sanaitivity a tudiaa  performed during the cu r ren t  w r k ,  

.'.,l%< ,~ 

however, i n d i c a t e  t h a t  t h i s  a i r p o r t  e f f e c t  may extend t o  
a i g n i f i c a n t l y  g r e a t e r  d is tances ,  e.g., ray t o  10 miles  o r  more. 

a i r p o r t s  a re  much l e a s  defined;  however, they 

e n e r a l  t o  be comparable t o  commercial a i r p o r t s .  
c i a 1  f l i g h t  p a t t e r n s ,  e.g., t r a i n i n g  f l i g h t s ,  high- 

speed,: f l i g h t # ,  l o r f l y i n g  a i r c r a f t .  bomb runs, e t c . ,  must be 
conridered . ca re fu l ly .  Indica t ions  aro t h a t  past  b rac t i ce  has 
taken the re  aaoecte  i n t o  account. 
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ing the ac tua l  ana lys is  methodologies can a l so  be 

r y  t o  employ the v i r t u a l  a r e a s  of power p l an t s ,  
aed on the shadow araaa of vulnerable s t ruc tu res .  
a i r c r a f t  hazards malyses .  Indica t ions  a r e  t h a t  

a i r & a f t  .kid areaa ma9 i n  some caner be considerably l a r g e r  than 
thoae v i r t u a l  a r eas ,  but skid analyses a r e  genera l ly  not 
performed. 

. ,  . , ,  r,:,$,:> 
,.i:!, ;.,, ~.J<.<.'.Y 

When' defining plant  vulnerable a reas ,  the nonhsrdened f ea tu res  
a m  normally not included. k indicated e a r l i e r .  conaidera t ion  
ahould be given t o  ~ u l t i p l e  f a i l u r e s  and the po ten t i a l  fo r  
f a i l u r a  propagation associated with the nonhardened a reas ,  i n  
p a r t i c u l a r ,  t h e  awitchy8rd and turb ine  hall. 

. .  < ,  ~. . 
a ~ h a ' b e ~ t '  ava i l ab le  methods, approaches, and d a t e  should a s  a 

u t t e r '  of p rac t i ce  be employed i n  any de ta i l ed  ana lys i s  of 
a i t c r a i t  c rash  hazards. Past prac t ice  i s  o f t en  found d e f i c i e n t  
with respec t  t o  the s tate-of- the-ar t ,  r e ly ing  ins tead  on 
expedient and s impl i f ied  procedures. 

; . ' .  . . . , .  . .  . . 

a S R P . ' u i d e l i n a a  a r e  present ly  or ien ted  t o  def in ing  the  a i r c r a f t  

t h r e a t  and the na ture  of the probabi l i ty  assessment. More 
e x p l i c i t  gu ide l ines  concerning h a t  a r e  acceptable methodologies 
and models i n  a much broader context a r e  lacking which p a r t i a l l y  
account* f o r  a degree of confusion and inconsis tency among 
s i m i l a r  based s tudies .  Another d i f f i c u l t y  is t h a t  it would 
appear t o  be d i f f i c u l t  t o  a s ses s  o r  qunn t i t a t ive ly  oeasure the 
l e v e l  of r e a l i a  o r  conserva t i rn  i n  the  r e s u l t s  obtained i n  most 

j e c t  t o  the above comments that the  methods and 
adequa:e ana lya is  of the a i r c r a f t  craeh h a t a r t s  a r e  

nd. Excel lent  information eourcea e x i s t  and a re  
ea t eb l i sh ing  a i r c r a f t - r e l a t e d  d a t a  bases and 

ce of o r  d i f f i c u l t i e s  iwo lved  i n  generat ing c e r t a i n  
ametera can u rua l ly  be compensated f o r  by a n a l y t i c a l  

aaaumptiona, o r  p robab i l i t y  d i s t r i b u t i o n  
functions. r a f t  c rasher  nt any given r i t e  do represent  very low 

r c r a f t  c rash  r a t e r  that s c a l e  v i t h  the  number of 
an functlona of baaic  a v i a t i o n  parameters w i t h  

confidenca, but c e r t a i n  higher order  sca l ing  



i t s e l f  a c o d i t i o n a l  probabi l i ty ,  conditioned by the  acc ident  scenario 
: . .:, ,. 

c h a r a c t e r i r t i c i ~ ~ * ~ a n d  th;. a f f e c t i v a  t a rge t  feature;. Since tha nbture of the  .. , .$i v. 

t a r g a t  dependr t:!tself ::upon the aasumed accident  . : scenar io ,  t h i j  c a l c u l a t  ton 
process can:&?rathar .ii.. , ,: ::: involved; f u r t h e r ,  po ten t i a l  nuclear !power plant  
t a r g e t s  are i:&plex and varied.  

l a t i o n e  f o r  the s p e c i f i c  a i t e s  previously s tudied 
involved conr iderable  da ta  ga ther ing  and modeling of s i t e  f ea tu res  and 
accident  parameters. R c s u l t r  a r e  atrongly dependent upon those f ac to r s  and 
invar iab ly  r e f l e c t ' d e r i v e d  and i n  most ca re s  assumed condi t ional  probabi l i ty  

: . , ._. 
estimationm -$bf;$fcsrtafn .:. event occurrences. The proced&e requi res  

? :: . *.K; 

i d e n t i f i c a t i o n . ~ ~ a n d ' ~  q u a n t i f i c a t i o n  of l i k e l y  acc ident  scenar ios  and 
e v a l u a t i o n  of ';iiorres&nding t a rge t  f ea tu res  on the  b a s i s  of de t e rmin i s t i c  

37"'. 
and judgmental~~~athodologiea end consequences c r i t e r i a .  Uowev~r. necessary 
d e t a i l  supporting both scenar io  and plant  f e a t u r e  assumptions and 
sensitivity c a l c u l r t i o ~  a re  d i f f i c u l t  t o  f ind  and evaluate .  The state-of- 
the-art  of th; 'acomplex problem is r e l a t i v e l y  advanced a t  the  preaent time; 
however, tb a v h l a b l e  knowledge has not been employed t o  i ts  f u l l  advnntage 
i n  paat app l i ca t ion r ,  and a lack  of de t a i l ed  procedures o r  cod i f i ca t ions  
appears ta pers io t .  It appears,  t he re fo re ,  t h a t  r o w  fo r  improvement e x i s t s  
i n  car ry ing  out  tha s t o c h a s t i c  ana lyrer  and, i n  p a r t i c u l a r ,  i n  the more 
de te rmin i s t i c  areaa of scenar ios  and damage mechanisms, and where a complex 
a v i a t i o n  environment e x i r t 8 .  



The present regulatory approach re aircraft hazards to nuclear power plants 
is to allow for a compensatory combination of site location and engineered 
safety features to meet federal regulations and licensing standards. 
Neither this study nor to our knowledge any other study haa shown that this 

approach is fundamentally unsound or deficient in achieving the desired 
safety standards although these standards and the topic of rislcs vere not 
themselves included in the current scope. A reasonable argument can be made 
that this approach results in better plant design compatible uith its 
(aircraft) environment although again this point has not been proven and is 
beyond the current scope. Equally credible arguments have been made that 
the present approach reaults in some cases in an over-reliance on 
engineering solutions, unnecessary exposure to aircraft hizards with 
possible increaaed risk, and does not effectively utilize or emphasize 
siting as an inherent defense-in-depth factor. 

The three araas where changes have been suggested and can be made to 
establish alternate regulatory approaches are in the Code of Federal 
Regulations, NRC Standard Rcviev Plan, and Regulatory Guides. Several 
alternate approaches are discussed in Section 2 and are summarized here as 
follovs : 

0 establishment of minimum standoff distances from geographically 

located offsite hazards; 
exclusion distances from the same; 
site acceptance limits where sites not meeting these thresholds 

are excluded; 
0 site acceptance floor. where sites not exceeding these thresholds 

are approved; 
containment design to withstand certain aircraft crash scenarios; 

P 
0 derign against most severe aircraft-induced consequenc(as; 

eatabliahment of acreening distance values an$ screening 
3 probability levels to identify situations requiring substantive 

treatmeats. 2 

In particular, the question a raised as to whether a sit 

relative to aircraft (and other) offsite hazards ir feasible andppracticable ii 
whereby site approval requirements can be established independently of 
specific plant design. k an example, it has been recomaendad : hat nuclear 
power plants be located no closer than 5 d l e s  from major airpo 0 ts. At the 
present tima there ara no requirements on the frequency of %&urrance of 

aircraft crasheo per re on nuclear power plantr provided that the risk ia 



acceptrblY -11, and the r i s k  evaluat ion procerr is r t rongly  dependent upon 
plant  f ea tu re r -  Another quert ion tha t  a r i s e r  concerns vhether more uniform 
r i t iw  r tandrrdr  can k d t v r l o p d  a r ,  fo r  example, procedures fo r  rcreening 
po ten t i a l  r i te loca t ions  o r  evaluat ing ~ f e  standoff d is tances .  

4 1 

Presently,  f ede ra l  r e ~ u l a t i o n r  a re  wr i t ten  t o  enrure tha t  no c red ib le  r i s k  
i m  posed by a i r c r a f t  (and o ther  o f f r i t e )  hazardr t o  nuclear power p lants  on 
the  baa18 of r ad ia t ion  expoaura c r i t e r i a .  Thur, i n  ttrme of both 
probabi l i ty  ( c r a d i b i l i t y )  and conrrquence (exposure) analyses,  plant  
f ea tu re r  are a t  p r r r en t  c e n t r a l  t o  the  determination of compliance t o  
regula t ionr  through e f f e c t i v e  t a rge t  area and vu lne rab i l i ty  c h a r a c t a r i a t i c s ;  
there  c h e r a c t e r i r t i c r  a r e  t h a e e l v a s  coupled t o  the  a i r c r a f t  crash 
scanmior .  The cu r ren t  SRP review procedure (Rev. 2 - July  1981) does 
e r t a b l i s h  r i t e  r c r e e n i ~  proxioi ty c r i t e r i a  r e l a t i v e  t o  a i r rpace  usage and 
otherwire enrurer  t h a t  a11 po ten t i a l  design b a r i s  accidents a re  eliminated 
a s  c red ib le  uventr through proper i d e n t i f i c a t i o n ,  charec ter iza t ion .  and 
treatment. h e  ne t  e f f e c t  of the  preaent approach i s  t h a t  the  annual 
frequency of unacceptable r ad ia t ion  exposure reeul t ing  f r m  o f f s i t e  hazards 
( in tegra ted  over a l l  av ia t ion  and other  a i tua t ion r )  must be l e s s  than 
t o  lo-' per year depending upon the nature of the modeling. 

On the b a r i r  of these r i r k  c r i t e r i a ,  our f indings indica te  t h a t  c e r t a i n  
a l t e r n a t e  regulatory approacher t o  e i t i n g  r tandards and more uniform 
procedurer are f e r r i b l e  tut not completely independent of plant  design 
considerat ionr .  S i t i n g  p a n a l i t i e r  (and poosibly plant hardening) would need 
t o  be impoaed i n  thore c a r e r  where the e f f e c t i v e  arear  of auscaptible  
t a r g e t s  exceed nominal valuer  t h a t  could, i n  p r inc ipa l ,  be aarociated with 
the  variour  c l a r r e r  of a i r c r a f t  hazard ecenarior.  k an uxemple, the 
na t ional ly  avaraged background crash r a t e  of l i g h t  General Aviation a i r c r a f t  
i a  on the  order  of 10'~ craahee par aquare r i l e  per year rnd could be 
s u b s t a n t i a l l y  higher  i n  regiona having abova average t r a f f i c  r a t e s .  
Therefore, a nominal e f f e c t i v e  a rea  ca lcu la t ion  r r l a t i v e  t o  background 
av ia t ion  and b a r d  upon ru rcep t ib le  t e r g e t r  together with condi t ional  
p r o b a b i l i t i e r  of radioact ive  u t r r i a l  raleasaa would i n  the f i r r t  place have 
t o  bo r o a l l  rnough r o  am to prarent  no c red ib le  r i r k ,  and in the eecond 

the extent  tha t  loca l  av ia t ion  r t a t i r t i c r  vary. 

t, h o w v r r ,  the prerence of backgrou~d a v l r t i o n  hazardr 
c i l i t i e r  and rhould be viewed am a baaic design 
r a r i t i n g  problem only in ro fa r  ar there  a r e  
r i n  the  hazard i e v r l r .  Accosdingly, i t  i r  

t the  present approach be applied i n  tho treatment of 
background av ia t ion  t u r r r d r  mince t h i r .  f o r  a11 p r a c t i c a l  purposer, i n  



synonymow vith"containnent (and o the r )  design t o  withrtand c e r t a i n  a i r c r a f t  
c rash  scena r io i~$- :  pr imar i ly  from l i g h t  single-engine pleasure a i r c r a f t ;  

,ijl . , 

other  *ugges td : i : s i t ing .  a l t e r n a t i v e s  do not appear appl icable  t o  background 
avia t ion .  '-&?.;findings . .. i nd ica t e  t h a t  spec ia l i za t ion  of the  SRP t o  
background e a s i b l e  and tha t  the following s t eps  a r e  important 
t o  t h i s  tan 

r d e f i n i t i o n  of the beckground a v i a t i o n  which a  

plant  is  exposed t o  i r r e g a r d l e s s  of s i t i n g  d e t a i l s ;  
generate  appropr ia ta  crash r a t e  s t a t i s t i c s  r e l a t i v e  t o  

geographical v a r i a t i o n s ,  f l e e t  mix, and av ia t ion  parameters; 
e r t a b l i r h  procedures fo r  est imating l o c a l  background av ia t ion  

a c t i v i t y ;  
pe r fom more de ta i l ed  crash scenario and r u s c e p t i b i l i t y  analyses 

pr imari ly fo r  the switchyard and other  noncontainment f ea tu res .  

With respect  a i r  t r a f f i c  concentrations, such a s  a i r p o r t s ,  a i r  
co r r ido r s ,  and o the r  r e r t r i c t d  a i r  spaces, our f indings indica te  tha t  o the r  
s i t i n g  approaches appear t o  be f e a s i b l e  and p rac t i cab le ,  and tha t  the basic  
information required i n  any a l t e r n a t e  formulation e x i s t s .  This conclusion 
is  based upon t h e  observat ion t h a t  nominal crash p r o b a b i l i t i e s ,  i . e . ,  
independent of p lan t  design,  can be evaluated fo r  any assumed s i t e  loca t ion  
r e l a t i v e  t o  fixed a v i a t i o n  air-spacer .  Thus, mlnimum d i s t ances  between the 
suggested plant  s i t e  and a i r p o r t s ,  a i r  co r r ido r s ,  e t c .  o r  a c c e p t a b i l i t y  
c r i t e r i a  could be applied on a  a i t e - spec i f i c  bas is  and based upon, say, the 
background crash  p r o b a b i l i t i e s  of l i g h t  (and heavy) a i r c r a f t  i n  the  
region. Although the da ta  bares and methodologies a re  genera l ly  a v a i l a b l e ,  
such ca l cu la t ions  have not been made i n  a  oystematic manner. 

It appears t h a t  the following a l t e r n a t e  regulatory approaches a r e  m r t h y  of 
pursu i t  and p o t e n t i a l l y  capable of y ie ld ing  add i t iona l  p r a c t i c a l  guide l ines  
with reapact c r a f t  hazards i n  the v i c i n i t y  of f ixed av ia t ion  a i r -  
rpsces t  

vslopment of the r i t e  screening methodology t h a t  
depend8 only upon l o c a l  av ia t ion  s t a t l s t i c s  and loca t ions  rnd i s  

. , . ,  .. . 
t of plant  design; s u i t a b l e  p robab i l i t y  c r i t e r i a  m u l d  

t a b i l i r h e d  r e l a t i v e  to  accep tab i l i t y .  

2. f  minimum standoff o r  exclusion d i s t ances  from 
Wsyr ,  end o ther  cont ro l led  o r  r e s t r i c t e d  a i r  spaces 
pon l e v e l s  of po ten t i a l  hazards and independent of 

t h i s  approach i a  based upon the  o b s e n a t i o n  t h a t  



t h e n  av ia t ion  zones concentrate  t r a f f i c  
r a t e r , '  and increase  phases of operat ion i n  

l e v e l s ,  increase  
t h e i r  v i c i n i t y .  

crash 

"""& ++,, , .. ' .' .,b'++:,;* . . 
:+.,..: ..!. 

D u e  t o  the background and poss ib le  res idual  e f f e c t s  of f ixed air-spacem, i t  

does not appear f e a s i b l e  t o  develop sa fe  standoff d i s t ance  lscthodologies fo r  - 
a i r c r a f t  hazardr'~'independent1y of nuclear power plant  design cons idera t ions  
a s  discussed above. I:::':? '.. . . 

. . 
. . 

The a l t e r n a t e  approaches w u l d  c l e a r l y  emphasize r i t e  s e l e c t i o n  over 
engineering so lu t ions  t o  a i r c r a f t  hszarda prasented by airport., a i r  
c o r r i d o r s ,  s tc . ;  however, t o  be e f f e c t i v e  procedures should cover s i tua t iona  
t h a t  a r e  complax i n  the sense t h a t  mul t ip le  a i r p o r t s  (of varying s i z e ) ,  
overlapping a i r  co r r ido r s  and other  air-usage spaces, and a wide range of 
av ia t ion  paramatera w i l l  genera l ly  be involved i n  any a c t u a l  s i t u a t i o n .  I t  
i s  an t i c ipa ted  t h a t  a p r inc ipa l  advantage of the  indicated a l t e r n a t e  
treatments v i l l  ba i n  the handling of l a rge  ( M r  Carr ie r )  a i r c r a f t  hazards 
f o r  vhich engineered aa fe ty  f ea tu res  a r e  cos t ly  and defense-in-depth through 
s i t e  s e l e c t i o n  is most des i r ab le .  

. , .  , ' ,  : .... 
.. --.,<,, 
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Our f indings  i n d i c a t e ,  f o r  example, t h a t  a i r p o r t s  handling General Aviation 
t r a f f i c  only beco important r e l a t i v e  t o  the background a t  d i s t ances  on 
the order of 5 m i  ay from 2 t o  6 miles depending on the a i r p o r t  s i z e ) ;  
t h i s  type of da t e  y s i e  could be r ead i ly  employed i n  s i t i n g  guide l ines .  
Similar  r e s u l t  y t o  a i r  co r r ido r s  handling l a rge  commercial a i r c r a f t  
although the ec  ecay of c ra rh  frequency with d ia tanca  from an a i rvay  is 
ill defined a sen t .  Major a i r p o r t  a ir-spaces can be viewed a s  
cons is t ing  of d i s t e  rona of inf luence extending t o  5 miles and withrn 
vhich takeoff ,  landing,  and o ther  phases of operat ion occur and where one- 
t h i r d  of a11 a f t  c rashes  takes  place, and of an a i rpo r t - r e l a t ed  
zone extendin r d i s t ances  and within which phase8 of operat ion 
euch a s  climb n t ,  holding pa t t e rns ,  and the  confluence of a i r  
c o r r i d o r s  a x i s  t e n t  of t h e  l a t t e r  region is not  a t  prcrent  c l e a r ,  
but i f  one-h Air Carr ie r  acc idents  is assumed t o  ba a i r v o r t -  
r e l a t e d ,  then i t  m a t  extend fo r  aome possibly considerable d i s t ance  beyond 
5 miler .  l'ha formulation o r  cont inuing development of add i t iona l  renula tory  
procedures w i l l  r equ i r e  m r e  d e t a i l e d  analyses of t h e w  and o the r  av ia t ion  
c h a r a c t s r i r t i c r  but  the  da ta  baser appear t o  be adequate t o  the teak. . - . ', .:.a, !{i,$$&@&.. y4: .,.;,~: . , .. . 
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Fina l ly ,  it r h o u l ~ ~ k ' n o t e d  t h a t  the  present mcreening c r i t e r i a  contained i n  &. ,. . 
the SnP es tab1i rh ; : r i ta  proximity d i s t ances  to  a i r p o r t s ,  m i l i t a r y  t r a i n i n g  
rou te r ,  and c ~ e r c i e l  a v i a t i o n  d e ~ i g n a t e d  s i r  spacer a s  l funct ion  of the 
annual number of a i r p o r t  opera t ions ,  a t  f i v e  mi les ,  and a t  two mi les ,  
r s s p w t i v e l y .  In  each of t h e r e  s i t u a t i o n s ,  the acreening d i s t ance  value 





A nuaber of a r e a r  concerning a i r c r a f t  hazards t o  nuclear power p lant r  a re  
prarent ly  anrarolved andlor t rea tad  in  .a inadequate manner. It is  f n i r  t o  
sat tha t  although .a. of the problem area. t a l a t e  t o  advances i n  th. a ta te-  
of-the-art (e-g., a i r c r a f t  r t i d  sad f i r e u ) ,  a o r t  only involve the  generat ton 
of addi t ional  epecia l i red  information and procadurer, and the or ieneat ien  of 
there  more to the pofnt of vieu of the regulatory and revieu procrrses .  
fhua, r e ro lu t i an  of these  problem areas  i e  e ign i f i con t  t o  the ex i s t ing  
regulatory approach a8 m l l  a s  p ~ r r i b l e  a l t e r n a t e  approachrr. Important 
b e n e f i t r  th t  can be c x p c t e d  t o  r eeu l t  include ove ra l l  r impl i f ica t ion  of 
the r i t i q  procedurar r e l a t i v e  to a i r c r a f t  hazards end streamlining of the 
regulatory procera. The r o r e  important a reas  that appeared d u r i w  t h i s  
study w i l l  be b r i e f l y  notnd be lor  under the headings of av ia t ion ,  rcener ios ,  
and plant ;  i t  ahould ba noted that there  a r e  mnsite-opcrcific,  i.e., generic 
with rerpect  t o  nuclear pouer p lants :  

Aviation 

de ta i l ed  review of a i r c r a f t  accident  r epor t s  av.3 da ta  t o  

ea teb l i eh  c r i t e r l a  t o  b e t t e r  def ine  those a i r c r a f t  accident 
rcerur ioa  t h a t  a r e  p o t e n t i a l l y  threatening t o  nuclear power 
plant# and appmpr ia t c  notoc.xzing a t a t i r t i c r ;  

a d e f i n i t i o n  of av ia t ion  ca tegor ies  from hazard and s i t i n g  points  

of v i e r ,  e.g., background craeh exporure. a i rpor t - r e l a t ad  crash 
zones, r i t u r t i o a r  threatening t o  nuclear pouer p l sn ta ,  etc.; 

a c a l i w  c h a r a c t e r i r t i c r  of c ra rh  r a t e s  r e l a t i v e  t o  avia t ion  

p a r m r t r r a  auch an a i r p o r t  r i t e ,  t r a f f i c  denai ty ,  a i r  corr idor  
c h a r a c t e r i r t i c r ,  geogrephical variations, etc . ;  

Q m r a  de ta i l ed  r t r t i r t i c a  on a i r c r a f t  in-betmen the l l g h t  r ingle-  
engine and h e a v  comerc ia1  a i r c r a f t ,  e.8.. twin-engina and 
m i l i t a r y  a i r c r a f t ;  

procedural guide l ines  fo r  getbering and s t a t i r t i c a l l y  t r ea t ing  

l o c a l  av ia t ion  da ta  bares and the r c a l i t q  of craeh r a t e s ;  

methodologier f o r  t r e a t i n g  c a p l e x  av ia t ion  anvirumk*nts much as  
the prerenca of mul t ip le  nearby a i r p o r t r ,  overlapping airways, 
e t c ;  



methodologies for treating fleet m1:tes with respect 

parameters and aviation activities. 

Scenarios 

0 modeling and verification of crash characteristic 

flight path Farameters auch as speed and altitude. 
characteristics such as orthonormal deviations to the 

and crash inclination angle. and skid momen 
relationships, among others; 

establishment of probability distribution functions 

aircraft impart parameters, e.g., speed and ori 
impact. fleet mix effects, etc.; 

0 analysis of aircraft firefexplosion characteristics. 

Plan: - 
further identification of plant features susceptib1.a 

crashes, multiple failure possibilities, and plant 
rasponse characteristics; 

procedural guidelines for target area calculations 

relative to fleet and accident scenario mixes. 

All of the above areas aro, of course, neceaearily addrebaed in 
i f  only through implicit assumptions (such as ignori14 the pc 

fire), highly rimplified or unsupported models, and the ap 
subjective judgement. In some areas, auch as identiflcatlon 01 

crasher, the data bare appears adequate and is readily avalla 
criteria development and mtandardization is needed, while othe 
considerable atatintical or modeling efforts, e.g., airport-# 
zones, thn aircraft rkid problem, and crashes into the svitchya 

few. More aphasis should be placed on the sensitivity o 
variations in the many probabilistic and phenomenological as 
aircraft hward to nuclear power plant problem. 

To conclude, it rhould be emphasized that it has been f o ~  
aircraft hazards to nuclear power plants ate generally very lo' 
with respect to 10 CVR 100 radiological exposure guidelines, an 
phenomenological and incidental factors ca.1 usually be errimat~ 
to soma degree. Therefore, the concluricns und problem areas r 
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t h i s  atudy need not br +.:awe for alarm although many d e t a i l s  cannot be 
expected to be adequateiy r:t-,.luad for st leaat mny yznt..$ 
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O f f s l t e  Hazards: A i r c r a f t  Crash 
Type of  Model: R t e r m i n i a t i c  
Authors: Ahmed. K. M. and Ranshi. A. S. 
T i t l e :  Dynamic Response of Nuclear Powel 

Earthquake and A i r c r a f t  Impact 11 
S o i l - S t r u c t u r e  I n t e r a c t i o n  

Reference  : J o u r n a l  of Sound and V i b r a t i o n  ( :  
Brief  Lhsc r ip t ion :  

This  paper compares t h e  dynamic response  of a 
p l a n t  t o  a modeat ea r thquake  ( P a r k f i e l d )  and t o  
Boeing 707-320. F i n i t e  element and modal superp  
used t o  o b t a i n  t h e  t ime-h i s to ry  response  and tl 
response  s p e c t r a .  It i s  shown t h a t  t h e  response  
t o  impact of  URCA on t h e  primary containmen 
compared t o  t h e  response  due t o  a modest ea r thq t  
Boeing 707 c r a s h i n g  on to  t h e  f a c i l i t y ,  t h e  den 
could  be damaged depending upon the  amount of ene,  

O f f s i t e  Hazards: A i r c r a f t  Crash 
Tvoe of Model: De te rmin la t l c  . . 
Authors: A t t a l l a ,  I. and Nowotny. 8. 
T i t l e :  M s s l e  Impact on a Reinforced CO 
Ref t r a n c e  : Nuclear Engineer ing and R s i g n  5' 
Brief  Description: 

This  paper  s t u d i e s  t h e  behavior  of r e i n f o r c e d  c o ~  
m i s s i l e  impact load ing  u s i n g  PISCES 2 Dl. code. 
i n  a 1 1  d i r e c t i o n s  i n c l u d i n g  w a l l  t h i c k n e s s ,  r 
waves nea r  t h e  load ing  a r e a  were cons ide red .  PI 
d e f i n i n g  t h e  m a t e r i a l  and y i e l d  models f o r  r e i n f o  

O f f s i t e  Hazards: A i r c r a f t  Crash 
Type of Model: D e t e r m l n i s t l c  
Authors:  Bahar. L. Y. and Rice. J .  S. 
T i t l e :  

Reference  : 

S i m p l i f i e d  Der iva t ion  of t h e  Ren 
His to ry  i n  A i r c r a f t  Impact on a 
Nuclear h n i n e e r i n n  and R a i g n  4 - - - 

Brief  Lbacr ip t ion :  
This  paper  present .  a  s i m p l i f i e d  d e r i v a t i o n  
h i s t o r y  of an  a i r c r a f t  impact on a nuc lea r  p o w  
of motion f o r  t h e  r i g i d  p a r t  of  t h e  a i r c r a f  
v a r i a b l e  sys tem of p a r t i c l e s  l o o s i n g  mass. The 
t h e  c r u s h i n g  reg ion  i s  ob ta lned  us ing  conta inu 
The r e s ~ l t s  i n d i c a t e d  t h a t  t h e  r e a c t i o n  l a  not  
v e l o c i t y  d i s t r i b u t i o n  i n  t h e  c r u s h i n g  reg ion  of t 

I 
t 4 1 

c t ,  
d 

Nu1 

s t i o n  of motion f o r  
c h a n i c e  approach.  
ed by t h e  assumed 

' l a n t  due t o  
uding E f f e c t  of  

' p i ca1  n u c l e a r  power 
r impact of URC4 and 
Lt ion t echn iques  a r e  
cor respond ing  f l o o r  

f  r e a c t o r  p l a n t s  due 
s t r u c t u r e  is smal l  

e .  I n  t h e  event  of 
R of r e a c t o r  p l a n t s  

absorbed l o c a l l y .  

:et  S t r u c t u r e  
11976) 321-332 

I 
& e t a  s t r u c t u r e s  under 
l l o c a l  de fo rmat ione  
a t i c i t y ,  agd s t r e s s  
p d i a c u a s i o n s  a r e  on 

E t h e  reac t ion- t ime  



O f f r i t e  h z a r d s :  A i rc ra f t  Crash 
Type of b d e l :  P r o b a b i l i r t i c  
Author: Bonnin, D. M. 
T i t l e :  An Al rc ra f t  Accident Probabi l i ty  Mat! 
Reference: Transactions American Nuclear Society 

June 1974 
Brief Description: 

Proximity to m a i r p o r t  has bean considered a  dieadvar 
reac tor ;  hence, the l ike l ihood of a i r c r a f t  crashee c 
considered during s i t e  r e l e c t i o n  and l icens ing  ac'  
preparing an amendment t o  the  appl ica t ion  fo r  cons t ru  
nuclear r eac to r  a  study was made t o  e s t a b l i s h  a  
accident p robab i l i t y  d i r t r i b u t i o n  funct ion which WI 

l ike l ihood of a i r c r a f t  accidents .  

The rtudy covered c i v i l  a i r c r a f t  accidents  within 5 ml 
i n  the United Stn ter  fo r  the years 1966-1970. The a i l  
the  probabi l i ty  funct ion were subdivided by usage ( 
a i r  t ax i ,  and a i r  c a r r i e r )  and a i r c r a f t  a i z e  ( :  
ca tegor ies .  

Several b a r k  conclusions were noted from t h e  
probabi l i ty  d i r t r i b u t i o n  funct ion:  

1. Ihe probab i l i t y  d l  t r i b u t i o n  funct ion was always 
from 1.100 x loeg t o  2.076 x w9 accidents  I 
aquare mile depending on the f lee.  p i x  and tht 
from the  center  of the runway. 

2. Ihe probabi l i ty  decreased as  the r ad ia l  d i r t ance  
increased. 

3. Use of the funct ion requi res  m l y  the a i r  t r a f f i ~  
a t  any s p e c i f i c  c i v i l  a i r p o r t  of i n t e r e a t  and t  
i n  aquare P i l e s ,  of the  s i t e .  

Offaice Hazards: 
Type of tindel: 
Author: 
T i t l e :  

Reference : 

Airc ra f t  Crash 
Survey 
Buchhardt. F. 

Brief Dercriptionr 
Ihis p p a r  reviews varioua aspec ts  of  undergrou 
p lant r .  It d l scu r ree  some c r i t i c a l  analyues concerni 
dar ign  c r i t e r i a ,  conet ruc t ional  concepts,  and i m p  
p r o b l e u  of l i c e n e i b i l i t y  and operat ion.  

:ion Punction 
225-226. 

! t o  a  nuclear 
be c a r e f u l l y  

t i e s .  While 
n permit of a  
i l e d  a i r c r a f t  

r e f l e c t  the 

of an a i r p o r t  
t t  end thereby 
r a l  av ia t ion ,  
c and small)  

u l t s  of the  

:e low varying 
operat ion per 
~ d l a l  d l s t snce  

~m the a i r p o r t  

gures compiled 
: r l t i c a l  a rea .  

lund - 
. c a l  Review 
l ies  - 

nuclear  , power 
i f f e r e n t  basic  
I a s  wll as  



O f f a i t e  Hazards: A i r c r a f t  Crash 
S p e  of t b d e l :  D e t e r m i n i s t i c  
Authors : Car l ton .  D. and Bedi. A. 
T i t l e :  

Reference  : 

T h e o r r t i c a l  Study of N r c r a f t  Impact o, 
Reactor  Containment Structures 
Nuclear Engineering and Design 4 5  (1971 

Brief  D e s c r i p t i o n t  
This  paper p r e s e n t s  r e s u l t s  us ing  a  f l n i t e  d i f f e r e r  
(PISCES) based upon dynamic r e l a x a t i o n  I n i t i a l l y  deve 
problema. me code models c o n c r e t e ,  re inforcement  
throughout t h e  a h o r t  term nonlinear range.  Concrete i t  
a  l i m i t e d  t e n s i l e  s t r e s s  c a p a c i t y ,  couple4 wi th  a  
c a p a c i t y  which i c  dependent upon the  aggrega te  and c r ,  
y l e l d  c o n d i t i o n  iu a l s o  s p e c i f i e d  t o  a l l o w  f o r  
s t a t e s .  The r e s u l t s  of a p a r t i c u l a r  r e i n f o r c e d  concr 
t o  MRCA load ing  i n d i c a t e d  t h a t  80 um t h i c k  model s l a b  
load.  In  r e a l  s t r u c t u r e s  t h i s  corresponds  t o  a  wal 
2 . h .  

O f f s i t e  Hazards: A i r c r a f t  Crash 
Type of ?Hodel : P r o b a b i l i s t i c  and D e t e r m i n i s t i c  
Authors: C h e l a p a t i ,  C. V . ,  Kennedy, R. P.,  and 

1 P r o b a b i l i s t i c  Assessment of A i r c r a f t  H 
Nuclear Power P l a n t s  

Referance:  Nuclear Engineering and Design 19 (197 
Br ie f  Lbacr ip t ion :  

A s g p a r t  of  a g e n e r a l  probabilistic s a f e t y  a n a l y s l  
structural damage t o  a  n u c l e a r  power p l a n t  f r m  e i r c  
been eva lua ted  i n  a  q u a n t i f i e d  oanner.  Requency  
a i r c r a f t  speed and weight and engine  weight were cons! 
and4 l a r g e  a i r c r a f t  and f o r  s i t e  l o c a t i o n s  a d j a c e n t  t a  
a n a e i r p o r t .  Based upon United S t a t e r  d a t a  an  a n a l  
i n c l d e n t a  i a  p resen ted  t o  e s t a b l i s h  t h e  p r o b a b i l i t y  
h i t t i n g  a  n u c l e a r  power p l a n t .  

:1  
This  paper p resen ted  a  quantified rimk a n a l y s i s  of str  
a n u c l e a r  power p l a n t  f r m  a i r c r a f t  c r a s h e s .  Three mo 
dimcurred he re :  p e r f o r a t i o n ,  c o l l a p o a ,  and c rack ing .  
of a m a g e  to  a n  18-inch t h i c k  r e i n f o r c e d  c o n c r e t e  a i d e  

i n  t h e  p a r f o r a t i o n  and c o l l a p s e  mcdes is i n v e s t l g a  
a r  4 a l a o  compared t o  t h e  damage of c r a c k i n g  mode. 
propoaed t o  cover  t h e  range of parameters  encountt 
eng ine  impact. The c o n d i t i o n a l  p r o b a b i l i t y  of l o c a l  
w a l l  panel  i a  e v a l u a t e d  by us ing p r o b a b i l i s t i c  a p p r  
l i n e  theory .  An e l a s t i c  f i n i t e  element method was use  
c r a c k i n g  mode. 

dynamic code 
d  f o r  a t a t i c  
p r e s t r e s s i n g  

sumed t o  have 
e a r  c a r r y i n g  
s i z e .  And a  
a x i a l  s t r e s s  
s l a b  s u b j e c t  

In r e s i s t  t h e  
~ i c k n e s s  1.4- 

, I. P. 
d  f o r  

t h e  r i n k  of 
: c r a s l ~ s a  h a s  
: r i b u t i o n s  of  
ted f o r  #mall  
1 remote from 

of a i r c r a f  t  
an  a i r c r a f t  

r a l  damage t o  J 

of damage a r e  
e  p r o b a b i l i t y  

of  a  t y p i c a l  
I h e  r e s u l t s  

cw formula l a  
i n  a i r c r a f t  

Llapae of t h e  
les and y i e l d  
8 e s t i m a t e  t h e  



. . 
Authors:  Cravero. M.. Lucenet. C. i 
T i t l e :  

Reference:  
Beverly Hills, C a l i f o r n i a ,  A p r i l  1974 

Brief  Desc r ip t ion :  
The l i q u i d  Metal Past  Breeder Reactor  WPW-PHWIX. l e c t r i c a l  power 
1200 13W) which w i l l  be b u i l t  a t  CREYS-EULVILLE i n  
fo l low t h e  g u i d e l i n e s  g iven i n  R a n c e  f o r  the  s a  
One of t h e s e  g u i d e l i n e s  i s  t o  e v a l u a t e  t h e  r i s k s  
t r a f f i c .  Consequently. a  s tudy  of t h i s  problem wa un 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 an a i r c r a f t  c r a s h  on t h e  power SUPER-PHWIX, 
p a r t i c u l a r l y  on r e a c t o r  b u i l d i n g .  

O f f s i t e  Hazards: A i r c r a f t  Crash 
Type of m d e l :  D e t e r m i n i s t i c  
Authors:  Degen, P.. P u r r e r ,  H., and 
T i t l e :  

Reference:  
Br ie f  Desc r ip t ion  of Modeling E f f o r t :  

This  paper d i s c u s s e s  t h e  e f f e c t  of s l a r g e  commercial i r p l a n e  c r a s h i n g  
p e r p e n d i c u l a r l y  on t h e  s u r f a c e  of a  mpherical  r e a c t  r b u i l d i n g  dome. 
The c a r r y i n g  c a p a c i t y  of t h e  s t r u c t u r e  under an  eq i v a l e n t  s t a t i c a l  
load is cons ide red .  The p r e s e n t a t i o n s  i n c l u d e :  

I 
I 

( i )  c a l c u l a t i o n  of t h e  f a i l u r e  load 
( 1 1 )  c a l c u l a t i o n  of t h e  s e c t i o n a l  

s h e l l  theory  and subsequent  des ign  by t h e  s t r e n g t h  
method. 

( i i i )  c a l c u l a t i o n  of t h e  f a i l u r e  l o a d ,  
mechanism and d i s t r i b u t i o n  of s e c t i o n a l  
s h ~ 1 1  theory.  

( i v )  c a l c u l a t i o n  u s i n g  a  3-D FIN wl th  plaeatic 

O f f s i t e  Hazards: A i r c r a f t  Crash 
Type of Model: L k t e n n i n i s t i c  
Author: D i e t r i c h ,  R. 
T i t l e :  

Reference:  
B r i e f  b s c r i p t i o n :  

lhis paper eva lua ted  t h e  r e l i a b i l i t y  a g a i n s t  damage due t o  
an  a i r c r a f t  c r a a h  on a  two e f f e c t s  
a r e  cons ide red  i n  t h e  paper:  l o c a l  
t h e  s t r u c t u r e .  The e m p i r i c a l  
a p p l i c a t i o n s  ware used f o r  



so11.1tion of  t h e  dynamic a n a l y s i c  i a  o b t a i n e d  
metlrod. Both n ~ s u l t s  i n d i c a t e d  t h e  m f e  d e n i g  
sub, lec t  t o  an  a i r c r a t t  impact .  

O f f s i t e  IMrnrdn! 3 k 1 r c r s f t  Crash 
Type of l b d s l :  De te rmin i s t i c  
Authors: D r i t t l e r .  Y:. and Ctuner .  P. 
T i t l e :  l ~ l c u l a t l o r r  of  t h e  ~ o t a i  Force Ac 

Mall by ~ r o j e c t i l e a  
Ref erencc!: i l u c l e a r  Engineer i& and Design 37 
Brief  I k c ~ c r i ~ t i o n  of t lodallnn E f f o r t  : 

~ - 
A n u a e r i c a l  ( f i n i t e  d i f f e r e n c e )  method is p r e s e n t  
of t o t a l  f o r c e  a c t i n g  upon a b u i l d l n g  d u r i n g  i n  
Yar ia t ibnn  of gecmet r i c  and m a t e r i u l  properV.ies 
axis;  a r e  r ep laced  by proper average \,slues. 

O f f n i t e  Ibzardnr  A i r c r a f t  Crash 
Type of P'bdel: R t e r m i n i s t l c  
Authors: D r i t t l a r ,  K. and Cru le r .  P. 
T i t l e :  

Referenca:  

The Force R e s u l t i n g  Rom lnpdtcd 
M i l i t a r y  A i r c r a f t  Up.m a  Rikld  Y 
Nuclear h n i n e e r i n ~  ilnd b a l k n 7 '  - 

Brief  Dasc r ip t ion  of Modelin8 ~ f f o r t :  
The a u t h o r s  us ing t h e  p rev ious  propo~ied method t 
f o r c e  of phantom a i r c r a f t  on a r i g i d  w a l l .  Ihe  
t h e  impact f o r c e  l a  a lmost  l n n e n s l t l v n  
parameterm. There fo re  on ly  one force  vs. time 
f o r  s a f e t y  c o n s i d e r a t i o n .  

O f f s i t s  Hsrsrds:  A i r c r a f t  Crash 
Type of  Model: P r o b a b i l i s t i c  
Author : Eisenhut .  D. C. 
T i t l e :  
Reference:  

~ e a c t o r - i 1  t i n g s  i n  t h e  V i c i n i t y  
American h u c l e a r  Soc ie ly  Transac 
Chicago, June ,  1973 

Brief  D s a c r i p t i o n r  
An e v a l u a t i o n  of t h e  p r o b a b l l i t y  of tin a i r c r a  
f a c i l i t y  i n  t h e  v i c i n i t y  of an a i r p o r t  has  
e v a l u a t i o n ,  t o g e t h e r  wi th  o t h e r  s f u d i e n ,  m y  a m  
of g e n e r a l  c r i t e r i a  f o r  t h e  s i t i n g  of r e a c t o r  
a n a l y e l a  connldercd t h o s e  a c c i d e n t s  t h a t  occurrec 
t h e  runvay and a l n o  occurred wi th in  a  60-degree 
n p e t r i c  about t h e  extended c e n t e r l i n e  o r  t h e  N 

g f i n i t e  e lement  
A s p a c i f i c  s h i p  

Upon a Rigid  

76) 231-240 

br t h e  c n l c u l a t i o n  
of a  p r o j e c t i l e .  

a s  t h e  p r o j e c t i l e  

l c u l a t e  t h e  impact 
Lts i n d i c a t e d  t h a t  
v a r i o u s  r e l e v e n t  
cu rve  may be used 

r f i e l d s  
-0-211, 

rash a t  a  nuc lea r  
performed. Th i s  

i n  t h e  development 
Ir a i r p o r t s .  I h e  
h i n  a  few m i l e s  of 
s rence  f l i g h t  pa th  



O f f r i t e  Hezrrdr:  A i r c r a f t  Crash 
Type of Model: P r o b s b i : l i s t i c  
Author: PSAR 
T i t l e :  Potent1111 E f f e c t s  of A i r c r a f t  Inpa 

P i r e r  on t h e  Zion S t a t i o n  
Reference:  Docket 50295-45, 1972 
Brief  h a c r i p t i o n r  

P r e r e n t r  e r t u d y  of t h e  P r o b a b i l i t y  of an  a i r c  
a i r p o r t  h i t t i q t  t h e  s t a t l o n .  Inc ludes  a second r e  
r f f c c t r  of a i r c r a f t  impact and poat-crash f i r e s  on 

Of f r i t e  Hazards: A i r c r a f t  Crash 
Q p e  of Model: P r o b a b i l i s t i c  - Deterministic 
Author: Codbout, P. and R r a i s ,  A. 
T i t l e :  

Reference:  
Polytechnologique de Montrual A 
Board (Canada), b r c h  1980. 

Br ief  D a r c r i p t t o n r  
Repor t r  (1) t h e  accumulat ion of a s ? e c i a l  and ex' 
d a t a  bank r e s u l t s  from r e l a t e d  exper imec t s  done 
France,  & r u n 7  a r d  A u s t r & l i a ,  ( 2 )  an involved 
model l ing and i t e  proper coup l ing  of eacl  
s i g n i f i c a n t  phenomenon p r e s e n t  d u r i n a  t h e  impact p 
and p.r mirs i l le  type ,  (3)  use  of e x i s t i n g  ( o r  
computer coder  t o  i d e n t i f y  important  p rocesses  an< 
r e r u l t r  a g a i n s t  axpar imeota l  d a t a .  

S p e c i f i c  r e r u l t r  f o r  W W  Reactor  Types, p r in  
p r o j e c t i l e r  having l o v  v e l o c i t i e s ,  l a r g e  diamete  
Techniques can  k a p p l i e d  t o  o t h e r  types  of proJecl  

O f f r i c e  Hazardr: A i r c r a f t  Crarh  
Typa of i b d e l r  P r o b a b i l i s t i c  
Authors:  Codbout, P. and B r a i s ,  A. 
T i t l e  r 

Re fe rence :  
Polytechnique d; . t l o n t r e a l ,  PO; i 

Board (Canada),  1204-3, September 
r e  D a r c r i p t i o n r  

T h i r  Phars  I1 e f f o r t  compiled more e x t e n s i v e  
a i r c r a f t  i n c l u d i n g  i n t e r n a t i o n a l  exper ience .  T ~ I  
and h e ~ v y  a i r c r a f t  were investigated and c r a s h  r 
P r o b a b i l i t y  d i r t r i b r t t i o n s  f o r  a i r c r a f t  s t r i k e r  01 

r t r u c t u r e r  *.re a e n e r r t e d ,  v i t h  p a r t i c u l a r  s l p h a s i  

m d  Post-Crarh 

t u s i n g  a n e a r l y  
: on t h e  p o t e n t i a l  

s t a t i o n .  

, L'ecole 
.c Energy Cont ro l  

~ t i v e  e x p e r i n e n t a l  
t h e  U.S., U.K.. 

a i l e d  t h e o r e t i c a l  
phenomenologically 
ass of an a i r c r a f t  
velopment of new) 
i )  benchmarking of 

a l l y  and t o  hard 
and l a r g e  masaes. 
8. 

t . d o  t h e  S a f e t y  - n n a l  Report .  
, Ecole 
~ i c  Energl  Con t ro l  
176. 

a t i r t i c a l  d a t a  on 
I t s g o r i e r  of l i g h t  

models developed.  
u e l e a r  power p l a n t  
In s i t e s  m a r  t o  an 
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a i r p o r t .  I n p a c t  f o r c i w  f u n c t i o n s  f o r  t h e  c r a s h  of n a i r c r a f t  nn t h e  
p l a n t  containment s t r u c t u r e  were eva lua ted  us ing  t h e  h a r a c t e r i a t l c a  o f  
each a i r c r a f t  type.  S tands r i zed  f o r c i n g  f u n c t i o n s  e r e  developed of 
t h e  g l o b a l  energy envelope f o r  t h e  s t r i k i n g  phenome I a  a s  a  h o l e  was 
genera ted .  

O f f s i t e  Hazards! 
Type of b d e l :  
Author: 
T i t l e :  

Reference:  Centre  de 

****he***** b 

A i r c r a f t  Crash 
P r o b a b i l i s t i c  
Codbout, P. 

dm F b n t r a a l  f o r  ~ t o m i c  h e r g y  Cont ro l  Board (Ca 
AECB-1204-1 and 2 ,  May 1975. 

Brief  h e c r i p t i o n !  
The p r o b a b i l i t y  of an a i r c r a f t  s t r i k i n g  n nuc lea r  po r p l a n t  has  been 
eva lua ted .  The method of approach a s  uaed i n  t h i s  s udy conaiatm of a 
a e r i e s  of o r d e r l y  a t e p a  o r  procedures  which ma l use  of l o g i c  
model l ing,  of p r o b a b i l i t y  t h e o r y ,  of t h e  energy enve ope t echn ique ,  o f  
t h e  s e n s i t i v i t y  t echn ique  and of  t h e  l i m i t  l i n e  o n c e p t ,  i n  t h a t  
o r d e r .  Accident d a t a  was ob ta ined  f o r  a l l  typer  of i r c r a f t  a c c i d e n t s  
a i n c s  1960. I h e  c r i t e r i o n  was chosen t h a t  any a  f r c r a f t  which has  
n a v i g a t i o n a l  d i f f i c u l t i e s  f o r c i n g  i t  t o  land impropedly o r  u n w i l l i n g l y  
is an a c c i d e n t  and a  p o a s i b l e  danger t o  t h e  surroundinba.  

O f f a i t e  Hazards: A i r c r a f t  Crash 
Type of  Model: P r o b a h i l l s t i c  
Author: C o t t l i e b ,  P. 
T i t l e :  Entimation of Nuclear Power P l a n t  Nr r a f t  k z a r d s  
Refere~oce : 

1 
P r o b a b i l i s t i c  Ana lys i s  of Nuclear Reactor  S a f e t y  
Topical  Meeting,  Los Angeles, CA, Mey 8-10, 1978 

Brie f  Dcacr ip t ion:  
The s t a n d a r d  procedurea  f o r  e n t i m e t i n g  a i r c r a f t  r i s k  t o  n u c l e a r  power 
plant. provide  a  c o n s e r v a t i v e  e s t i m a t e ,  which i s  dequa te  f o r  most 
a i t e a ,  which a r e  no t  c l o a e  t o  a i r p o r t a  o r  

t 
h e a v k Y  t r a v e l e d  a i r  

c o r r i d o r r .  For thoaa  mi tes  which a r e  c l o a e  t o  f  i l i t i e a  hand l ing  
l a r g e  numbers of  a i r c r a f t  movements ( a i r p o r l a  o r  p r o ) ,  a  more 
p r e c i a e  matimate of  a i r c r a f t  impact f r equenry  can  o b t a i n e d  aa  a  
t u n c t i o n  of a i r c r a f t  a l r e .  I n  many inntancan t h e  
a i r c r a f t  can b shown t o  have an a c c e p t a b l y  a m  
whi le  t h e  v e r y  smal l  g e n e r a l  a v i a t i o n  a i r c r a f t  
a u f f i c i a n t l y  a e r i o u a  impact t o  impalr  t h e  s a f e t y  
l h i a  paper  examinaa t h e  i n  between a i r c r a f t :  prim twin-engine,  
uned f o r  bua ineas ,  p l e a s u r e ,  and a i r  t a x i  t h ' s  group 
of a i r c r a f t  t h e  
once ia one m i l l i o n  y e a r s ,  t h e  
a t i o n  of a v e c i f i c  



Authors: Cupta, Y. U. and Seaman. L. 
T i t l e ;  Local  Reaponse of Reinforced 

Reference:  
Impact. 
Nuclear h g i n e e r i n g  and Lksign 45 ( - - - 

Brief  Desc r ip t ion :  
Th i s  paper  p r e s e n t s  a n  exper imenta l  and c w  t a t i o n a l  ( f i n i t e  F d i f f e r e n c e )  mtudy of r e i n f o r c e d  c o n c r e t e  w a l l s  r e sponse  t o  impacts  from 
p o s t u l a t e d  to rnado  and n l s s i l e s .  This paper e l r o  f l e a e n c s  t h e  r e s u l t s  
of a a t u d y  t o  da te rmine  t h e  dynamic c o n e t i t u ~ i v e  r e l a t i o n s  of 
r e i n f o r c e d  c o n c r a t a  f o r  use  i n  tvo-dinensional  c a f c u l a t i o n s  of  l o c a l  
impact remponse. I 

Author: b u m e l .  J.  rn 
T i t l e :  
Refareace:  76) 205-223 
Brief  Description of Uodeltng E f f o r t :  

mi8 paper i a o l a c e m e n t s  of a 
s t r u c t u r e  on t h e  impact load P ( t ) .  h e  a!rcraE - i d e a l i r e d  by a 
l i n e a r  mass-rpring-daahpot combination.  Ihe  t i n  endent  r e a c t i o n s  
of t h e  .hel l  as a f u n c t i o n  of P ( t )  a r e  expanded term of normal 
w d e s  . 

Oh********** 

O f f r i t e  Hazard: A i r c r a f t  Crash 
Type of b d e l :  A n a l y t i c a l  ( S t r u c t u r a l  r e spo  
Author: H a s e l t i n e ,  J. D. ( P r o j e c t  Ma 
mle: Scabrook S t a t i o n  Containment 
Ref e r e n r e :  License  A p p l i c a t i o n  ( b r c h  3, 

Docket Nos. 50-443 and 50-444 
Br ie f  D a s c r i p t i o n  of Uodeling E f f o r t s :  

1. Convent ional  e l e s t : c -e ia t i c  a n a l y s i s  
2. Couvaat ional  a l a s t i c - d b n a m i c  a n a l y s i s  
3. 'Biggr v p e "  e l a s t i c - , ? l a a t i c  a n a l y s i s  
4. "Wave T'ype' impact sna1;:l.s f o r  a i r c r a f t  

Reau l t  of  Analys is :  
The e l a s t i c - r t a t i c  and e l a s t i c  dynamic c a l c u l a t i o n s  i a d i c a t e d  t h a t  
~ l e s t i c  behav io r  would occur .  The e l a s t i c - o l a a t i c  c a l c u l a t i o n s  
i n d i c e t e i  
rdeqcu te .  
s t r u c t u r e  
ind ica te .  
impor tan t  
e ~ . p l o s i o a  

~. 

t h a t  t h e  c o n c r e t e  conta inment  s t r u c t u r e  d e s i g n  was 
A mothodology f o r  de te rmin ing  t h e  impact l o a d s  on a r i g i d  

is preaen ted  i n  an  Appendix and a s e n s i t i v i t y  a n a l y e i a  
t h a t  t h e  c r u s h i n g  s t r e n g t h  of  t h e  a i r c r a f t  i n  no t  an 
p r w t e r .  A b r i e f  f i r e  a n a l y s i s  c l a i m s  t h a t  f i r e  and 

a f f e c t .  a r e  n o t  i m p o r t a n t .  



O f f a i t e  Hazards: A i r c r a f t  Crash 
Type of Flodelr R o b a b i l i s t i c  
Authors: Rornyik, K. and Crund, J. E. 
T i t l e :  The Evaluat ion of the  M r  T r a f f i c  Wzarda  a t  Nuclear 

P lan ta  
Reference:  Nuclear Thchnology: Volume 23, J u l y  1974 
Brief  Deecr ip t ion:  

A n a l y t i c  m d a l a  have been developed and a p p l i e d  t o  t h e  i n v e s t i g a t i o n  of 
t h e  hazards  to a n u c l e a r  pover p l a n t  from a i r  t r a f f i c .  Separa te  models 
a p p l y i n g  t o  c o l l i s i o n e  v i t h  and c r a s h e s  i n t o  t h e  p l a n t ,  r e s p e c t i v e l y ,  
employ concepta  t r a f f i c  d e n s i t y  and c r a s h  s i t e  d i s t r i b u t i o n s .  These, 
a long  v i t h  t h e  more conven t iona l  concepta  of a c c i d e n t  r a t e s  and 
e f f e c t i v e  p l a n t  a r e a ,  a r e  used t o  de te rmine  t h e  annua l  s t r i k e  
p r o b a b i l i t y  of a i r c r a f t  i n t o  s a f e t y - r e l a t e d  p l a n t  s t r u c t u r e s .  Although 
t h e  models a r e  q u i t s  g e n e r a l ,  they a r e  a p p l i e d  t o  two a p e c i f i c  f l i g h t  
p a t t e r n s  of common i n t e r e s t .  The p r o b a b i l i t y  maps vh ich  a r e  o b t a i n e d  
may be umed t o  r e s o l v e  s i t i n g  problems In  a  q u a n t i t a t i v e  manner. 

O f f a i t e  b z a r d s :  A i r c r a f  t Crash 
Type of Model: P r o b a b i l i s t i c  
Authors:  Hornyik. K. 
T i t l e :  
Reference  : 

~ i r ~ l a n e  Crash P r o t a b i l i t y  Near a P l i g h t  Target  
Transac t ions  American Nuclear Soc ie ty .  16:209-210. 
1973 

Brief  Desc r ip t ion :  
A aummary of t h e  c r a s h  and c o l l i s i o n  p r o b a b i l i t y  models developed i n  
p rev ious  work f o r  a proposed nuc lea r  p l a n t  s i t e  nea r  a m i l i t a r y  
a v i a t i o n  t r a i n i n g  a r e a  i s  p resen ted .  

O f f a i t e  Hazards: A i r c r a f t  Crash 
Type of Model: P r o b a b i l i s t i c  
Authors: Hornyik. K.. Robinson, A. H.. and Crund, .I. E. 
T i t l e :  Eva lua t ion  of  A i r c r a f t  b z a r d a  st t h e  Boardman Nuclear 

P l a n t  S i t e  . - - - - - - - 
Reference:  Por t l and  General  E l e c t r l c  Company, Report  No.  

PCE-2001. Hay 1973 
Brief  Desc r ip t ion :  

The document p r e s e n t s  a n  assessment  of t h e  p r o b a b i l i t y  of a i r c r a f t  
c r a s h i n g  i n t o  a  proposed n u c l e a r  pover d e n c r a t i n g  p l a n t  l o c a t e d  n r a r  
B o a r d u n  i n  Horrov Count. Oregon. Q m n t i t a t i v e  e s t i m a t e s  of c r a s h  
p r o b a b i l i t i e s  i n t o  t h e  proposed p l a n t s  a r e  based on a n a l y s e a  of 
o p e r a t i o n s  of conmkrcic l  a i r c r a f t  use  of  f e d e r a l  a i rways  and the  U.S. 
Navy a i r c r a f t  uae  of a nearby Navy vesl)ona Syatemv ' R a i n t a g  F a c i l i t y .  
The VSTF, i t 8  p rocedures ,  i t s  u t l l i z ~ t i o n ,  t h e  a i r c r a f t  used and 
o p e r a t i n g  e x p e r i e n c e  a t  t h i s  and o t h e r  r e l a t e d  f s c i l i t i e a  a r e  d e s c r i b r d  
i n  wme d e t a i l .  Both low a l t i t u d e  c o l l i s i o n  and h igh  a l t i t u d e  c r a s h  
p r o b a b i l i t y  modela a r e  c o n s t r u c t e d .  



i .. : .  . . 

O f f s i t e  b r a  

a f f i c  i k r a r d s  a t  Nuclear 

logy: Volume 23, J u l y  1974 , 
ve been developed and applied t o  the  inves t iga t ion  of 

the harards t o  a nuclear power plant  from a i r  t r a f f i c .  Separate models 
applying t o  c o l l i s i o n s  with and crashes i n t o  the  p l an t ,  r e spec t ive ly ,  
employ concepta t r a f f i c  dens i ty  and crash a i t e  d i s t r i b u t i o n s .  These, 
along with the  more conventional concepts of acc ident  r a t e s  and 
e f f e c t i v a  p l an t  a rea ,  a r e  used t o  determine t h e  annual s t r i k e  
p r o b a b i l i t y . o f  a i r c r a f t  i n t o  safety-related p lant  s t ruc tu res .  Although 

1ve s i t i n g  problems i n  a  quan t i t a t ive  cunner. 

***I******** 

Reference : 

ea i s  presented. 

************ 

O f f s i t e  b z a r  r c r a f t  Crash 
o b a b i l i s t i c  

, Robinson. A. H.. and Crund, J.  E. 
of A i rc ra f t  mzarda a t  the  Boardun Nuclear 

Reference : n e r a l  E lec t r i c  Cmpany. Report No. 
CE-2001, y  1973 

; 
n t s  an assessment of t h e  p robab i l i t y  of a i r c r a f t  

proposed nuclear  power generat ing p lant  loca ted  near  
ow Count, Oregon. Q ~ a n t i t a t i v e  es t imates  of c rash  

roposed p lan t s  a r e  based on onalyaes of 
i r c r a f t  use of f ede ra l  s i r v a y s  and the U.S. 
rby Navy weapons Systelu Training Pac i l i t y .  

i t s  u t i l i z a t i o n .  t h e .  a i r c r a f t  used and 
operat ing axperiance a t  t h i s  and o ther  r e l a t ed  f a c i l i t i e s  are described 
i n  nome deta i l . . : .  Both low a l t i t u d e  c o l l i r l o n  and high a l t i t u d e  crash  
p robab i l i t y  m o d e l s ~ a r a  constructed.  



O f f s i t e  r c r a f t  Crash 
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s i and systems 
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diagram and compared with t o l e r a b l e  r ink  limite. 
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, . ~ . .  ,:,, ,., r, 
The probabi l i ty  t h a t  an a i r c r a f t  crash vould i n i t i a t e  an k i d e n t  i n  a 
nuclearpower  plant  with mubsequent r e l ease  of r ad iosc t ive  mater ia l  i s  
lower by severa l  orders  of magnitude than those of the  des ign  bas i s  
accidents .  , Although the consequences i n  t e r m  of a c t i v i t y  r e l ease  t o  
the  envi roment  w u l d  be ru the r  severe i n  the worrt conceivable case ,  
the r i s k  vould still be about two orders  of magnitude belov the r i s k  
l i m i t  s t a t e d  by Farmer. b s e  ca lcula t ione  show t h a t  even under 
unfavourable meteorological condit ions tlm maximum rad ia t ion  dosem t o  
t h e  population w u l d  be f a r  below the l e t h a l  dose. The consequences 
f o r  the  population vould therefore  be l e a s  revere than f o r  the much 
more probable a i r c r a f t  crash i n  a densely populated area.  

************ 
O f f s i t e  lhc Airc ra f t  Crash 
TYDQ of l b d e l  . . , . I ,  

~ " t h o r s :  . : . bai l ;  A., Krutzik, N., Kost, C., and Sharpe, R. 
.> 

. . 
T i t l e t  . . . ,  . : ..: .,. , :. Overview of Major Aspects of the  Ai rc ra f t  Impact 

. . . Prohlem . . . - - - . 
Reference: Nuclear h g i n c e r i n g  and Dcsign 46 (1978) 109-121 
Brief Description: 

, This paper i d e n t i f i e s  the major aspec ts  of the a i r c r a f t  impact problem 
and r p o t l i g h t s  the  most r e l e ~ e n t  t op ic s  f o r  f u t u r e  inves t iga t ion .  
Three u i n  top ic s  a r e  presented: modeling techniqu*s, inf luence  of 
nonlinear  behavior,  and damping e f f e c t  i n  t h e  d p m i c  s t r u c t u r a l  
response f o r  a i r c r a f t  Impact loading. 

i r c r a f t  Crash 

r i o u s  empir ical  procedures f o r  determining .penet ra t ion ,  



t s r g s t r  r u b J e c t 4  t o  m i r s i l e  impact. Simplified procedures a re  defined 
fo r  determining the  dynamic response of the  t a r g e t  v a l l  and fo r  
eventing ove ra l l  f a i l u r e  of the v a l l .  

************ 

O f f r i t e  fhzsrdnr Ai rc ra f t  Crash 
Type of b d e l t  R t e n ~ i n i s t i c  
Author : Krutzik, N. J.  
T i t l e :  Analysis of A i rc ra f t  Impact Problems 
Reference! ' Advanced S t ruc tu ra l  Dynamics, ed. by Donea. 

J. Applied Science Publishers ,  Ltd., London, 
978, pp 337-386 

Briof Desc 
This paper presented the  cha rac te r i za t ion  of the  load case induced by 
various a i r c r a f t  impacting on the nuclear power plants .  Also the 
inf luence  of e l a s t o p l a s t i c  deformation i n  the a rea  of impact on load 
funct ion is discuseed. The dynamic s t r u c t u r a l  invea t iga t iona  f o r  
r eac to r  bui lding a re  presented using beam and s h e l l  models. The modal 
damping, : daoping parametera, s o i l  parameters a r e  discussed. 
Inves t iga t ion  of two neighboring bui ldings of unequal mires ahow tha t  
the  presence of t h e  smaller  bui lding has a  damping e f f e c t  on t h e  
dynamic response of the  l a r g e r  bui lding,  and the  impact bn the lar , ter  
bui lding e x c i t e r  o r c i l l a t i o n a  i n  the smaller bui ldings.  Am f a r  as  the 
cornparirons wlth an earthquake and an explosive shuck wave, in  the low 
frequency range (up t o  5 ) the load case of an earthquake is 
governing uhereas i n  the  high frequency range (above 10 i f r )  the lord 
case of an a i r c r a f t  crash dominated. 

O f f s i t e  thzardsr  A i rc ra f t  Crash 
Tvm of Model: P robab i l i a t i c  

Reference : United h s i n e e r s  6 Conetructors,  Inc., Phi ladelphia,  
PA. 

Brief Description: 
A nuclear  power plant  i r  considered adequately designed agains t  
a i r c r a f t  hazard# i f  the probabi l i ty  of a i r c r a f t  accident. r e s u l t i n g  i n  
r ad io log ica l  conreque ca r  g rea t e r  than 10 CFR p a r t  100 guide l ines  is 
l e a s  then about 10-' per year Othervire an a i r c r a f t  accident  is 
conmidared a derign basis event and the plant  must be hardened up t o  
the point  a t  which t h s  above c r i t e r i o n  is met. In  many canes it haa 
been mufficient  t o  demonstrate t h a t  the p robab i l i t y  of an impact on a  
safety-related bui lding is l e s s  than per year. I n  o ther  cases,  i t  
is necarsary to take i n t o  account the i n t r i n s i c  hardness of bui ldings 
and r t r u c t u r e s  derigned :o withstand tornado, seismic,  and manmade 
hazard# i n  order  t o  d e m n s t r s t e  tha t  an a f r c r a f t  impact preaents an 
acceptable r i r k  I n  some c a r e r ,  hovever, i t  i r  necessary t o  conaider 
a i r c r a f t  impactr sr  deaign bas i s  event. end t o  spec i fy  the  leve l  of 
hardening required t o  s a t i s f y  the design c r i t e r i o n .  



hi tr  a numbar of techniques which may be u t i l i z e d  t o  
accomplish t h e  above objectives. l i r s t l y ,  a  re-evaluation is u d e  of 
a i r c r a f t  c ra rh  p robab i l i t i e r .  Secondly. methods a r e  described f o r  
ca lcu la t ing  .; a i r c r a f t  impact f o r c i n ~  funct ions,  f o r  obtaining 
probabi l i ty  , ' d i r t r i b u t i o n s  f o r  the impact parametere. Thirdly, 
evaluat ion8 a r e  u d e  fo r  asaeaaing the  probabi l i ty  t h a t  an impact on a 
given a t ruc tu re  w i l l  r e s u l t  i n  consequences exceeding those l i s t e d  i n  
10 CPR 100 and recolllnndations a r e  m d e  f o r  t r e a t i n g  lower consequence 
events. Final ly,  o the r  e f f e c t s  such a s  f i r e s ,  explosions, and 
secondary d e a i l e a  a r e  examined b r i e f ly .  

Of f s i t e  Ibzardat : ' ; Airc ra f t  Crash 
Type of Model t :.: I.,., ."%' Probab i l i s t i c  

.,. . . . ,  . , 
Authors: . . . ' :: . NRC . . ., 
T i t l e :  .. . .,.; ; N r c r a f t  Crash P robah l l i t i e s  
Reference t . .. . ' 

.!+; ,";. Nuclear 8afety. Vol. 17. No. 3. Mag-June 1975 - .  
Brief Ikscription:,+ 

Ihe preaent a r t i c l e  is taken from the NRC Rerctur  Safety Study and 
e u m a r i z e s  the  procedure followed by the Regulatory Staff  i n  assessing 
a i r c r a f t  r i s k  and a l s o  tabula tea  crash p robab i l i t i ec .  Such inf3rmation 
is necereary f o r  an a i r c r a f t  hazards analys is  a s  descr:'nd i n  the NRC 

u la to ry  Staff  h a  compiled da ta  on a i r c r a f t  mvementa and 
c a l c u l a t d  c ra rh  p robab i l i t i e s  a s  a  funct ion of d i s t m c e  from an 
a i r p o r t  and o r i e n t a t i o n  wlth respect  t o  runway f l i g h t  paths. Ihe 
p r o b a b i l i t i e s  a r e  computed per square mile8 per a i r c r a f t  movement so  
t h a t  the  indiv idual  plant  s i t e s  u n  be evaluated by determining the  
plant  vulnerable area,  d is tance  from the a i r p o r t ,  and the  number of 
a i r c r a f t  mvementr involved. 

************ 

O f f s i t e  h r  Airc ra f t  Crarh 
flP. of lbd  Mek 
Authora t Mvay. 8. J. and E r d ~ n n .  R. C. 

, , . ,, < : 
M t l e t  ' . :  , -  .: ~ e a c t o r  S i t ing  and DeaiBn from a Risk Viewpoint 
Uefarence I . .: : . -  Nuclear Dneineerine Ceeien 13: 365 - 376 , August 1970 - - - 
Briaf R s c r i p t i o n r  

l h i n  paper proporas a mthod f o r  the  aaeessment of r aac to r  aafe ty ,  
baed upon th. i n d i v i d u ~ l  mor ta l i ty  r i s k ,  which rllowo (i) the  
detaamination of m c e s r a r y  e i t e  exclusion r a d i i  and ( i i )  t he  evaluet ion 
of aafoguarda in  t rru of the  r i s k  reduction provided. An appl ica t ion  
t o  a 1000 PUll indica tea  t h a t  f o r  a  uximua indiv idual  mor ta l i ty  
r ink  of lbpv year ( a t  the s i t e  boundary) an exclusion r a d l u  of 350 

i e  required,  lor a denrely populated urben s i t e  the  t o t a l  r i s k  m a  
found t o  bo 0.003 death. over a  30-year r eac to r  l i f e t i n .  Riak was 
found to k not p r r t i c u l a r l y  sensitive t o  accident  p robab i l i t i ea .  



Dynamif ~ s r p o n r e  of kcfear 'Power p1antWdue t o  
k r thquake  Ground Motion and M r c r a f t  Impact 

2 t h  MRT. paper No. K3/5, Son Rancieco,  4%. 

n\ir papw pre ren t r  e compariron between earthquake induced v ib r r t ions  
end a i r c r a f t  impact induced v ibra t ions .  h e  nuclear power plant  has 
been rimulated rr beam i n  f i n i t e  element luthod. h e  a i r c r a f t  assumes 
t o  impact th. primor). containment d i r e c t l y  and hor izonta l ly  near the  
top of the  a t ruc ture .  h e  r e s u l t s  of r t r u c t u r a l  rerponae i s  
overertimated r ince  the  l o c a l  impact e f f e c t  which w i l l  absorb much of 
the  energy has been ignored. Nmertheless ,  it i r  rhovn tha t  the 
rerponre of the reac tor  plant  due t o  the  impact of the  mulci r o l e  
combat a i r c r a f t  (HRCA) a t  215 m l s  on the primary containment s t r u c t u r e  
l a  small compared t o  the response due t o  a modest earthquake. By 
c o n t r e r t  the  mxlmum response to impact by the  Boeing 707-320 a t  103 
m / r  i r  considerably more oneroua than the earthquake. 

************ 

O f f r i t e  b z r r  Combination 
Probabilistic 

Author r Ravindra, M. K. 
T i t l e :  b a d  Combinations for  Natural and Man-made Hazardc i n  - 

Nuclear S t ruc tu ra l  Design 
Reference: 
Brief De8cription: 

This paper o u t l i n e s  a methodology fo r  der iv ing  combinations of 
r t a t i e t i c a l l y  independent and dependent hazard events tha t  may a f f e c t  a 
nuclear power p lant  by considering the  u n c e r t a i n t i e s  i n  hazard. 
occurrence, i n t e n r i t y ,  and durat ion.  

Of f r i t e  i h r e r d r t  A i rc ra f t  Craah 
S p a  of tbds l :  Deterministic 
Authorar . Rice. J. 9.. and Bahar. L. Y. 

Brief Lbrcri 
r a procedure by which reinforced concrcte a t ruc tu re r  

( r l a b r  and ahel la )  u y  be derigned to r e t a i n  the required r t r u c t u r a l  
i n t e g r i t y  a f t e r  a n & r c r e f t  impact. ?ha reaction-time re l a t ionsh ip  fo r  
a deformable a i r c r a f t  impacting on a r i g i d  wal l  is devaloped. The 
r e s u l t #  indicated t h a t  the  reac t ion  load i r  r i g n i f i c a n t l y  l e e r  (40 
percent) than t h a t  predicted by o ther  modelr. The r e n r i t i v i t y  of the 
r eac t ion  lo rd  t o , t h e  uncer ta in ty  in  the crurhing r t r eng th  of the 



a i r c r a f t  f r aac  is examined and i t  was found t h a t  t h i s  parameter i s  not 
important. 'Ihe dynamic e f f e c t s  of the s t r u c t u r a l  systems were examined 
using t h e  method of Biggs. - 

********** 

r c r a f t  Crash . ~ 

~ y p e  of i(ode1r : ; . h t e r m i n i s t i c  
Authors: , , ,.. ,,... '., 

I,.!:.. Schalk. M. and Wb'lful. H. 
;, ..,:'.' 

T i t l e :  , , . .  . Response of l3pipment i n  Nuclear Power P lan t s  t o  
, ' . Airplane Crash 
," . ,~ ,?:. 

Reference: Nuclear Engineering and Dcsign 38 (1976) 567-582 
Brief Ocscription of Modeling Effort :  

This paper dea l s  v i t h  a i rp l ane  induced v ib ra t ions  of the whole bui lding 
which cause loadings fo r  secondary aystem (equipment). Floor response 
spec t r a  due t o  a i rp l ane  crash a re  s tudied fo r  two d i f f e r e n t  power plant  
bui ldings.  The inf luence of various parameters such a s  time h i s to ry  of 
e x c i t a t i o n ,  d i r e c t i o n  and loca t ion  of impact mathematical w d e l ,  s o i l ,  
damping, e tc .  a r e  discussed. A comparison with the  r e s u l t s  of 
earthquake loading i s  a l s o  given. 

A i rc ra f t  Crash 
Determinist ic  
Schmidt, R., Heckhausen. 8.. Chen, C.. 
Rieck, P. J., and Lemons, G. L. 
S t ruc tu ra l  Design fo r  A i rc ra f t  Impact Loading 
In t e rna t iona l  Seminar on Extreme Load Conditions and 
Limit Analysis Procedurer f o r  S t r u c t u r a l  Reactor 

feguards and Containment S t ruc tures ,  Berl in,  
ptember 1975. 3 494-514 - 

Brief Descri 
ntom RP-4d f i g h t e r  (weight-20 tons  metr ic)  impacting 

perpendicular ly midway along a  s o f t  shell-hardcora s t r u c t u r e  a t  215 
m / s .  T h i a p a p e r  def ines  the  important s t r u c t u r a l  f e a t u r e s  t h a t  w u l d  
a l l w  so f t - she l l  t o  sus t a in  the  a i r c r a f t  impact without damaging 
hardcora. . : 'Iha a n a l y t i c a l  w d e l  used here is a  simple spring-oass 
rystee: , TI& t a r u l t a  indica ted  t h a t  the k i n e t i c  e n a r m  of t h e  a i r c r a f t  
has  b a n  e f f e c t i v e l y  a t tenuated  using 1/2 meter t h i ck  walls., 

O f f s i t e  Harm i r c r s f t  Crash 
lype of Mode o b s b i l i s t i c  
Author: l r i dge ,  J. C. 
T i t l e :  PvobsLi l i t ies  of M r c r a f t  Crrshes a t  Rocky F la t s  

and Sobrequcnt Radioactive Release 
R e f c r e n c ~ r  Rockwell In t e rns t iona l .  TID-4500-R65, Apri l  1977 
Brief Dcscriptionr 

The p robab i l i t y  of A m a l l  a i rp l ane  from Je f fe r son  County N r p o r t  
( Jef fco)  or S tap l r ton  I n t e r n s t i o n a l  Airport  c rash ing  i n t o  a  lutonium 
a r a a  a t  tha Rocky F l a t s  Plant h ~ s  been c s l cu la t ed  a t  1.4 x lo-' and 4.2 
x 10' par 7ear. r e s p e c t i v e l ~ .  The p robab i l i t y  of such a  crash 
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invo airplane from Jeffco or Stapleton la 3.5 x and 
1.1 ar, rerpectively. Overall, the chance of an aircraft 
of any rize, or any type, and from nnl source crarhing into a plutonium 
area at Rocky Plats is 2.88 x 10- per year. An event tree uae 
developed - t o  cover every plausible aeriea of eventr leadine to a 
releare of plutonium in the range of 0 to 1000 graqr. Selected results 
ahow an annual  ele ease probability of 3.9 x ' for leas than 0.5 

5.8 i 10- for 50 to 70 gram 1.6 x 10-dO~or 200 grams. and 6 . 4  
:?lB tor 200 graor, and 6.4 n lo-" for 1000 gra r. Calculations led 
to a reighted average release mount of 3.7 x lo-' grams of plutonium 
per year. Becaure of conaervative aormptions, it la eatimatcd that 
there probrbilitier are high by a factor of about two for aoall 
aircraft and 10 for large aircraft. 

'Ihie atudy conmirtr of three part.. Mrrt, the probaqility of an 
aircraft crashing into a building containing plutonium la cooputed. 
Secondly, the damage that arch a crash mlght cause la ertioated. Ihe 
third part ir an aseesroent of the amount of plutonium that could 
escape arrming the damage described were to occur 
Several categories of aircraft, a11 h a v i n ~  different probabilltios of 
crashing, are considered. Construction of the variour buildings 
containing plutonium is taken into considrratlon sr is tha amount and 
t o m  of plutoniuo that might be eubject to releare. Reaulta of the 
study are eulmurized in probability tablea and graph# that show 
different amount# of plutonium verrua the probabilities of those 
amounta being released. Incorporated in there probabilities are the 
three principal typea of uncertaintier previous;y mentioned; namely, 
the probability of l crash, the probability of certain damage if a 
crash occur*, and the probability of a certalr! sire of ralease if the 
damage occurrr 

************ 

Offrite kzardrt Aircraft Crash 
Type of Pbdclt Probabllirtic 
Authors: Solown, K. A. 
Title: Analyrir of Cround Hltardr h e  to Aircraft. and 

kiaailea 
hfetence t t lrarbrevention Journal, Vol 12, M 4, HerchlApril 

1976 
Brief Dsrcriptia: 

Ih. ptrporo of thin generic rtudy la to develop and to apply a 
generalizd methodology which approxioator both the best ertimate and 
pesrlmietic probabllitier that an aircraft or a miraile will impact the 
definod target area of an indumtrial, c o m r c i a l  or residential 
fecllity* To k r t  demOn#trat@ the application of thir methodology, the 
ptob.bllit7 impact for a hypothetical facility and crrumed air activity 
are emtiut,dr 

C o o r d i ~ t e e  of a proporad facility are parametrically relected relative 
to fixod, rrruud locations of (a) Victor airuaya, (b) general aviation 
elrportr, (c) air urrler airportr, (d) military inatallationa, and ( 0 )  

other arear of air ectivity ruch ae crop durtiw flalds. Ihe 
probability that an aircraft or riarile rill impact the tarnet area 10 



113 

idual  probabilities tha t  an a i r c r a f t  o r  a  miss i l e  
i c u l a r  source w l l l  impact the  subject  area. h e  

probabi l i ty  o f < t a r g e t  a rea  impact and the ~ g n i t u d e  of damase a f t e r  
i r p a c t  a r e  funct ions of (a) purpose o r  category of f l i l h t ,  (b) mode of 
f l i g h t ,  (c) e f f e c t i v e  t a rge t  area,  (d) r e l a t i v e  loca t ion  of f a c i l i t y  
t a r g e t  area and a i r  a c t i v i t y ,  (e)  number of operat ione,  ( f )  mode of 
impact, (8) p i l o t  experience, (h) veather  conditions, (1) time of day. 
(1) a i r  t r a f f i c  dens i ty  and so  on. lhls study diaeuasea how t o  
e s t i m a t e '  the influence tha t  each of these parameters has on the vaiue 
of the impact  probabil i ty .  For the purpoae of t h i a  etudy, s i t e  da ta  
and t a r g e t  a rea  have been assumed a s  discussed. Hovever, ac tua l  crash 

***I******** 

Offa i te  lh ra rds t  A i rc ra f t  Crash 
Type of %dell  P robab i l i s t i c  
Authors: Solomon. K. A. 
T i t l e  8 Fati88t; of the Probabi l i ty  that an M r c r a f t  rill 

I Impact the PVNCS 
Referenca: NUS Coruoration. NUS-1416. June 1975 
Brief B a c r i p t i o n r  

h e  probabi l i ty  tha t  an a i r c r a f t  ( i f  m y  rim) w l l l  impact the  WNCS l a  
e a t i u t e d  t o  k lea8 than 6.0 x lo-' per year. l h i a  e a t i u t e  is based 
on conrr rvs t iva  input aseumptions and can be considered an upper 
bound. h i r  ort imete does not repramant the probabi l i ty  of having a 
u j o r  accident  a t  PVNCS, but,  r a the r ,  can be considered t o  represent  
the probabi l i ty  of a l l  types of postulated a i r c r a f t  accident# i n t o  the  
WWCS (including a postulated s t r i k e  from a m a l l  a i r c r a f t  and a  
poatu1at.d glancing angle s t r i b  of a  la rge  a i r c r a f t ) .  Ihe probabi l i ty  
t h a t  8 DC-10 ( l a rges t  a i r c r a f t  expected i n  the  v  c i n i t y )  vill d i r e c t l y  
impact th M l C I  is e s t i u t a d  st l e e s  than lo-' per year. Previous 
site experience h a  required containment cons t ruc t ion  t o  vi thatand 
d i r a c t  a i r c r a f t  impact when the yearly probabi l i ty  of d i r e c t  impact by 
an a i r c r a f t  r u f f i c i r n t  i n  sir. t o  cause d-ge h a  been e e t i m t e d  t o  
r a m  be tmen  lo'* and 10" Or greater* 

Ai rc ra f t  Crash 

January- 

y of the  methods, w d e l a ,  and r e a u l t s  contained 
7424 of the a a m  nam,  dated Uerch, 1974. 



Offmite Harar A i rc ra f t  Crsmh 
Probab i l i e t i c  
Solomon, K. A., Erdmann, R. C., Hicks, T. E., 
Okrent, D. 
Airplane h a a h  Risks to  Ground Population 

Reference: UCU-Eng-7424, March 1974 
Brief Dcscriptiont 

Analysis of ~ t i  na l  a i r c r a f t  accident a t a t i a t i c a  yielded an average 
value of 4 x lov8 am the p robab i l i t y ,  per square mile ,  per operat ion.  
of a c rash  v i t h i n  a f i v e  mile radius of Los Angeler In t e rna t iona l  
Airport (LAX) and Hollywood-Burbank Airport.  Taking i n t o  accoun the  
annual 4r t r a f f i c  a t  each n m u l t s  i n  average valuea of 1.6 x 1O-' and 
4 x 10- fo r  the p robab i l i t l eo ,  per square mile, per year,  of a c rash  
averaged over the  f i v e  mile r a d i a l  region f o r  LAX and Hollyvood- 
Burbank, respec t ive ly .  

Using t h e r e  c rash  probabil i t iem and considering both re r ident  and 
tranmient populat ionr ,  es t imates  of expected annual m o r t a l i t l e e  were 
0.8 f a t a l i t i e s  per year. per 80 square milem around U X  and 0.5 
f a t a l i t i e r  per year ,  per 80 square miles  around Hollywood-Burbank 
Airport ,  (thim 80 aquare mile region corresponds t o  about a 5 mlle 
radius around the a i r p o r t ) .  

?he study i d e n t i f i e d  nine s i t r e  i n  the  v i c i n i t y  of UX a t  which l a rge  
numberr of people a r e  frequently brought together.  Uaximm occupancies 
varied from seve ra l  hundred t o  many thousandr of persons. 
Probabilit iem of acc iden ta l  a i r c r a f t  pact while o cupied, per year,  
per t s r g s t  mite, varied from 1.6 x 10-'to 3.5 YC lo-'. l h ree  of these 
s i t e s  were l a rge  mportm facilities. Analymis f o r  OM of them, 
Hollyvood Park Race Track, is prraented l a t e r  i n  d e t a i l  r i nce  i t s  
period of ~ r a a t e a t  occupancy corraaponds with the tiw of maximm crash  
probabil i t iem (80% of a i r  craahes occur during dayl ight  hourr) .  ?he 
pro a b i l i t y  of an a i r c r a f t  impact on the f a c i l i t y  i m  estimated a s  6.6 x 
10') per year. l h m  p robab i l i t y  t h a t  auch an accident  w i l l  occur while 
the f a c i l i t y  i e  occupied is emtimated a8 1.3 x per year. h e  
p robab i l i t y  t h a t  such an acc ident  pll occur while the f a c i l i t y  is 
occupied l a  emtisated a s  1.3 x 10' . Maximum m o r t a l i t i e s ,  based on 
capaci ty  occupancy of 50,000 people and a hypothe t ica l  impact by one of 
the l a r g e r t  a i r c r a f t  i n  ae rv ic s ,  l a  estimated am 32,000 peopla; t h i s  is 
a much lowr probab i l i t y  event than the  'average craah". It is 
ea t ina t ed  t h a t  the  evarsge craah durlng occupancy would r e s u l t  i n  
5.000-6.000 m o t t a l i t i e r .  

hrenty-five e f t e n  of frequent  high occupancy i n  t h e  v i c i n i t y  of 
Hollywood-Burbank Airport  w r a  i d e n t i f i e d  and i n v e a t i ~ a t e d .  H.ximun 
occupancies vary from 450 t o  5000 perron Probabl l i  i e a  of impact 
while r i te  i r  occupied vary from 2.8 x 10-"to 4.0 x lo-' per year,  per 
t a r g e t  a i t a .  

l he  valuer  derived a r e ,  of course, aubject  t o  an element of 
uncertainty.  Asruming a Gaussian Dis t r ibut ion  of a i r c r a f t  cramh 
p r o b a b i l i t i e r ,  the 90% confidence bounds a re  crudely entimates as  t20X 
of tho a t a t e d  valuer.  

*I********** 



'Ihir paper giver  a r r m ~ r y  of extreme load derign c r i t e r i a  v l t h i n  any 
na t ional  j u r i r d i c t i o n  a s  applied t o  nuclear power p lant  design. 
Extreme loadr a r e  defined a8 thore loadr having probabi l i ty  of 
occurence l e r r  than 1 0  and where oceurence could r eou l t  i n  
radio logica l  conrequencer in  excerr of thore permitted by na t ional  
hea l th  mtandrrdr. The s p e c i f i c  l o a h  conridered include earthquake, 
tornado, a i rp lane  crarh,  exploaion. 

Of f r i t e  IUsardr: Combination 
h ~ e  of %de1: Survev 
~ i t h o r r  
T i t l e :  

Reference: 

- - * 
Stevenron, J. D. 
Survey of Rtreme b a d  Design b g u l a t c r y  Agency 
Licensin Requirements fo r  Nuclear Power Plants  -i-% Nuc e a r  h g i n e e r i n g  and Darign 37 (i976) 3 - 22 - - - 

Brief D.rcr iptfont  ' 
%is paper prerent r  the remultr of a rurvey made of nat ional  atomic 
energy regulatory agencier and major nuclear r t e m  supply design 
agencies, vhich requerted a runnary of c u r r m t  l i c e n ~ i n g  c r i t e r i a  
a r roc ia ted  with earthquake, tornado, flood, a i r c r a f t  crarh.  and 
accident  (pipe break) loadr appl icable  v i t h i n  the  var ious  rhational 
ju r i rd ic t ion r .  Alro prerented a r e  a number of comparironr of 
d i f f e ranca r  i n  na t ional  regula tory  c r i r e r i a .  No evalua t ionr  a re  u d e .  

************ 

i r c r a f t  Crarh 

and hmvi,  3. 
n o o r  Rerponre Bpectrk 

h r i g n  64 (1981) 33-38 

c m p u t a t i o ~ l  rcheme f o r  nonlinear  f l o o r  reapoar* 
ing le  d e g r w  of 
ad t o  tho cam 
e a c t o r A u x f l i a r  
Ih* r*ru l ta  1 

reduction fac tor#  arm higher then tho 

*******#,**** 
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Ai rc ra f t  Crash 
P r o b r b i l i a t i c  

T i t l e ?  P r o b a b i l i s t i c  h a e a a o e n t  of Riak fo r  Reactor teaign 
and S i t i n  

Reference l ' r a n a a c t i ~ n a  American Nuclear & c i r t v  121 169. 1969 

l i n e r  a  w t h o d  of f o r u l  a a a e r n e n t  of r ink ,  thereby 
a t i o n a l  approach t o  s a f e t y  deaign and a i t i n g  of power 

unt  and a l loca t ion  of investment mong engineered 
e r l y  er t imated by (1) a p r o b a b i l i s t i c  aasearment o f  

e.g., earthquaker,  mechanical f a i l u r e .  ope r r to r  
t h  (2) a  r a l i a b i l i t y  amlymln of the whols r eac to r  

aymtem leadin8  t o  complementary cu .u la t ive  p robab i l i t y  denai ty  
funct ion of f i a a i o n  product re leaae ,  and (3) an aaaeraaent  of the  
p robab i l i t y  dens i ty  funct ion of damage given any r ad ioac t ive  release.  
h e  l a t t e r  aspect  dependa upon the  r i t e  meteorology and l o c a l  
demogmphyr 

************ 
A l r c r r f t  Craah 
Probabil imtic  
Wall. 1. 8 .  
~ 0 b ; b i l l a t i c  haesament of M r c r a f t  Rink , f o r  Nuclear 
Pover Plant l 
Nuclear Safety,  IS()):  276-284, Hay-June, 1914 

h e  d i k   to^ the  public  from an a i r c r a f t  r t r i k i n g  a  nuclear  power plant 
ha8 k e n  evaluated i n  r quant i f ied  manner. A i rc ra f t  acc ident  d ~ t a  have 
k e n  analyzed t o  e a t i m t e  the  probabi l i ty  of an a i r c r a f t  d r i k l n g  a 
t y p i c a l n u c l e a r  power p lant  a t  a i t e s  adjacent t o  and r e ~ o t e t ~ f r c a  an 
a i rpor t r i - i :  I n  the  event t h a t  an a i r c r a f t  a t r ikea  a  bui lding,  thi r e ~ i o n  
of i m p a c t ' i r  genera l ly  r e a t r i c t d  t o  a  l o c a l  component. Tvo!modea of 
misn i f i c rn t  damae  a r e  de l inea tedr  (1) per fo ra t ion  and (5 )  l o c a l  
c o l l a p a r r  Uethoda have been developed t o  e s t ima te  th. cobd i t iona l  
p r o b a b l l i t i e r  of ruch a t r u c t u r a l  damage given an a i c c r  
p robab i l i t y  valctea ca lcula ted  f o r  a  repreaenta t lve  a t r  
r i a k  t o  t h e  public  (p robab i l i t y  va. radioact ive-releaa 
be e a t l u t e d  from a c l e a a i f i c a t i o n  of c r i t i c a l  a a f e t y  
t h e i r  a t r u c t u r a l  pro tec t ion  and the l i k e l y  r e l eaae  
e v m t  ' of . t h e i r  damage. A l l  f o r e a e e ~ b l e  r e l a r a  
i n r i g n i f i c a n t  o f f r i t e  doam o r ,  f o r  moat miter,  a r e  asa 
low probab i l f t i ea .  A br i e f  rva1wf:an ahom t h a t  f i r e  upon 
not a a i g n l f i c a n t  i n c r w e n t  of r i rk .  Cwpariaon of t he re  
r o c i r l l y  acceptable  r i a k  1eve1a mhom t h a t  reac tor  a i t  

or away from a  bury a i r  c o r r i d o r  
p o t a n t i a l  r l t e a  need indiv idual  e r a  

row caaaa ening of the  r t r u c t u r e  m y  k ~ c e a r a r y .  , ,  

*********.*. 
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O f f r i t e  Rarardr c r a f t  Crash 
-pa of nodal! t e rmin la t i c  
Authors! h l f ,  J. P., Bicher. K. U., and SLrikerud, P.E. 
f i t l e :  Response of Equiplent t o  Ai rc ra f t  Impact 
Reference! Nuclear b g i n e e r i n g  and Design 47  (1978) 169-193 
Brief b a c r i p t l o n r  

I h i a  paper d i r cu raes  t h e  s tate-of- the-ar t  of  the  d e v e l o p e n t  of 
equivalent  f o r c r t l m  re l a t ionsh ips  f o r  a i r c r a f t  impact, the r e s u l t s  of 
the no-called i l lera  m d e l  and of a luoped-maas model a r e  compared fo r  
r i g i d  and d e f o r u b l r  t a rge la .  A t yp ice l  ieaponm s p e c t r m  ahowa t h a t  
the  a i rp l ane  c ra rh  l r  dominant i n  the high-frequency range when 
c a p a r e d  t o  the e f f e c t  of an SSd. It a l m  examined the e f f e c t  of the 
a i r c r a f t - s t r u c t u r e  i n t e r a c t i o n ,  of t he  mater ia l  non l inea r i ty ,  of the 
d u p i w  ard of the mare d i s t r i b u t i o n  on the response of  equipment. 

Off a i t e  B.carda ! A i r c r a f t  Craah 
'Type of Ptdel :  K&terminiatic 
Authorr: Wolf, J. P. and W r i k e n d ,  P. C. 
T i t l e :  -9. of Chimney b u a e d  by h r t h q u a k e  o r  by 

~ i r c r d r t  h p i n g e r e n t  u l t h  Sbaequent  Inpact on Reactor 

Reference : %%?hglneerlng and Lkaign 51 (1979) 453-672 
Brief Description: 

T b  paper presented r m m r i c a l  ana lys i s  of t y p i c a l  chimney s tack  of a 
nuclear power p l an t  rubjected t o  earthquake and impact loads. 
Convected coordinate  f i n i t e  element method. uere used. Force-time 
curves of tlw a i r c r a f t  impinging on the chimney were derived. The 
subsequent impact of t h e  chimney on the r e r c t o r  bul lding l a  a l a o  
s tudied.  

Off a l t e  B.rerda: A i r c r a f t  Crash 
Type of Models: Drtermini8t ic  
Author*: Zcrna, W., Schnellanbach. C.. and Stangenberg. F. 
Ti t l e :  

Reference: 
Brief Dsscription: 

Ih in  pper dea l s  v i t h  the development concerning the reinforcement of 
nuclear  p o w r  p l an t  s t r u c t u r e s  f o r  pro tec t ion  aga ins t  a i r c r a f t  
impact. lainforcementa with high-tensi le  bars, wlth t e n s i l e  cablea,  
and v i t h  rteel f i b e r a  i n  connection with cables  a re  considered. S tee l  
f i k r e  and cablea aeem t o  enable new design f o r  aircraf t- impact  
r t s i s t e n t  a t ruc tu re r .  



O f f r i t e  Wzarda: A i rc ra f t  Crash 
Vpe of Pbdel: Deterministic 
Author.: Zimereann, TH.. Rebora. B.. and Rodrituez. C. 

Reference: 
Brief Description: 

M r c r a f t  &pact- on Reiniorc;d ~ o n c r e t e - ~ h e i l s :  
Inf luence of Material Nonlinearitism on Pqu ip~en t  
Response Spectra  
Computer. and Structures 13, pp 263-274, 1981 

The paper lnvemt1patem the effect .  of ma te r i a l  non-l ineart iee on 
equipoent reaponre spec t r a  f c r  the impact of a b e i n g  707-320 on the 
secondary containnent of a BWR reac tor .  A f i n i t e  element rode1 taking 
i n t o  account concrete  cracking and cruahing and a t e e l  y ie ld ing  i s  ueed 
f o r  t h e  analysis. The reoul ta  indicated t h a t  no reduct ion of the 
responmo spec t r a  due t o  ma te r i a l  non-l ineari ty i n  the impact zone. 
Hovever, coopariaon of the  aon-linear verrus l i n e a r  displacement time- 
h i a t a r e i e s  ahow a significant increase  i n  the  v e r t i c a l  displacement i n  
the  inpact  zone, which fades out  rap id ly  away from the  inpact  point .  
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