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ABSTRACT 

T h i s  r e p o r t  desc r ibes  a s tudy performed by  t h e  Lawrence L ivermore  

N a t i o n a l  Labora to ry  t o  eva lua te  t h e  l e v e l  o f  s a f e t y  p rov ided  under severe 

acc iden t  c o n d i t i o n s  d u r i n g  t h e  shipment o f  spent  f u e l  f rom nuc lea r  power 

r e a c t o r s .  The e v a l u a t i o n  i s  performed u s i n g  d a t a  f rom r e a  acc iden t  h i s t o r i e s  

and u s i n g  r e p r e s e n t a t i v e  t r u c k  and r a i l  cask models t h a t  1 k e l y  meet 10 CFR 71  

r e g u l a t i o n s .  The responses o f  t h e  r e p r e s e n t a t i v e  casks a r e  c a l c u l a t e d  f o r  

s t r u c t u r a l  and thermal  loads  generated b y  severe highway and r a i l w a y  acc iden t  

c o n d i t i o n s .  The cask responses a r e  compared w i t h  those  responses c a l c u l a t e d  

f o r  t h e  10 CFR 7 1  h y p o t h e t i c a l  acc iden t  cond i t i ons .  By comparing t h e  

responses i t  i s  determined t h a t  most highway and r a i l w a y  acc iden t  c o n d i t i o n s  

f a l l  w i t h i n  t h e  10 CFR 7 1  h y p o t h e t i c a l  a c c i d e n t  c o n d i t i o n s .  For those 

acc iden ts  t h a t  have h i g h e r  responses, t h e  p r o b a b i l i t i e s  and p o t e n t i a l  

r a d i a t i o n  exposures o f  t h e  acc iden ts  a r e  compared wi th  those  i d e n t i f i e d  by t h e  

assessments made i n  t h e  " F i n a l  Envi ronmenta l  Statement on t h e  T r a n s p o r t a t i o n  

o f  R a d i o a c t i v e  M a t e r i a l  by A i r  and o t h e r  Modes," NUREG-0170. Based on t h i s  

comparison, i t  i s  concluded t h a t  t h e  r a d i o l o g i c a l  r i s k s  f rom spent  f u e l  under 

severe highway and r a i l w a y  acc iden t  c o n d i t i o n s  as d e r i v e d  i n  t h i s  s tudy  a r e  

l e s s  than r i s k s  p r e v i o u s l y  es t ima ted  i n  t h e  NUREG-0170 document. 

i .i i 
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PREFACE 

T h i s  r e p o r t  desc r ibes  a s tudy conducted t o  e s t i m a t e  t h e  responses o f  

spent f u e l  casks t o  severe highway and r a i l w a y  a c c i d e n t  c o n d i t i o n s  and t o  

assess t h e  l e v e l  o f  s a f e t y  p rov ided  t o  t h e  p u b l i c  d u r i n g  t h e  shipment o f  spent 
f u e l .  The s tudy was performed by t h e  Lawrence L ivermore N a t i o n a l  Labora to ry  

f o r  t h e  U.S. Nuclear Regu la to ry  Commission (NRC), O f f i c e  o f  Nuclear Regu la to ry  

Research. 

T h i s  r e p o r t  i s  d i v i d e d  i n t o  two volumes: Volume I, t h e  main r e p o r t ,  

desc r ibes  t h e  s tudy,  t h e  t e c h n i c a l  approach, t h e  s tudy  r e s u l t s ,  and 

conclus ions;  and Volume 11, t h e  Appendixes, p r o v i d e  s u p p o r t i n g  a c c i d e n t  da ta  

and eng ineer ing  c a l c u l a t i o n s .  Th is  r e p o r t  has been rev iewed b y  t h e  Denver 

Research I n s t i t u t e  a t  t h e  U n i v e r s i t y  o f  Denver under a separa te  c o n t r a c t  t o  

t h e  NRC as t h e  peer rev iew.  A companion sumnary r e p o r t  e n t i t l e d  " T r a n s p o r t i n g  
Spent F u e l - P r o t e c t i o n  Prov ided Against  Severe Highway and Rai lway Acc iden ts "  

(NUREG/BR-0111) has been prepared by t h e  NRC f o r  wide d i s t r i b u t i o n  t o  f e d e r a l  

agencies, l o c a l  governments, and i n t e r e s t e d  c i t i z e n s .  

Commercial spent  f u e l  shipments a r e  r e g u l a t e d  by b o t h  t h e  Department o f  

T r a n s p o r t a t i o n  (DOT) and t h e  NRC. The NRC evaluates and c e r t i f i e s  t h e  design, 

manufacture, ope ra t i on ,  and maintenance o f  spent  f u e l  casks, whereas t h e  DOT 

r e g u l a t e s  t h e  v e h i c l e s  and d r i v e r s  which t r a n s p o r t  t h e  spent f u e l .  

Cu r ren t  NRC r e g u l a t i o n s  r e q u i r e  spent f u e l  casks t o  meet c e r t a i n  

performance standards.  The performance standards i n c l u d e  normal and 

h y p o t h e t i c a l  a c c i d e n t  c o n d i t i o n s  which a cask must be capable o f  w i t h s t a n d i n g  
w i t h o u t  exceeding e s t a b l i s h e d  acceptance c r i t e r i a  t h a t  

( 1 )  l i m i t  t h e  r e l e a s e  o f  r a d i o a c t i v e  m a t e r i a l  f rom t h e  cask, 

(2 )  l i m i t  t h e  r a d i a t i o n  l e v e l s  e x t e r n a l  t o  t h e  cask, and 

(3)  assure t h a t  t h e  spent f u e l  remains s u b c r i t i c a l .  

T h i s  s tudy eva lua tes  t h e  p o s s i b l e  mechanical  and thermal  loads generated 

by a c t u a l  and p o t e n t i a l  t r u c k  and r a i l r o a d  t r a n s p o r t a t i o n  acc iden ts .  The 

magnitudes o f  t h e  loads f rom acc iden ts  a r e  compared w i t h  t h e  l oads  i m p l i e d  

f rom t h e  h y p o t h e t i c a l  a c c i d e n t  c o n d i t i o n s .  The frequency o f  t h e  a c c i d e n t s  

t h a t  can produce d e f i n e d  l e v e l s  o f  mechanical and thermal  loads a r e  developed 

f rom t h e  a c c i d e n t  da ta  base. Us ing  t h i s  i n f o r m a t i o n ,  i t  i s  determined t h a t  

x i x  



f o r  c e r t a i n  broad c lasses  of acc iden ts ,  spent f u e l  casks p r o v i d e  e s s e n t i a l l y  

complete p r o t e c t i o n  a g a i n s t  r a d i o l o g i c a l  hazards. For ext remely severe 

acc idents- - those which cou ld  impose loads - on t h e  cask g r e a t e r  t han  those  

imp1 i e d  by t h e  h y p o t h e t i c a l  a c c i d e n t  c o n d i t i o n s - - t h e  1 i k e l  ihood and magnitude 

o f  any r a d i o l o g i c a l  hazards a r e  c o n s e r v a t i v e l y  est imated. 

r i s k  i s  t hen  es t ima ted  and compared w i t h  r i s k  est imates prev 

NRC i n  j u d g i n g  t h e  adequacy o f  i t s  r e g u l a t i o n s .  

The r e s u l t s  o f  t h i s  s tudy depend p r i m a r i l y  on t h e  qu 

The r a d i o  

o u s l y  used 

l i t y  o f  tl 

o g i c a l  

by the 

2 cask 

response models, t h e  r a d i a t i o n  r e l e a s e  models, and t h e  p r o b a b i l i t y  models and 

d i s t r i b u t i o n s  used i n  t h e  a n a l y s i s .  Models f o r  cask responses, r a d i o a c t i v e  

re leases ,  and d i s t r i b u t i o n s  f o r  t h e  a c c i d e n t  parameters a r e  new developments 

based on c u r r e n t  computer codes, l i m i t e d  t e s t  d a t a  on r a d i o a c t i v e  r e l e a s e s ,  

and l i m i t e d  h i s t o r i c a l  a c c i d e n t  data.  The r e s u l t s  a r e  d e r i v e d  u s i n g  

r e p r e s e n t a t i v e  spent  f u e l  casks which use des ign p r i n c i p l e s  and m a t e r i a l s  t h a t  

have been used i n  casks c u r r e n t l y  l i c e n s e d  by t h e  NRC. The r e p r e s e n t a t i v e  
casks a r e  assumed t o  have been designed, manufactuied, operated, and 

ma in ta ined  i n  accordance w i t h  n a t i o n a l  codes and standards ( o r  e q u i v a l e n t )  

which have adequate marg ins o f  s a f e t y  embedded i n  them. The r e s u l t s  of t h i s  

s tudy a r e  l i m i t e d  t o  spent f u e l  casks designed and f a b r i c a t e d  under c u r r e n t  

t echno log ies  and operated under c u r r e n t  r e g u l a t i o n s .  New designs u s i n g  

a l t e r n a t i v e  des ign  p r i n c i p l e s  and m a t e r i a l s ,  o r  changes t o  r e g u l a t i o n s  such as 

t h e  i m p o s i t i o n  o f  a 75 rnph n a t i o n a l  speed l i m i t ,  c o u l d  a f f e c t  t h e  r e s u l t s  and 

conc lus ions  o f  t h i s  study. 

T h i s  s tudy does n o t  cons ide r  t h e  e f f e c t s  which human f a c t o r s  can have on 

t h e  cask design, manufacture, ope ra t i on ,  and maintenance. I f  f u r t h e r  s tudy  i s  

conducted, human f a c t o r s  should be considered because they  can c o n t r i b u t e  t o  

t h e  o v e r a l l  r i s k  i n  each phase o f  t r a n s p o r t i n g  spent f u e l .  

L. E. F ischer  
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APPENDIX  A 

Severe Acc ident  Data 

A . l  I n t r o d u c t i o n  

Under t h e  f i r s t  phase o f  t h e  Nuclear  Regulatory  Comm s s i o n  T r a n s p o r t a t  on 

Model Study Program, R i d i h a l g h ,  Eggers and Associates (REA) rev iewed hundreds 

o f  severe highway and r a i l w a y  acc iden t  r e p o r t s  f o r  t h e  p e r i o d  f rom 1961 t o  

1981.A*1 I n f o r m a t i o n  on s e l e c t e d  acc iden ts  was recorded o n t o  a s e t  o f  

s p e c i a l l y  f o r m a t t e d  da ta  summary sheets.  I n  t h i s  study, t h e  severe acc iden t  

d a t a  base was expanded t o  cover a d d i t i o n a l  a c c i d e n t s  i n  t h e  1980 - 1983 

p e r i o d .  The a c c i d e n t  da ta  compi led by REA was reviewed t o  s o r t  ou t  t h e  

i n f o r m a t i o n  r e l a t e d  t o  s t r u c t u r a l  and thermal l o a d i n g  c o n d i t i o n s .  T h i s  

appendix desc r ibes  t h e  process used t o  s e l e c t  severe acc iden ts  and p resen ts  

sample d a t a  summary sheets  f o r  f o u r  severe acc iden ts .  A l so  summarized a r e  a l l  

o f  t h e  s e l e c t e d  severe acc iden ts  w i t h  some o f  t h e i r  more impor tan t  l o a d i n g  

par ame t e r  s . 

A.2 Data Summary Sheets 

A l i t e r a t u r e  search r e p o r t e d  over  100,000 t r u c k  and t r a i n  a c c i d e n t s  i n  

t h e  p e r i o d  f rom 1961 t o  1983. Approx imate ly  335 a c c i d e n t s  were s e l e c t e d  f o r  

t h e  p e r i o d  1961 t o  1981,and 60 acc iden ts  were s e l e c t e d  f o r  t h e  p e r i o d  1981 t o  

1983. These a c c i d e n t s  were judged t o  c o n t a i n  a c c i d e n t  i n f o r m a t i o n  t h a t  cou ld  

be u s e f u l  i n  assess ing h i g h  p h y s i c a l  l o a d i n g  c o n d i t i o n s .  A l l  acc iden ts  had t o  
i n v o l v e  e i t h e r  a t r u c k  o r  a t r a i n  t o  be i n c l u d e d  i n  t h e  s e l e c t i o n  process. 

0 8  

I n  genera l ,  t h e  i n f o r m a t i o m  con ta ined  i n  t h e  acc iden t  r e p o r t s  was more 

r e l a t e d  t o  p u b l i c  s a f e t y  i ssues  and t h e i l o s s  o f  l i f e  and p r o p e r t y  r a t h e r  than  

t o  t h e  p h y s i c a l  loadXing dcondi.tiTons t h a t  occurred d u r i n g - a n  acc iden t .  For 

example, a severe.  acc ident ,  typ ica l1.y  r e p o r t e d  cou ld  i n v o l v e  a t r u c k  and 

seve ra l  cars  r e s u l t i n g  i n  a h i g h . 9 0 ~ ~  ,of p r o p e r t y  .and l i f e ,  b u t  c o u l d  have 

occu r red  . a t  "moderate velocit . i .es ( l e s s '  than '45 mph) *;and 4 o a d i n g  c o n d i t i o n s  t h a t  

cou ld  have been r e ' l a t i v e l y  h igh-  to!  t h e  ca rs  . (40,000~150,000 pounds) ,- b u t  

r e l a t i v e l y  low t o ,  the,  i t r u c  & t h e  lothecihand,- a runaway . t ruck  c o u l d  h i t  a 

b r i d g e  abutment a t  h i g h  speed ( g r e a t e r  t han  80 rnph) which c o u l d  r e s u l t  i n  h i g h  
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loads ( g r e a t e r  than 400,000 pounds), b u t  never be i n c l u d e d  i n  a d e t a i l e d  

n a t i o n a l  r e p o r t  because t h e  l o s s  o f  l i f e  and p r o p e r t y  would n o t  be h igh ,  and 

t h e  event would be so r a r e  t h a t  i t  was n o t  a p u b l i c  s a f e t y  issue. A l l  t h e  

compi led acc iden t  d a t a  were rev iewed and t h e  more i m p o r t a n t  l o a d i n g  parameters 

t h a t  an acc iden t  can generate on a s h i p p i n g  c o n t a i n e r  i n v o l v e d  i n  such an 

a c c i d e n t  a r e  i d e n t i f i e d .  Tables A . l  t o  A.4 p resen t  t h e  d a t a  summary sheets 

f o r  four  t y p i c a l  severe a c c i d e n t s  w i t h  h i g h  p h y s i c a l  l o a d i n g  c o n d i t i o n s .  

The f i r s t  d a t a  summary sheet,  Tab le  A . l ,  p rov ides  i n f o r m a t i o n  on a t r u c k -  

f i r e  acc iden t  i n  t h e  C a l d e c o t t  Tunnel near Oakland, C a l i f o r n i a ,  i n  A p r i l  1982. 

The a c c i d e n t  i n v o l v e d  a g a s o l i n e  t r u c k - t r a i l e r ,  an automobi le,  and a bus. A 

f i r e  r e s u l t i n g  f rom approx ima te l y  8,800 g a l l o n s  o f  g a s o l i n e  had a peak f lame 

temperature o f  190OOF. \ l t h o u g h  t h e  f i r e  l a s t e d  2 hours and 42 minutes 

acco rd ing  t o  t h e  records,  t h e  peak f lame temperature was es t ima ted  t o  have 

occu r red  f o r  a t  l e a s t  20 m nutes b u t  n o t  f o r  t h e  e n t i r e  f i r e  d u r a t i o n .  

T a b l e  A.2 summarizes a t r u c k - b r i d g e  acc iden t ,  where i n  March 1981, a 

t r u c k - t r a c t o r - t r a i l e r  was s t r u c k  by a p i c k u p  w h i l e  on an overpass b r i d g e  on 

I n t e r s t a t e  1-80 near San Franc isco,  C a l i f o r n i a .  The t r u c k - t r a c t o r - t r a i l e r  

veered i n t o  t h e  b r i d g e  r a i l i n g ,  b roke  th rough  t h e  r a i l i n g  and f e l l  64 f e e t  t o  

t h e  s o i l  s u r f a c e  below. 

Tab le  A.3 p r o v i d e s  i n f o r m a t i o n  on a t r a i n  f i r e  acc iden t ,  where on 

September 28, 1982, 43 r a i l r o a d  ca rs  d e r a i l e d  near L i v i n g s t o n ,  Lou is iana ,  

F o l l o w i n g  t h e  de ra i lmen t ,  a f i r e  s t a r t e d  t o  bu rn  v a r i o u s  m a t e r i a l s  which 
i n c l u d e d  p l a s t i c  p e l l e t s ,  v i n y l  c h l o r i d e ,  and pet ro leum products .  The f i r e  

which covered a wide a rea  was a l l owed  t o  bu rn  f o r  s e v e r a l  days because o f  t h e  

t o x i c  chemicals and exp los ions  i nvo l ved .  A r a i l r o a d  c a r  c a r r y i n g  motor f u e l  

ant i -knock compound ( t e t r a - e t h y l  l ead )  exploded about 19 hours a f t e r  t h e  

de ra i lmen t .  A second t h e r m a l l y  induced e x p l o s i o n  occu r red  on October 1, 82 

hours a f t e r  t h e  de ra i lmen t ,  i n v o l v i n g  a c a r  c a r r i n g  v i n y l  c h l o r i d e .  The f i r e  

cooled down s u f f i c i e n t l y  on t h e  f i f t h  day t o  p e r m i t  f i r e - f i g h t i n g  

opera t i ons .  S i x  c a r s  c a r r i n g  c h l o r i d e  m a t e r i a l s  were pu rpose ly  detonated on 

October 11 t o  d ispose o f  t h e  rema in ing  unvented m a t e r i a l s  w i t h i n  them. 
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F i n a l l y ,  Table A.4 summarizes a t r a i n - b r i d g e  acc iden t ,  where on 

January 19, 1979, a t r a i n  d e r a i l e d  o f f  a b r i d g e  i n t o  t h e  Alabama R i v e r  near  

Hunter,  Alabama. One o f  t h e  r a i l  ca rs  was c a r r y i n g  a p i p e  which s t r u c k  t h e  

b r i d g e  and caused t h e  de ra i lmen t .  F i v e  r a i l  cars  f e l l  i n t o  t h e  r i v e r  75 f e e t  

b e l  ow. 

A.3 Severe Acc ident  Summary Tables 

Using t h e  severe acc iden t  da ta  summary sheets as i n p u t ,  t a b l e s  were 

prepared summarizing each o f  t h e  s e l e c t e d  severe a c c i d e n t s  t o  h i g h l i g h t  t h e  

i n f o r m a t i o n  r e l a t e d  t o  l o a d i n g  magnitudes. Three d i f f e r e n t  t a b l e s  were 

prepared: T ruck -T ra in  Grade Cross ing  Accidents,  Table A.5; Truck Acc idents ,  

Table A.6; and R a i l  Accidents,  Table A.7. 

Each acc iden t  i s  i d e n t i f i e d  by i t s  l o c a t i o n  (name o f  s t a t e  and c i t y )  and 

i s  l i s t e d  by i t s  l o c a t i o n  i n  a l p h a b e t i c a l  o rde r .  For each a c c i d e n t  t h e  

f o l l o w i n g  i n f o r m a t i o n  i s  p rov ided :  r e p o r t  source, d a t e  o f  acc iden t ,  t y p e  o f  

acc iden t ,  number o f  v e h i c l e s  i n v o l v e d ,  t h e  v e l o c i t y  p r i o r  t o  t h e  acc iden t ,  t h e  

h e i g h t  o f  any f a l l  i nvo l ved ,  any o b j e c t  s t r u c k ,  and t h e  d u r a t i o n  of  any f i r e  

i n v o l v e d .  I n  some cases, t h e  i n f o r m a t i o n  was n o t  s t a t e d  on t h e  d a t a  summary 

sheets and an NS i s  en te red  i n  t h e  corresponding column. 

A.4 Reference 

A . l  P. Eggers, Severe R a i l  and Truck Acc idents :  Toward a D e f i n i t i o n  o f  

Bounding Environment f o r  Transportation$Packages, U.S. Nuclear  Regu la to ry  

Commission, Washington, DC, NUREG/CR-3499, October 1983. 

I .  
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Table A . l  
Ca ldeco t t  Tunnel F i r e  Data Summary Sheet 

1.0 ACCIDENT IDENTIFICATION 

1.01 Date o f  Acc ident :  A p r i l  7, 1982 
1.02 Time o f  Acc ident :  0012 
1.03 R a i l ,  Highway o r  Both: Highway 
1.04 Loca t ion :  C a l d e c o t t  Tunnel near  Oakland, C a l i f o r n i a  
1.05 R a i l r o a d  and/or T r u c k i n g  Co. I nvo lved :  Armour O i l  Company 
1.06 Acc ident  Report  No.: NTSB/HAR-83/01, PB83-916201 
1.07 Source: NTSB 
1.08 T i t l e :  HIGHWAY ACCIDENT REPORT - M u l t i p l e  V e h i c l e  C o l l i s i o n s  and 

1.09 L o c a t i o n  o f  Document: REA 
1.10 L o c a t i o n  o f  A d d i t i o n a l  I n f o r m a t i o n :  NTSB 
1.'11 No. o f  Drawings/Photos: 16 

F i r e  C a l d e c o t t  Tunnel near  Oakland, C a l i f o r n i a  A p r i l  7, 1982 

2.0 ACCIDENT EVENT DATA 

2.01 

2.02 

2.03 
2.04 
2.05 
2.06 
2.07 
2.08 

2.09 

2.10 
2.11 

2.12 

2.13 

I n i t i a t i n g  Even t  ( d e r a i l ,  s k i d ,  o v e r t u r n ,  exp los ion ,  c o l l i s i o n ,  
head t o  t a i l ,  head t o  head, t a i l  t o  t a i l ,  head t o  s ide ,  f a l l ) :  
Head t o  t a i l  c o l l i s i o n  
Cause: I n t o x i c a t e d  d r i v e r  o p e r a t i n g  car ,  i n a t t e n t i o n  o f  t r u c k  
d r i v e r ,  excess i ve  speed o f  bus 
Number o f  Veh ic les  Invo lved :  1 t r u c k  and t r a i l e r ,  1 ca r ,  1 bus 
Speed o f  Impact:  
D is tance  o f  F a l l :  
Weather Cond i t i ons :  C lea r  
Ambient Temperature: 5OoF 
D is tance  T rave led  f rom Impact P o i n t :  Truck about 536 ft., bus 
about 2,175 ft 
D e s c r i p t i o n  o f  Veh ic les  I n v o l v e d :  Cargo tank  t r u c k  w i t h  f u l l  
t r a i l e r  and 5,400 g a l l o n  aluminum cargo tank,  Grumnan F l e x i b l e  53- 
passenger bus, Honda Accord 
Adjacent  S t r u c t u r e s  o r  N a t u r a l  Format ions: 
D e s c r i p t i o n  o f  Cargo I n v o l v e d  i n  Acc ident :  8,800 g a l l o n s  o f  
gaso l i ne ,  bus had no passengers 
E l e v a t i o n  o f  Veh ic les  a t  Time o f  Acc ident :  Highway th rough  
t u n n e l  
D e s c r i p t i o n  o f  Sur face Impacted: Truck t o  car ,  bus t o  car ,  bus t o  
t r u c k  t r a i l e r ,  bus t o  highway suppor t  p i e r ,  c a r  t o  tunne l  w a l l  

Car stopped, t r u c k  45 mph, bus 55 mph 
Not a p p l i c a b l e  (N/A) 

C a l d e c o t t  Tunnel 

3.0 SEQUENCE OF EVENTS 

3.01 D e s c r i p t i o n  o f  F i r s t  Event: Honda c a r  s t r u c k  c u r b  and stopped a t  

3.02 D e s c r i p t i o n  o f  Second Event: L e f t  f r o n t  t i r e  o f  t ank  t r a i l e r  
l e f t  edge o f  roadway o n e - t h i r d  o f  way through t u n n e l  

s t r u c k  r i g h t  r e a r  co rne r  o f  Honda 
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3.03 D e s c r i p t i o n  o f  T h i r d  Event: Bus changed lanes and s t r u c k  Honda 

3.04 D e s c r i p t i o n  o f  Four th  Event: T r a i l e r  r o l l e d  over  on r i g h t  s i d e  

3.05 D e s c r i p t i o n  o f  A d d i t i o n a l  Events: Bus c l imbed l e f t  curb,  t r a v e l e d  
Gasol ine s p i l l e d  

3.06 Summary of Sequence o f  Events: li:4 

and r i g h t  f r o n t  o f  t h e  bus s t r u c k  l e f t  s i d e  o f  t h e  tank  t r a i l e r  

and tank  t r u c k  s tops  u p r i g h t ,  g a s o l i n e  s p i l l s  

o u t  o f  t u n n e l  and impacted highway suppor t  p i e r .  
f rom t r a i l e r  i g n i t e s .  

4.0 POST ACCIDENT EVENT DATA 

4.1 POST ACCIDENT EVENT DATA 

4.1.01 

4.1.02 

4.1.03 
4.1.04 
4.1.05 

4.1.06 
4.1.07 

4.1.08 
4.1.09 
4.1.10 

4.1.11 
4.1.12 

4.1.13 

Truck o r  R a i l  Car No. 1: Truck comp le te l y  des t royed  by f i r e ,  o n l y  
rema in ing  p a r t s  o f  cargo t a n k  s h e l l  m a t e r i a l  i n c l u d e d  a 70  i n  by 
96 i n  bot tom sheet s e c t i o n  f rom t h e  r e a r  compartment o f  t h e  tank  
t r u c k  and a 40 i n  by 21 f t  s e c t i o n  f rom t h e  r i g h t  s i d e  o f  t h e  
t r a i l e r  tank.  L e f t  s a f e t y  cab le  broken, main l e a f  s p r i n g s  
deformed and separated f rom s p r i n g  shackle.  
Truck o r  R a i l  Car No. 2: Bus c e n t e r  f r o n t  components d i s p l a c e d  17 
ft rearward, f r o n t  a x l e  beam bent  6 inches rea rward  w i t h  a x l e  and 
suspension at tachment dev ices d i s p l a c e d  and dest royed.  Forward 
en t rance  door separated, f o rward  f r o n t  door  p o s t  and h inge  bar  
d i s p l a c e d  17 f e e t  rearward.  
Truck o r  R a i l  Car No. 3: Honda des t royed  by f i r e .  
Truck o r  R a i l  Car No. 4: N / A  
A d d i t i o n a l  Trucks o r  R a i l  Cars Damaged: T r a c t o r  and u t i l i t y  
s e m i t r a i l e r  (beer  t r u c k ) ,  Ford p ickup,  Toyota p i c k u p  and P o n t i a c  
Phoenix sedan i n  t u n n e l  i n c u r r e d  e x t e n s i v e  f i r e  damage b u t  were 
n o t  i n v o l v e d  i n  c o l l i s i o n .  t 

Evidence o f  Crushing: N / A  
Evidence o f  Impact: L e f t  f r o n t  t i r e  o f  t ank  t r a i l e r  s t r u c k  r i g h t  
r e a r  co rne r  o f  Honda, Honda impacted t u n n e l  w a l l ,  l e f t  f r o n t  
bumper o f  bus s t r u c k  r e a r  bumper o f  Honda, r i g h t  f r o n t  o f  bus 
s t r u c k  l e f t  s i d e  o f  t ank  t r a i l e r ,  bus impacted highway suppor t  
p i e r  
Evidence o f  Fa1 1 i n g :  
Evidence o f  Puncture:  N/A 
Evidence o f  Bending/Deformat ion o f  Support  Members: F r o n t  a x l e  
beam o f  bus bent 6 inches 
Evidence o f  T e a r i n g  S t r u c t u r a l  Members: 
Evidence o f  P r o j e c t i l e s  D i s t a n c e  Traveled,  Size/Weight o f  
P r o j e c t  i 1 e: N / A  
Other Evidence o f  Severe S t r u c t u r a l  Damage: Tank t r u c k  and 
t r a i l e r  t ank  destroyed, Honda dest royed,  bus h e a v i l y  damaged 

N / A  

N / A  

4.2 THERMAL/EXPLOSION DAMAGE DATA 

4.2.01 Type o f  F i r e ( s )  and F u e l ( s )  I n v o l v e d  and Amounts: 8,800 g a l l o n s  
o f  gasol  i ne 
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4.2.02 
4.2.03 

4.2.04 

4.2.05 
4.2.06 
4.2.07 

4.2.08 

4.2.09 
4.2.10 

Duration of Fire(s): 2 hours and 42 minutes 
Evidence of Thermal Damage (e.g., melting, sagging or 
weakening): All low melting point and combustible material 
consumed by fire, only 2 sections of cargo tank shell material 
remained, examination of copper wires, aluminum casting, plastic 
parts, glass, glazed tile and concrete spalling provided a 
temperature determination in tunnel 
Materials which Showed Evidence of Thermal Damage: Aluminum cargo 
tank 
Evidence of Torch or Plume Fire: N/A 
Evidence o f  Rocketing: N/A 
Evidence of Explosions: Loud explosions were heard, lights went 
out, tiles fell from wall, final explosion shook building 
No. of Vehicles Affected by Fires, Explosions: 1 cargo tank truck 
and tank trailer, 1 bus, 2 automobiles, 1 beer truck, 2 pickup 
trucks 
Approximate Area Covered by Flames: 
Evidence of Burial/Duration: N/A 

1,900 ft of tunnel 

4.3 LEAK OR SPILL DATA 

4.3.01 Substance(s) Leaked or Spilled: Gasoline 
4.3.02 Hazards/Damage Generated by Leakage/Spill: Fire 
4.3.03 Amount Leaked or Spilled: 8,800 gallons 
4.3.04 Area Contaminated by Spill: N/A 

5.0 MISCELLANEOUS OTHER DATA 

Fire produced temperature reaching 1900°F and remained that high 
for at least 20 minutes. Photos o f  damaged vehicles included in 
report. 

6.0 KEYWORD SUMMARY OF REPORT 
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Table A.2 
1-80 Bridge Accident Data Summary Sheet 

1.0 ACCIDENT IDENTIFICATION 

1.01 
1.03 
1.04 
1.05 

1.07 
1.08 
1.09 
1.10 
1.11 

Date of Accident: March 1981 
Rail, Highway or Both: Highway 
Location: 1-80, San Francisco Bay 
Railroad and/or Trucking Co. Involved: Thomas M. Bonnell 
Tractor/trailer 
George A. Burris Pickup 
Source: San Jose, California 
Title: N/P Clipping 
Location of Document: REA 
Location o f  Additional Information: NTSB, BMCS, CHP 
No. o f  Drawings/Photos: 1 

2.0 ACCIDENT EVENT DATA 

2.01 

2.02 
2.04 
2.05 
2.09 

2.10 
2.11 
2.12 
2.13 

Initiating Event (derail, skid, overturn, explosion, collision, 
head to tail, head to head, tail to tail, head to side, fall): 
Collision and loss of control 
Cause: Not applicable (N/A) 
Speed of Impact: 55 mph 
Distance of Fall: 64 feet 
Description of Vehicles Involved: Commercial 
Tractor/trailer, pickup truck 
Adjacent Structures of Natural Formations: 
Description of Cargo Involved in Accident: N/A 
Elevation of Vehicles at Time of Accident: 
Description of Surface Impacted: Tractor/trailer to pickup, 
tractor/trailer to concrete barrier, tractor/trailer to gravel and 
earth 

East Bay overpass 

On bridge roadway 

3.0 SEQUENCE OF EVENTS 

3.01 Description o f  First Event: Pickup truck veered in front of the 

3.02 Description of Second Event: Tractor/trailer then struck the 
Tractor/trailer veered off the overpass, 

tractor/trailer 

pickup and then itself. 
vaulted a concrete barrier and railing, and fell 64 feet. 

4.0 POST ACCIDENT EVENT DATA- { J 

4.1 POST ACCIDENT EVENT DATA 

4.1.01 Truck or Rail Car No. 1: Tractor/trailer was demolished 
4.1.02 Truck or Rail Car No. 2 : ~  Pickup truck was damaged 
4.1.05 Additional Trucks ‘or Rail Cars Damaged: 73 feet of rail and 12 

feet o f  concrete barrier was torn out of bridge 
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4.1.06 
4.1.07 

4.1.08 
4.1.09 
4.1.10 
4.1.11 
4.1.12 

4.1.13 

Evidence o f  Crushing: N / A  
Evidence o f  - Impact:  T r a c t o r / t r a i l e r  c o l l i d e d  f i r s t  w i t h  p i c k u p  
t r u c k  then  w i t h  b r i d g e  b a r r i e r  and f i n a l l y  w i t h  e a r t h  
Evidence o f  F a l l i n g :  
Evidence o f  Puncture:  N / A  
Evidence o f  Bending/Deformat ion o f  Support  Members: 
Evidence of T e a r i n g  S t r u c t u r a l  Members: 
Evidence o f  P r o j e c t i l e s  D is tance  Traveled,  Size/Weight o f  
P r o j e c t i l e :  None 
Other Evidence o f  Severe S t r u c t u r a l  Damage: 

64 f e e t  f rom b r i d g e  t o  e a r t h  

N / A  
N/A 

N / A  

4.2 THERMAL/EXPLOSION DAMAGE DATA 

4.2.01 Type o f  F i r e ( s )  and F u e l ( s )  I n v o l v e d  and Amounts: None 
4.2.05 Evidence o f  Torch o r  Plume F i r e :  None 
4.2.06 Evidence o f  Rocket ing:  None 
4.2.07 Evidence o f  Explos ions:  None 

4.3 LEAK OR SPILL DATA 

4.3.01 Substance(s) leaked o r  s p i l l e d :  N/A 

5.0 MISCELLANEOUS OTHER DATA 

6.0 KEYWORD SUMMARY OF REPORT 

6.01 
6.02 
6.03 
6.05 

6.06 

6.08 
6.09 
6.10 
6.11 
6.12 

6.13 
6.16 
6.17 

V e h i c l e  Class (R = r a i l ,  T = t r u c k ,  C = r a i l  & t r u c k ) :  
Speed o f  Impact:  55 mph 
F a l l i n g  Dis tance:  64 f e e t  
Impac t ing  Ob jec t  ( I 1  = locomot ive,  I 2  = coup le r ,  I 3  = s i l l ,  I 4  = 
ax le ,  I 5  = ba r  s tock,  I 6  = p l a t e  s tock ,  I 7  = I-beam, I 9  = r a i l ,  
I 1 0  = f o r g i n g / c a s t i n g ,  I11 = t r a c t o r ,  I 1 2  = t r a i l e r ,  I 1 3  = no 
evidence o f  impacted o b j e c t ,  I 1 4  = caboose, I 1 5  = o t h e r ) :  I11 I 1 2  
Object  Impacted (01  = locomot ive,  02 = nox car ,  03 = tank  ca r ,  04 
= c o a l  car ,  05 = t r a c t o r ,  06 = t r a i l e r ,  07 = cargo, 08 = cask, 09 
= s t r u c t u r a l  concrete,  010 = b u i l d i n g ,  011 = b r i d g e ,  012 = 
automobi le,  013 = no ev idence o f  impacted o b j e c t ,  014 = caboose, 
015 = o t h e r ) :  011 015 
F i r e  D u r a t i o n :  0 minutes 
Torch Dura t i on :  0 minutes 
Rocke t ing  D is tance :  0 f e e t  
Weight o f  Rocketed Object :  
B u r i a l  Event ( B 1  = ev idence o f  b u r i a l  l a r g e r  than 24 hours,  B2 = 
evidence o f  b u r i a l  s h o r t e r  t han  24 hours,  B3 = no evidence o f  
b u r i a l ) :  B3 
Ambient Temperature: O°F 
Number o f  F a t a l  i t i e s :  0 
V e h i c l e  Type I n v o l v e d  i n  Acc ident  ( V 1  = u n i t  t r a i n ,  V2 = passenger 
t r a i n ,  V3 = mixed t r a i n  cargo, V4 = t r a c t o r  t r a i l e r ,  V5 = tandem 
t r a i l e r ,  V6 = u n i t  t r u c k ,  V7 = o t h e r ) :  

T 

0 pounds 

V4 
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6.18 Cargo Type I n v o l v e d  i n  Acc ident  (Z1 = flammable, 22 = exp los ive ,  
23 = t o x i c ,  24 = ordnance, 25 = r a d i o a c t i v e ,  26 = o t h e r ) :  Z6 
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Tab le  A.3 
L i v i n g s t o n  T r a i n  F i r e  Data Sumnary Sheet 

1.0 ACCIDENT INFORMATION 

1.01 
1.02 
1.03 
1.04 
1.05 

1.06 
1.07 
1.08 

1.09 
1.10 
1.11 

Date o f  Acc ident :  September 28, 1982 
Time o f  Acc ident :  0512 
R a i l ,  Highway o r  Both: R a i l  
Locat ion :  L i v i n g s t o n ,  Lousiana 
R a i l r o a d  and/or T ruck ing  Co. Invo lved :  I l l i n o i s  Cen t ra l  G u l f  
Ra i 1 road  
Acc ident  Repor t  No.: NTSB/RAR-83/05, PB83-916305 
Source: NTSB 
T i t l e :  RAILROAD ACCIDENT REPORT - Dera i lment  o f  I l l i n o i s  Cen t ra l  
G u l f  R a i l r o a d  F r e i g h t  T r a i n  E x t r a  9629 East  (GS-2-28) and Release 
o f  Hazardous M a t e r i a l s  a t  L i v i n g s t o n ,  Lou is iana,  September 28, 
1982 
Loca t ion  o f  Document: REA 
L o c a t i o n  o f  A d d i t i o n a l  I n f o r m a t i o n :  NTSB 
No. o f  Drawings/Photos: 11 

2.0 ACCIDENT EVENT DATA 

2.01 

2.02 

2.03 
2.04 
2.05 
2.06 
2.07 
2.08 
2.09 

2.10 

2.11 

2.12 

2.13 

I n i t i a t i n g  Event ( d e r a i l ,  sk id ,  ove r tu rn ,  exp los ion ,  c o l l i s i o n ,  
head t o  t a i l ,  head t o  head, t a i l  t o  t a i l ,  head t o  s ide ,  f a l l ) :  
D e r a i l  
Cause: Disengagement o f  a i r  hose coup l i ng ,  excess ive  b u f f  f o rce ,  
placement o f  empty ca rs  i n  t r a i n  p r o f i l e  
Number o f  Veh ic les  Invo lved :  1 t r a i n  
Speed o f  Impact: 40 mph 
D is tance  o f  F a l l :  Not a p p l i c a b l e  (N/A) 
Weather Cond i t i ons :  C lea r  
Ambient Temperature: 57OF 
D i s t a n c e  T rave led  f rom Impact  P o i n t :  
D e s c r i p t i o n  o f  Veh ic les  Invo lved :  E x t r a  9629 East  c o n s i s t i n g  o f  3 
l ocomot i ve  u n i t s ,  84 loaded cars ,  16 empty cars  and a caboose, 29 
cars  were tank  ca rs  loaded w i t h  hazardous m a t e r i a l s  and 5 tank  
c a r s  w i t h  f lamnab le  pe t ro leum produc ts  
Adjacent  S t r u c t u r e s  o r  N a t u r a l  Formations: Small  community w i t h  
b u i l d i n g s  and p i n e  groves sur round ing  t r a c k s  
D e s c r i p t i o n  of Cargo I n v o l v e d  i n  Acc ident :  P l a s t i c  p e l l e t s ,  
pe t ro leum produc ts ,  v i n y l  c h l o r i d e ,  chemical products ,  s t y r e n e  
monomer, motor f u e l  an t i -kngck  compound, t o l u e n e  d i i socyana te ,  
phosphor ic  ac id ,  h y d r o f l u o s i l  i c i c  ac id ,  sodium hydrox ide ,  
pe rch lo roe thy lene ,  e thy lene  g l$col  
E l e v a t i o n  of Veh ic les  a t  Time o f  Acc ident :  R a i l r o a d  bed 47 f o o t  
above sea l e v e l  
D e s c r i p t i o n  o f  Sur face  Impacted: Gondola ca r  t o  gondola c a r ,  t ank  
c a r  t o  r a i l r o a d  bed 

N/A 

A-10 



-. . . . . . . -. . . . . . . . . . . . . . . -. . - . . - - 

3.0 SEQUENCE OF EVENTS 

3.01 D e s c r i p t i o n  o f  F i r s t  Event: T r a i n  a r r i v e s  L i v i n g s t o n  and bottoms 
o u t  a t  2 c ross ings .  T r a i n  went i n t o  emergency b rak ing ,  au tomat ic  
b rake  p u t  i n t o  emergency p o s i t i o n  and t h r o t t l e  p laced i n  ? 
p o s i t i o n  

3.02 D e s c r i p t i o n  o f  Second Event: 43 ca rs  d e r a i l  b reach ing  2 c a r s  
loaded with v i n y l  c h l o r i d e  

3.03 D e s c r i p t i o n  of T h i r d  Event: Leak ing  v i n y l  c h l o r i d e  gas i g n i t e s  
c r e a t i n g  f i r e b a l l  exceeding 100 ft south and 150 ft no r th .  

3.04 D e s c r i p t i o n  o f  Four th  Event : Expl  os i o n  occurs and numerous f i r e s  
break ou t  

3.05 D e s c r i p t i o n  o f  A d d i t i o n a l  Events: Evacuat ion o f  area begun, 
hazardous m a t e r i a l s  u n i t  n o t i f i e d  and beg in  work. Next  day tank  
ca r  c o n t a i n i n g  a n t i  -knock compound explodes and r o c k e t s .  
September 30 f i r e s  i n t e n s i f y  and v i n y l  c h l o r i d e  begins ven t ing .  
October 1 v i n y l  c h l o r i d e  ca r  explodes and rocke ts .  October 4 
s t y r e n e  monomer r e - i g n i t e s .  October 5 s t y r e n e  burns o f f  and 
b u r n i n g  o i l  ca rs  ex t i ngu ished .  October 10 and 11 v i n y l  c h l o r i d e  
ca rs  detonated.  October 12 r e s i d e n t s  a l l owed  t o  r e t u r n .  October 
16 l a s t  d e r a i l e d  ca rs  removed f rom a c c i d e n t  s i t e .  

3.06 Sumnary o f  Sequence o f  Events: N / A  

4.0 POST ACCIDENT EVENT DATA 

4.1 POST ACCIDENT EVENT DATA 

4.1.01 

4.1.02 

4.1.03 

4.1.04 

4.1.05 

4.1.06 
4.1.07 

4.1.08 
4.1.09 

4.1.10 

Truck o r  R a i l  Car No. 1: 19th  and 20 th  ca rs  detached from t h e i r  
t r u c k s .  20 th  c a r  had a v e r t i c a l  crease t h e  f u l l  h e i g h t  
Truck o r  R a i l  Car No. 2: 3 tank  ca rs  loaded w i t h  pe t ro leum 
p roduc ts  separated f rom t h e i r  t r u c k s  and h e a v i l y  damaged. 1 o f  
these was breached. 
Truck o r  R a i l  Car No. 3: Next 15 cars  separated f rom t h e i r  t r u c k s  
and were damaged beyond economical r e p a i r  
Truck o r  R a i l  Car No. 4: Next 18 c a r s  were tank  ca rs  loaded w i t h  
chemical p roduc ts  and were h e a v i l y  damaged. 16 were punc tured  o r  
breached. 
A d d i t i o n a l  Trucks o r . R a i 1  Cars Damaged: 5 c a r s  had minor  damage, 
13 more ca rs  separated from t r u c k s ,  15 t a n k  ca rs  had bot tom o u t l e t  
ex tens ions  sheared o f f  
Evidence o f  Crushing: N/A 
Evidence o f  Impact: V e r t i c a l  crease f u l l  h e i g h t  o f  gondola car ,  
tank  ca rs  over turned,  seve ra l  c a r s  des t royed by impact 
Evidence o f  F a l l i n g :  N/A 
Evidence o f  Puncture:  20 tank  cars  punc tured  o r  breached, s h e l l  
punctures i n  c a r  c o n t a i n i n g  pe rch lo roe thy lene  
Evidence o f  Bending/Deformat ions  o f  Support Members: 36 ca rs  
des t royed by c rush ing  impacts  d u r i n g  de ra i lmen t  or by pos t -  
acc iden t  f i r e s  
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4.1.11 

4.1.12 

4.1.13 

Evidence o f  Tear ing  S t r u c t u r a l  Members: 33 tank  cars separated 
f rom t r u c k s  and many breached 
Evidence o f  P r o j e c t i l e s  D is tance  Traveled, S i z e h e i g h t  o f  
P r o j e c t i l e :  , S h e l l  o f  t a n k  c a r  c a r r y i n g  ant i -knock compound 
p r o p e l l e d  about 80 ft n o r t h  and i t s  t ank  head about 25 ft south 
and most o f  i t s  t u b  p o r t i o n  r o c k e t e d  425 f t  n o r t h .  Large s e c t i o n  
o f  s t e e l  o u t e r  i n s u l a t i n g  j a c k e t  found about 80 f t  away. Other 
p a r t s  found 1,500 ft sou th  
Other Evidence o f  Severe S t r u c t u r a l  Damage: 36 ca rs  des t royed  
e i t h e r  by c r u s h i n g  impacts d u r i n g  t h e  de ra i lmen t  or by  post -  
a c c i d e n t  f i r e s ,  explos ions,  and d e m o l i t i o n .  Empty gondola c a r  had 
v e r t i c a l  s e p a r a t i o n  o f  b o l s t e r  c e n t e r  p l a t e s .  

4.2 THERMAL/EXPLOSION DAMAGE DATA 

4.2.01 

4.2.02 
4.2.03 

4.2.04 
4.2.05 

4.2.06 

4.2.07 

4.2.08 
4.2.09 
4.2.10 

Type of F i r e ( s )  and F u e l ( s )  I n v o l v e d  and Amounts: V i n y l  c h l o r i d e  
163,043 g a l l o n s ,  s t y r e n e  monomer 28.’,145 ga l l ons ,  motor f u e l  a n t i -  
knock compound ( t e t r a - E t h y l  l e a d )  5,666 g a l l o n s ,  t o l u e n e  
d i i s o c y a n a t e  2,259 g a l l o n s .  
D u r a t i o n  o f  F i r e ( s ) :  8 days 
Evidence o f  Thermal Damage (e.g.., m e l t i n g ,  sagging o r  
weakening): 2 t h e r m a l l y  induced exp los ions  
M a t e r i a l s  which Showed Evidence o f  Thermal Damage: N / A  
Evidence o f  Torch o r  Plume F i r e :  V i n y l  c h l ’ o r i d e  gas vented and 
burned f rom domes 
Evidence o f  Rocket ing:  Thermal ly- induced exp los ions  o f  2 tank 
c a r s  t h a t  had n o t  been punctured caused them t o  r o c k e t  v i o l e n t l y .  
Evidence o f  Exp los ions :  F i r s t  e x p l o s i o n  blew i n  b r i c k  f r o n t  o f  
d w e l l i n g  250 f t  n o r t h .  2 o t h e r  t h e r m a l l y  induced exp los ions .  
NO. o f  Veh ic les  A f f e c t e d  by  F i r e s ,  Explos ions:  13 t r a i n  c a r s  
Approximate Area Covered by Flames: 1,000 f t  r a d i u s  o f  d e r a i l m e n t  
Evidence o f  B u r i a l / D u r a t i o n :  N/A 

F i r e s  a l s o  f e d  by p l a s t i c  p e l l e t s  

4.3 LEAK OR SPILL DATA 

4.3.01 Substance(s) Leaked o r  S p i l l e d :  Phosphor ic a c i d  148,552 g a l l o n s ,  
h y d r o f l u o s i l i c i c  a c i d  19,780 g a l l o n s ,  sodium hyd rox ide  15,363 
g a l l o n s ,  p e r c h l o r o e t h y l e n e  14,028 g a l l o n s ,  e t h y l e n e  g l y c o l  20,840 
g a l l o n s ,  p l a s t i c  p e l l e t s  

4.3.02 Hazards/Damage Generated by Leakage /Sp i l l :  A c r i d  smoke and t o x i c  
gases as w e l l  as danger o f  f i r e  and exp los ions  

4.3.03 Amount Leaked o r  S p i l l e d :  More than  200,000 g a l l o n s  o f  t o x i c  
chemical  p roduc ts  

4.3.04 Area Contaminated by S p i l l :  Several  acres c o n t a i n i n g  more than 
60,000 c u b i c  yards o f  s o i l  t o  be expected 

5.0 MISCELLANEOUS OTHER DATA 

Photos o f  a c c i d e n t  and i n f o r m a t i o n  on chemical  compounds i n c l u d e d  
i n  r e p o r t .  9999 i n  f i e l d s  6.8 and 6.9 i n d i c a t e s  t ime  frame longer  
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t h a n  6 days. See 4.2.02. 3,000 people w i t h i n  5-mi le  r a d i u s  
evacuated as l o n g  as 2 weeks 

6.0 KEYWORD SUMMARY OF REPORT 

6.01 
6.02 
6.03 
6.04 

6.05 

6.06 

6.07 

6.08 

6.09 

6.10 
6.11 
6.12 

6.13 
6.14 
6.15 
6.16 
6.17 

6.18 

6.19 

V e h i c l e  Class ( R  = r a i l ,  T = t r u c k ,  C = r a i l  & t r u c k ) :  R 
Speed o f  Impact:  40 mph 
F a l l i n g  D is tance :  0 f e e t  
Crushing Events (C1 = locomot ive,  C2 = box car ,  C3 = coa l  car,  C4 
= f l a t  ca r ,  C5 = tank  car ,  C6 = t r a c t o r ,  C7 = t r a i l e r ,  C8 = u n i t  
t r u c k ,  C9 = heavy cargo, C10 = tank  t r u c k ,  C11 = b r idge ,  C12 = 
heavy suppor t  s t r u c t u r e ,  C13 = no evidence o f  crushing,  C14 = 
caboose, C15 = o t h e r ) :  C5 
Impac t ing  Ob jec t  ( I 1  = locomot ive,  I 2  = coup le r ,  I 3  = s i l l ,  14 = 
ax le ,  I 5  = bar  s tock,  I 6  = p l a t e  s tock,  I 7  = I-beam, I 9  = r a i l ,  
I 1 0  = f o r g i n g / c a s t i n g ,  I11 = t r a c t o r ,  I 1 2  = t r a i l e r ,  I 1 3  = no 
ev idence o f  impacted o b j e c t ,  I 1 4  = caboose, I 1 5  = o t h e r ) :  I 2  I 1 5  
Ob jec t  Impacted ( 0 1  = locomot ive,  02 = box car ,  03 = tank  car ,  04  
= coa l  c a r ,  05 = t r a c t o r ,  06 = t r a i l e r ,  07 = cargo, 08 = cask, 09 
= s t r u c t u r a l  concrete,  010 = b u i l d i n g ,  011 = b r i dge ,  012 = 
automobi le,  013 = no evidence o f  impacted o b j e c t ,  014 = caboose, 
015 = o t h e r ) :  03 02 
Exp los ion  Event ( s i g n i f i c a n t  damage t o :  E l  = t r a i n  o r  t r u c k  
v e h i c l e s ,  E2 = su r round ing  s t r u c t u r a l  members, E3 = c r a t e r i n g  o f  
ground, E4 = cargo, E5 = none): E l  E2 E4 
F i r e  D u r a t i o n  (note:  i f  9,999 - see s e c t i o n  4.2.02): 9,999 
minutes 
Torch D u r a t i o n  (note:  i f  9,999 - see s e c t i o n  4.2.02): 9,999 
m i  n u t  es 
Rocke t ing  Dis tance:  425 f e e t  
Weight o f  Rocketed Ob jec t :  
B u r i a l  Event (B1 = evidence o f  b u r i a l  l a r g e r  than  24 hours,  B2 = 
evidence o f  b u r i a l  s h o r t e r  than 24 hours, B3 = no evidence o f  
b u r i a l ) :  83 
Ambient Temperature: 5 7 O F ,  
V e h i c l e  Damage ( thousa ids  o f  d o l l a r s ) : ' .  1,500 
Other P r o p e r t y  Damage (fhou, 5 o f  d o - l l a r s ) :  13,064 
Number o f  F a t a l i t i e s :  0 
V e h i c l e  Type I n v o l v e d  i n  Acc iden t  ( V 1  = u n i t  t r a i n ,  V2 = passenger 
t r a i n ,  V3 = mixed t r a i n  cargo, V4 = t r a c t o r  t r a i l e r ,  V5 = tandem 
t r a i l e r ,  V6 = u n i t  t r u c k ,  V7 = o t h e r ) :  V3 

10,000 pounds 

I 

- m < , r  
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Tab le  A.4 
Alabama R i v e r  Dera i lmen t  Data Sumnary Sheet 

1.0 ACCIDENT IDENTIFICATION 

1.01 
1.02 
1.03 
1.04 
1.05 

1.06 
1.07 
1.08 
1.09 
1.10 
1.11 

Date o f  Acc ident :  January 19, 1979 
Time o f  Acc ident :  0740 
R a i l ,  Highway o r  Both: R 
Locat ion :  Hunter, Alabama 
R a i l r o a d  and/or  T ruck ing  Co, Invo lved :  I l l i n o i s  Cen t ra l  G u l f  
F r e i g h t  T r a i n  No. AM 118 
Acc ident  Repor t  No.: 
Source: NTSB 
T i t l e :  Acc ident  F i l e  
L o c a t i o n  o f  Document: REA 
Loca t ion  o f  A d d i t i o n a l  I n f o r m a t i o n :  NTSB 
No. c f  Drawings/Photos: 2 

ATL 78 F R018 

2.0 ACCIDENT EVENT DATA 

2.01 

2.02 
2.03 
2.04 
2.05 
2.06 
2.07 
2.09 

2.10 

2.11 

2.12 
2.13 

I n i t i a t i n g  Event ( d e r a i l ,  sk id ,  ove r tu rn ,  exp los ion ,  c o l l i s i o n ,  
head t o  t a i l ,  head t o  head, t a i l  t o  t a i l ,  head t o  s ide ,  f a l l ) :  
Col 1 i s i o n  w i t h  b r i d g e  
Cause: Improper  l a d i n g  
Number o f  Veh ic les  Invo lved :  72 
Speed o f  Impact: 8 mph 
D is tance  o f  F a l l :  75 f e e t  
Weather Cond i t i ons :  Cloudy, dawn 
Ambient Temperature: 45OF 
D e s c r i p t i o n  o f  Veh ic les  Invo lved :  3 locomot ive  u n i t s ,  1 caboose, 
2 b l k d  f l a t  cars ,  1 tank  car ,  46 loads,  19 empties 
Adjacent  S t r u c t u r e s  o r  N a t u r a l  Formations: RR b r i d g e  over  t h e  
Alabama R i v e r  
D e s c r i p t i o n  o f  Cargo I n v o l v e d  i n  Acc ident :  Two 54 i n .  O.D.C.I. 
p i p e  cars ,  1 tank  c a r  w i t h  f u e l  o i l  
E l e v a t i o n  o f  Veh ic les  a t  Time o f  Acc ident :  
D e s c r i p t i o n  o f  Sur face  Impacted: P ipe  t o  b r i dge ,  c a r  t o  b r i dge ,  
ca rs  t o  r i v e r  

RR bed on b r i d g e  deck 

3.0 SEQUENCE OF EVENTS 

3.01 D e s c r i p t i o n  o f  F i r s t  Event: E i g h t  54 i n ,  p ipes  were s t rapped 
t o g e t h e r  i n  2 groups o f  4 each. 

3.02 D e s c r i p t i o n  o f  Second Event: The p ipes  were t h e n  chained and 
b locked w i t h  wood sprags n a i l e d  t o  t h e  c a r  deck. 

3.03 D e s c r i p t i o n  o f  T h i r d  Event: Sprags were n o t  p r e d r i l l e d  and l a t e r  
s p l i t  l oosen ing  t h e  l o a d  which was a l r e a d y  uns tab le  because o f  t h e  
"4 - together "  c o n f i g u r a t i o n .  (Note: 3 p ipes  fas tened i n  t h i s  
f a s h i o n  would have been s t a b l e ) .  

The 2 groups l a i d  i n  tandem 
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3.04 One o f  t h e  l o o s e  p i p e  snagged t h e  

3.06 Summary o f  Sequence o f  Events: 5 loaded ca rs  dropped i n t o  t h e  

D e s c r i p t i o n  o f  F o u r t h  Event: 
b r i d g e  s u p e r s t r u c t u r e  b r i n g i n g  down one span 

Alabama R i v e r  

4.0 POST ACCIDENT EVENT DATA 

4.1 POST ACCIDENT EVENT DATA 

4.1:Ol 
4.1.02 
4.1.06 
4.1.07 

4.1.08 

4.1.09 
4.1.10 
4.1.11 
4.1.12 

4.1.13 

Truck o r  R a i l  Car No. 1: 5 ca rs  i n  r i v e r  were damaged 
Truck o r  R a i l  Car No. 2: B r i d g e  was s e r i o u s l y  damaged 
Evidence o f  Crushing: None 
Evidence o f  Impact: One of  t h e  54 i n c h  p ipes  impacted a g a i n s t  a 
b r i d g e  t r u s s  
Evidence o f  F a l l i n g :  5 c a r s  f e l l  i n t o  t h e  r i v e r  as t h e  b r i d g e  
c o l  1 apsed 
Evidence o f  Puncture:  Not a p p l i c a b l e  (N/A) 
Evidence o f  Bending/Deformat ion o f  Support Members: 
Evidence o f  T e a r i n g  S t r u c t u r a l  Members: 
Evidence o f  P r o j e c t i l e s  D i s t a n c e  Traveled,  Size/Weight o f  
P r o j e c t i l e :  None 
Other Evidence o f  Severe S t r u c t u r a l  Damage: See above 

N/A 
N /A  

4.2 THERMAL/EXPLOSION DAMAGE DATA 

4.2.01 Type o f  F i r e ( s )  and F u e l ( s )  I n v o l v e d  and Amounts: None 
4.2.05 Evidence o f  Torch o r  Plume F i r e :  None 
4.2.06 Evidence o f  Rocket ing:  None 
4.2.07 Evidence o f  Explos ions:  None 
4.2.10 Evidence o f  B u r i a l / D u r a t i o n :  Cars were i n  t h e  r i v e r  and mud 

4.3 LEAK OR SPILL DATA 

4.3.01 Substance(s) Leaked o r  S p i l l e d :  The tank  c a r  f i l l e d  w i t h  f u e l  o i l  
\ was reported n o t  t o  be leaking 

6.0 KEYWORD SUMMARY OF REPORT 

6.01 V e h i c l e  Class ( R  = r a i l ,  T = t r u c k ,  C = r a i l  & t r u c k ) :  R 
6.02 Speed o f  Impact:  8 mph 
6.03 F a l l i n g  Dis tance:  75 f e e t  
6.04 Crushing Events ( C 1  = locomot ive,  C2 = box, C3 = c o a l  car ,  C4 = 

f l a t  car ,  C5 = t a n k  car ,  C6 = t r a c t o r ,  C7 = t r a i l e r ,  C8 = u n i t  
t r u c k ,  C9 = heavy cargo, C10 = tank  t r u c k ,  C11 = b r idge ,  C12 = 
heavy suppor t  s t r u c t u r e ,  C13 = no ev idence o f  crushing,  C14 = 
caboose, C15 = o t h e r ) :  C13 

6.05 Impac t ing  Ob jec t  ( I1  = locomotive,  I 2  = coup le r ,  I 3  = s i l l ,  I 4  = 
ax le ,  I 5  = ba r  s tock,  I 6  = p l a t e  s tock,  I 7  = I-beam, I 9  = r a i l ,  
I 1 0  = f o r g i n g / c a s t i n g ,  I11 = t r a c t o r ,  I 1 2  = t r a i l e r ,  I 1 3  = no 
ev idence o f  impacted o b j e c t ,  I 1 4  = caboose, I 1 5  = o t h e r ) :  I 1 0  

A-15 



6.06 

6.08 
6.09 
6.10 
6.11 
6.12 

6.13 
6.14 
6.15 
6.16 
6.17 

6.18 

Object  Impacted (01 = locomot ive,  02 = box car,  03 = tank  c a r ,  04 
= coa l  car ,  05 = t r a c t o r ,  06 = t r a i l e r ,  07 = cargo, 08 = cask, 09 
= s t r u c t u r a l  concrete,  010 = b u i l d i n g ,  011 = b r idge ,  012 = 
automobi le,  013 = no ev idence o f  impacted o b j e c t ,  014 = caboose, 
015 = o t h e r ) :  011 
F i r e  Dura t i on :  0 minutes 
Torch Dura t i on :  0 minutes 
Rocket ing D is tance :  0 f e e t  
Weight o f  Rocketed Ob jec t :  
B u r i a l  Event (B1  = evidence o f  b u r i a l  l a r g e r  than 24 hours,  B2 = 
evidence o f  b u r i a l  s h o r t e r  t han  24 hours,  83 = no evidence o f  
b u r i a l ) :  B 1  
Ambient Temperature: 45OF 
V e h i c l e  Damage ( thousands o f  d o l l a r s ) :  76 
Other P r o p e r t y  Damage (thousands o f ,  d o l l a r s ) :  2,000 
Number o f  F a t a l i t i e s :  0 
V e h i c l e  Type I n v o l v e d  i n  Acc iden t  (V1 = u n i t  t r a i n ,  V2 = passenger 
t r a i n ,  V3 = mixed t r a i n  cargo, V4 = t r a c t o r  t r a i l e r ,  V 5  = tandem 
t r a i l e r ,  V6 = u n i t  t r u c k ,  V7 = o t h e r ) :  V3 
Cargo Type I n v o l v e d  i n  Acc iden t  (Z1 = f lamnable,  22 = exp los i ve ,  
23 = t o x i c ,  24 = ordnance, 25 = r a d i o a c t i v e ,  Z6 = o t h e r ) :  21  Z6 

0 pounds 
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Table A.5 Legend 
Rail-Highway Grade-Crossing Accidents 

Report Source 

FRA Federal Railroad Administration 
NATL, year, report # Department of Transportation, Federal Railroad Administration, Atlanta Office 
NCHI, year, , L  report # Department of Transportation, Federal Railroad Administration, Chicago Office 
NIHAB National Transportation Safety Board, Highway Accident Brief 
NOAK, year, report # Department of Transportation, Federal Railroad Administration, Oakland Office 
NIRHR , National Transportation Safety Board, Railroad Highway Report 
NS 4; Not Stated 
NTSB National Transportation Safety Board 

, 

L, \  . - ' $ *  i .. 1\ . -$ ? ' , -  
w 

Accident Description 
Head to Side Collision . i' HtoS kC01. 

Vhcl > ,  Vehicle 



I 

Table A.5 
Rail-Highway Grade-Crossing Acc idents  

L o c a t i o n  Report  
Source 

No. Acc. F a l l  F i r e  Ob jec t  S t r u c k  o f  v e l .  h t .  Y / N  Des c r  i p t i  on 
Date o f  Acc ident  
Acc i den t D e s c r i  p t  i o n  Vhcl (mph) (ft.) ( d u r )  

A 1  abama 
H u n t s v i  11 e NTSB 82-1 9/15/81 HtoS Col.  2 30 NS Y(60M) Cargo Tank 

Cal i forn ia  
Tracy NTSB 76-1 3/9/75 HtoS Col. 2 50 NS N Gondola Car 

F l o r i d a  
? c, P l a n t  C i ty  N/RHR-78-2 10/2/77 Train-Truck 8 70 NS Y(17M) Pickup Truck 
03 

Georgia 
Aragon N/RHR-75-1 10/23/74 T r a i  n-Bus 2 6 0 Y(NS) Bus 

I 1  1 i n o i s  
Bec kemeyer N / RH R-7 6-3 2/7/76 Tra in-Truck 2 NS O N  Pickup Truck 

E 1 wood N/RHR-76-2 11/19/75 Truck-Tra in 2 82 O N  T r a i n  

Loda NIRHR-71-1 1/24/70 Train-Truck 2 79 0 Y(NS) Tanker Truck 

Cont inued on n e x t  page 
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Table A.5 
Rail-Highway Grade-Crossing Accidents 

Location Report 
Source 

Object Struck 
Description 

No. Acc. Fall Fire 
o f  vel. ht. Y/N 

Vhcl (mph) (ft.) (dur) 
Date o f  Acc i dent 
Ac c i dent Description 

~~~ 

N e w  York 
Congers N/RHR-73-1 3/24/72 Trai n-Bus 2 25 O N  Bus 
Mi neol a NTSB 82-2 3/14/82 HtoS Col. 2 65 NS Y(20M) Van 

North Carolina 
Sell ers NATL78FROll NS Train-Truck 2 79 0 NS TruckITrai 1 er 

Oklahoma 
Collinsville NTSB 72-1 4/5/71 HtoS Col. 2 71 NS N Truck 
Mar 1 and NIRHR-77-3 12/15/76 Train-Truck 12 90 0 Y(NS) Tanker Truck 

P 
ru 
0 

Oregon 
La f aye t t e NS 9/8/76 Trai n-Bus 2 50+ O N  Bus 

Pennsylvania 
Southampton NTSB 82-3 1/2/82 Train-Truck 3 20 NS Y(135) Trailer 
Yard 1 ey NIRHR-76-4 6/5/75 Train-Truck 3 63 O N  Truck/Trai ler 

- -- ---___ - 
Continued on next page 



Table A.5 
Rail-Highway Grade-Crossing Accidents 

Location Report 
Source 

No. Acc. Fall Fire Object Struck 
Description Accident o f  vel. ht. Y I N  Date o f  

Accident Vhcl (mph) (ft.) (dur) D escr i pt i on 

Virginia 
Tazewell 

West vircjiia' 
Wood 1 a nd 

. p ( ;  * 
I- J 

I '  

Train-Truck 

Train-Vhcle 

2 31 0 Y(NS) Trailer 

2 40 NS NS Earthmover 



Tab le  A.6 Legend 

Truck Acc idents  

Report Source 

BMC S 

CONF 

DOT 

DOTHS 

NIHAB 
N I H A R  

NS 

NUREGICR 
PATRAM 

? 
N 
N 

Accident Descr ip t ion  

Bldg Col. 

Brdg Ovt rn  

HtoH Col. 

HtoS Col. 

HtoT Col. 

M l t p l  Col .  

NS Trk.  F i r e  

Ovt rn  Col. 

T ra  i 1 e r  Sep. 

Bureau o f  Motor  C a r r i e r  Sa fe ty  

Conference 

Department of Trans p o r t  a t  i on 

Department o f  T r a n s p o r t a t i o n  

N a t i o n a l  T r a n s p o r t a t i o n  Sa fe ty  Board, Highway Acc ident  B r i e f  
N a t i o n a l  T r a n s p o r t a t i o n  Safe ty  Board, Highway Acc ident  Repor t  

Not S ta ted  

Nuclear  Regu la to ry  Commission Con t rac to r  Repor t  

Conference on Packaging and T r a n s p o r t a t i o n  o f  Rad ioac t i ve  M a t e r i a l s  

B u i l d i n g  C o l l i s i o n  

B r idge  Over tu rn  

Head t o  Head C o l l i s i o n  

Head t o  S ide  C o l l i s i o n  

Head t o  T a i l  C o l l i s i o n  

M u l t i p l e  C o l l i s i o n  

Not S ta ted  Truck F i r e  

Over tu rn  C o l l i s i o n  

T r a i l e r  Separa t ion  



Tab le  A.6 
Truck Acc idents  

Loca t  i o n  Repor t  
Source 

No. Acc. F a l l  F i r e  Ob jec t  S t ruck  
Des c r  i p t  i on Acc ident  o f  v e l .  h t .  Y/N Date o f  

Acc ident  D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

A r  i zona 

Buckeye 

G i l a  Bend 

Arkansas 

B r i s c o  

Camden 

P Iv Jasper  
L i t t l e  Rock 

0 

Cal i forn ia  

Coachel 1 a 
Coal i n g a  
Corona 

E l  Cent ro  

Lemoore 
Los Angeles 

35 M I  W 

N/HAB-80-1 

BMCS 76-4 

NS 

NIHAB-80-2 

NIHAR-81-1 
NIHAB-80-1 

NIHAR-80-6 
NIHAB-80-1 

NIHAR-75-7 

NIHAR-75-6 

N IH AR-83-02 
NS 

11/15/78 

NS 

4/27/76 

4/13/78 

6/5/80 

1 /27/78 

4/23/80 
12/15/78 

2/28/75 

3/8/74 

10/8/82 
NS 

HtoH Col. 

HtoH Col .  

Over tu rn  

HtoH Col . 
Exp los ion  

HtoH Col. 

HtoH Col. 

HtoH Col. 

M l t p l  Col. 

HtoH Col .  

HtoH Col. 
Exp los ion  

2 

6 

1 
2 

1 

3 

2 

12 

84 

2 

3 
6 

NS 

80 

40 

NS 

63 

NS 

60 
47 

50 

45 

55 
0 

0 

0 

30 

0 
38 

0 

NS 

0 

0 

NS 

NS 

0 

T r a c t  o r  Truck 

Car, M o t o r c y c l e  

Road bed 
P ickup  Truck 
H i  11s i d e  

T r u c k / T r a i  l e r  

Bus 
M l t p l  Cars 

M l tp l  Cars, 
Trucks 

Semi T r a i l e r  

Van 

None 

Cont inued on n e x t  page 



Tab le  A.6 
Truck Acc idents  

L o c a t i o n  Repor t  
Source 

Ob jec t  S t ruck  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  

Vhcl (mph) ( f t . )  ( d u r )  
Date o f  Acc i den t o f  v e l .  h t .  Y / N  Acc ident  D e s c r i p t i o n  

~~ 

Los Angeles NS NS 

California ( con t inued)  
Los Angel es NIHAR-80-5 3/3/80 

M a r t  i nez N/HAR-77-2 5/21/76 

Oakland (nea r )  NIHAR-83-01 4/7/82 
O n t a r i o  NS 11/4/74 

Sacramento NS NS 

Sacr amento 
? 
N 
P 

(nea r )  NIHAR-74-5 11/11/73 

San Bernard ino NIHAR-81-2 11 /10/80 

San F ranc isco  San Jose News 3 /81  

Vent u r  a NIHAR-72-4 8/18/71 

W i l l o w  Creek NIHAR-83-05 2/24/83 

Winterhaven BMCS 79-2 4/4/79 

Bay 

HtoH Col. 

StoS Col. 

Brdg Ov t rn  

HtoH Col. 

C o l l  i s  i o n  

Over turn 

C o l l i s i o n  

HtoH Col. 

Overpass 
Run O f f  

HtoH Col. 

Sk id 

C o l l i s i o n  

6 5 5. 0 

3 45 NS 

1 35 22 

3 55 NS 

1 50 0 

4 NS 0 

1 67 NS 

24 55 NS 

2 55 64 

13 60 0 

2 38 NS 

2 NS 0 

Y (NS) T r u c k I T r a i  1 e r  

Y(55M) Tank Truck 

N Ground 

Y(162M) Car 

Y(NS) Tree, Sign, 
S tee l ,  Concrete 
Wal l  

Y(4H) Roadbed, Cars 

N Concrete 

N Semi T r a i l e r  

N P ickup 

Y(60M) Car 

Truck, Ground 

N Bus 

Y (NS) Parked Car 

Colorado 
Canon C i t y  NIHAR-82-3 11/14/81 HtoS Col. 3 56 NS Y(170M) T r a c t o r  

Cont inued on n e x t  page 
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Table A.6 
Truck Accidents 

Location Report 
Source 

Object Struck 
Des cr i pt ion 

No. Acc. Fall Fire 
of vel. ht. Y/N 

Vhcl (mph) (ft.) (dur) 
Date o f  Accident 
Accident D escr i pt i on 

F1 eming NS,, 
Colorado (continued) 

Golden NS 
Go 1 den BMCS 8-186 

Kit Carson BMCS 8-097 
Kit Car-son BMCS i8--089 
Si 1 verthorne BMCS 87028: 

I ,  b % ’  7 4; 
I . .  7 

ro 
cn District of:Colmbia ;$.- 

Wash i ngt on BMCS 7672. 
.-f * . * -  

+ - + , ;  Florida . I  - 
Gretna N /H AR-7 2-3 
Homestead BMCS 7 ~ 1 7 8  
Ocala N / HA R-8 37,O 4 

f 

Georgia 
Atlanta N/HAR-78-5 
Atlanta 

9/29/77 

6110174 
NS 

NS 
NS 
NS 

. ,  
’,’ , . .  

N.S 

8/8/71 
NS 

2/28/83 

6120177 

HtoH Col. 

Col 1 is ion 
0 vert urn 

HtoH Cola. 
HtoH Col. 
Coll i s  ion 

Mltpl Col. 

HtoH Col. 
HtoS Col. 
H t oT/H toS 

HtoH Col. 

2 110 0 Y (NS) TruckITrai ler 

1 35 0 Y(5H) Rock Wall 
1 95 30 NS Roadbed, 

Guardrai 1 
2 120 NS Y(NS) Truck/Trailer 
2 110 NS Y(NS) TruckITrailer 
2 55 15 Y(NS) Guardrail 

2 NS NS NS Car 

2 50 2 N  Car 
2 51 NS Y(NS) Truck/Trailer 
22 55+ NS Y(120M) Semi 

7 45 O N  Cars, Truck 

Continued on next page 



Table A.6 
Truck Acc iden ts  

- 

L o c a t i o n  Report  
Source 

Date o f  Acc ident  
Acc i dent  D e s c r i p t i o n  

No. Acc. F a l l  F i r e  Object  S t ruck  
o f  ve l .  h t .  Y / N  

Vhcl (mph) ( f t . )  ( d u r )  
Des c r  i p t  i on 

~ 

w 1-20 N/ H AR-75 -4 

6eorgia ( con t inued)  

A t tapu lgus  BMCS 4-206 

D a l t o n  NIHAB-80-1 
D o r a v i l l e  NIHAB-80-2 

Hami 1 t o n  HIHAR-76-5 

L e s l i e  NIHAB-80-2 

L i t h o n i a  BMCS 80-2 

? [v L o g a n v i l l e  N/HAB-80-1 

Ludowi c i  N/HAB-80-1 
Cn 

Richmond H i l l  NIHAB-80-1 

Savannah N/ HAB-80- 1 

Wac0 NIHAR-72-5 

8/21/73 

12/15/73 

12/14/78 

7/21/78 

6/6/75 

4/4/77 

1/8/80 

6/20/78 

5/2/78 

6/19/78 

7/6/78 

6 /4 /71  

Skid, HtoS 

HtoH Col. 

HtoH Col. 

M l t p l  Col . 
HtoH Col. 

HtoH Col.  

HtoS Col . 
HtoS Col. 

HtoS Col. 

HtoH Col. 

J a c k k n i f e  

HtoH Col.  

2 45 NS 

2 90 0 

2 NS 0 

3 NS 0 

7 50 0 

2 NS 0 

2 35 0 

2 NS 0 

3 NS 0 
3 NS 0 

2 NS 0 

2 40 0 

N Car 

Y (NS) T r u c k I T r a i  l e r  
N T ruck /T ra i  1 e r  

N Motorcyc le,  Dump Truck 

N Bus 

N Car 

N Car 

N Car 

N Car 

N Car 

N Car 
Y(t15M) Car 

Illinois 
Gibson C i t y  5 t h  PATRAM NS J a c k k n i f e  1 NS NS NS Roadbed 

Rosecrans BMCS 5-030 4/29/76 Col 1 i s i on 1 55 0 Y(NS) Br idge B a r r i e r  
pg 804-806 

Cont inued on n e x t  page 



Tab le  A.6 
Truck Acc idents  

Locat  i o n  Report  
Source 

Object  S t r u c k  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  Acc iden t  o f  v e l .  h t .  Y/N 
D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

Date o f  
Acc i dent 

I ndi  ana 

Ches te r ton  NS NS Jack k n i  f e  1 55 20 N G u a r d r a i l  
I n d i a n a p o l i s  BMCS 75-5 6/13/75 Over tu rn  1 50 18 NS Roadbed 

Iowa 

W i  n t h rop  N/ H AB-80- 1 5/2/78 Over t  u r n  1 NS O N  Roadbed 

, L.S. 

Kansas 

Kansas Ci,ty BMCS 7-064 i'. 8/6/76 Cargo Loss 1 NS 0 Y(NS) Roadbed 
Leon 

Mayet ta  BMCS 80-1 1/6/80 HtoH Col.  2 50 0 Y(NS) Pickup Truck 

W i c h i t a  NUREGICR-0992 NS Overt  u r n  1 NS NS NS Roadbed 

? 
ro 
w 

N/HAB-80-2 5/15/78 HtoH Col. 3 NS 0 Y(NS) Car 

Kentucky 

B e a t t y v i l  l e  N/HAR-78-4 9/24/77 Runaway 17 36 0 Y(5H) Roadbed 
C a r r o l l  C i ty  DOTHS602826 8/75 HtoH Col. 3 60 0 Y (105M) C a r I T r a i  1 e r  

Cont inued on n e x t  page 



Table A.6 
Truck Accidents 

Locat ion Report 
Source 

Object Struck 
Des cr i p t i on 

No. Acc. Fall Fire 

Vhcl (mph) (ft.) (dur) 
Date o f  Accident of vel. ht. Y/N Acc i dent Description 

~~ ~~ 

Louis i ana 
Baton Rouge NS NS Overt urn 1 NS 0 Y(NS) Roadbed 
Lake Charles NIHAR-82-4 8/27/81 Skid 26 30t NS N Semi Trailer 
Ramah NIHAB-80-2 

Mary1 and 
Bethesda BMCS 78-2 
Fros tburg NIHAR-81-3 

P Tu Hagerstown N /HA B-80 -1 
a3 

N. Carrollton NIHAR-71-9 

Massachusetts 
Bel cherstown NS 
Bra i n tree NIHAR-74-4 

M i  chi gan 

Detroit NS 
F1 int BMCS 5-076 

12/16/78 

3/14/78 
2/18/81 
1/30/79 
6/19/70 

NS 
101 18/73 

2/7/77 
8/19/76 

Mltpl Col. 

Mltpl Col. 
HtoS Col. 
HtoH Col.. 
Skid, HtoT 

Col 1 i s i on 
Overt urn 

Col 1 isi on 
Coll i s  ion 

4 NS 0 Y(NS) Bridge Column 

3 70 40 N Car 
17 50t NS N Truck 
2 NS O N  TruckITrai 1 er 
2 NS NS N Truck 

1 60 25 N Utility Pole 
1 55 0 Y(NS) Roadbed 

1 45 30 Y(NS) Bridge Barrier 
1t NS 20 Y(NS) Bridge Rail, 

Road bed 

- 

Continued on next page 



Table A.6 
Truck Acc idents  

. I  

L o c a t i o n  Report  
Source 

Ob jec t  S t ruck  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  

Vhcl (mph) ( f t . )  ( d u r )  
Acc ident  o f  vel. h t .  Y / N  Date o f  

Accident D e s c r i p t i o n  

Minnesota 

F1 oodwood BMCS 5-169 NS HtoH Col.  3 105 0 NS T r u c k I T r a i  1 e r  

Miss i s s i ppi 
way n e s.bo r o NIHAR-82-2 

Missouri. 

F i s k  ' .  BMCS 7-064 

K e y t e s v i l l e  NS 

Kansas Ci ty  NIHAB-80-2 

P 
N a 

S t .  Couis NIHAR-79-3 

North Caro l ina  

H e r t  f o r d  NS 

Marion,* . ,  NIHAR-78-6 

Mor g a n,t o n 

. L k  

NS 
c 

North Dakota 

Freeman BMCS 80-3 

10/12/81 

NS 

4/7/77 

7/13/77 

9/25/77 

1/10/78 

1/25/78 

4/27/78 

3/12/80 

HtoH Col.  

C o l l i s i o n  

Col 1 i s i o n  

C o l l i s i o n  

HtoH Col. 

Expl  os i on 

HtoH Col. 

HtoH Col.  

HtoH Col.  

3 

4 

35 NS N Car/Pol e 

55 45 NS Br idge, R i v e r  

55 30 N B r idge  B a r r i e r  

55 O N  B r idge  Column 

NS O N  Car 

NS 0 Y(NS) NS 

70 O N  Pickup Truck 

75 O N  Truck 

40 0 Y(NS) Cars 

Cont inued on n e x t  page 



Tab le  A.6 
Truck Acc idents  

Locat  i o n  Repor t  
Source 

No. Acc. F a l l  F i r e  Ob jec t  S t ruck  o f  v e l .  h t .  Y /N D e s c r i p t i o n  
Date o f  Acc ident  

Acc ident  D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

New Jersey 
Bordentown NIHAR-75-3 

, .  

E l i zabe th town  NS 

Tu rnp ike  
E x i t  8 NIHAR-73-4 

N e w  York 

Alden 

P Brant  

0 Brook lyn  
0 

B u f f a l o  

B u f f a l o  

Hamburg 

Locke 

Moreau 

NIHAB-80-1 

DOTHS801925 

N/HAR-71-6 

DOTHS600979 

DOTHS6009 74 

DOTHS60 17 62 

NS 

N/ H AB-80- 1 

Ohio 
As h t  abu l  a Newscast 

Val1 ey View N/HAR-77-3 

10/19/73 

9/27/77 

10/17/73 

3/15/78 

6/21/75 

5/30/70 

3/19/71 

3/24/71 

4/10/72 

NS 

8/13/78 

4/1/81 

8120176 

Side Col. 

Expl  os i o n  

Side Col. 

C o l l i s i o n  

C o l l i s i o n  

Exp los ion  

HtoH Col . 
Over tu rn  

Over tu rn  

J a c k k n i f e  

HtoH Col. 

Over tu rn  

M l t p l  Col. 

4 

1 

3 

4 

1 
1 

2 

1 

1 

21 

2 

1 

11 

55 

0 

65+ 

NS 

55 

0 

55 

60 

40 

NS 

NS 

NS 

50 

50 

0 

0 

0 

35 

0 

0 

NS 

NS 
0 

0 

NS 

0 

Y(NS) Car 

Y(NS) NS 

Y(30M) Guard ra i l  

Car 

Post, Roadbed 

NS 

T r u c k l T r a i l e r  

Roadbed 

Roadbed 

Bui  l d i  ng 

T ruck IT ra  i 1 e r  

Road bed 

M l t p l  Cars 

Continued on n e x t  page 



Table A.6 
Truck Accidents 

Locat ion Report 
Source 

Object Struck 
Des cr i pt i on 

No. Acc. Fall Fire 
Accident o f  vel. ht. Y/N 

Description Vhcl (mph) (f t .)  (dur) 
Date o f  
Accident 

Oklahoma 
El Reno 
Stroud 

Oregon 
Portland' 

Pennsyl van i a 
Clarion , 

Fulton County 
Indiana ' 

. .  P 
0 
c.r 

* I )  

, 8.t.' 

BMCS 6-606 
BMCS 6-046 

DOT 72-5 I 

.( - . - r \  

BMCS 69-5' '-" 

NIHAB-80-1 
NIH AR-80-3 
N/ HAB-80-1 

I .  

Lamar 
Lancas ter Cn ty NIHAR-7 2-1 

NS 
NS 

11/18/72 

NS 

2/22/79 
9/22/79 
217 I79 
2/6/72 

HtoH Col. 
Coll is ion 

Side Col. 

Collision 
Overturn 
HtoH Col. 
Run O f f  Rd 
Collision 

2 50 31 N Truck/Trai 1 er 
1 45 25 Y(NS) Guardrail 

1 NS O N  Concrete Wall 

1 20 13 N Br i dge 
Ground 1 NS O N  

2 70 NS N Car 
2 NS O N  Guardrail 
1 55 NS N Guardrai 1 

Mt. Pleasant NIHAB-80-1 2/14/79 Trailer Sep. 2 NS O N  Car 
N. Cumberland BMCS 3-208 NS Overt urn 2 55 O N  Roadbed 
Washington NS NS Coll is ion 1 50 0 Y(3H) Guardrail 
Washington NS NS Overturn 7 50 O N  Roadbed 
Warfordsburg NIHAB-80-1 5/5/79 Overturn 1 70 O N  Roadbed 

, ,  

Continued on next page 
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Table A.6 
Truck Acc idents  

Locat  i o n  Report  
Source 

Date o f  Acc i den t No. Acc. F a l l  F i r e  Ob jec t  S t r u c k  
Acc ident  D e s c r i p t i o n  Descr i p t  i on o f  v e l .  h t .  Y/N 

Vhcl (mph) (ft.) ( d u r )  

Rh&k Island 
West Greenwich N/HAB-80-1 1/26/79 

feilriessee 
Adams BMCS 69-3 NS 

Car thage BMCS 70-8 NS 
Church H i l i  NS 1/14/76 

K n o x v i l l e  P ( e a s t  o f )  K n o x v i l l e  News 4/29/81 

Koko N/ HA 8-80- 1 101 17 /78 

Memph i s BMCS 73-8 NS 

N a s h v i l l e  NIHAR-74-2 7/27 173 

0 
ru 

Oak Ridge CONF 090174 NS 

Tellas 
C o t u l l a  NIHAR-72-6 9/5/71 

Eagle Pass NIHAR-76-4 41 2917 5 

F a i r f  i e l  d BMCS 6-012 NS 

F i s c h e r  C i t y  BMCS 78-3 12/8/78 
-. 

Bldg e o l .  

HtotI C O l b  

C o l l i s i o n  

HtoH Col. 

NS Trk .  F i r e  

HtoS Col. 

M l t p l  Col. 

B r idge  
F a l l  O f f  

Over t u r n  

Ov t rn  Col. 

Over turn 

Over t  u r n  

HtoS Col. 

1 NS 0 

3 110 0 

1 55 50 

3 70 NS 

1 NS 0 

3 NS 0 

4 100 0 

1 55 65 

1 55 7 

2 60 0 

51 55 ' 0 

1 60 30 

2 55 0 

N Bui 1 d i n g  

N T r u c k I T r a i l  e r  

N R a i l i n g  

Y (85M) T r u c k I T r a c t o r  

Y(NS) None 

N Pickup Truck 

N T ruck /T ra i  l e r  

N B r idge  B a r r i e r ,  
Ground 

NS D i t c h  

Y (NS) Microbus 
N Concrete Wal l  

Y(NS) B r idge  B a r r i e r  

NS Bus 

Cont inued on n e x t  page 



Table A.6 
Truck Acc idents  

-- - 

L o c a t i o n  Report 
Source 

Texas ( con t inued)  

F o r t  Worth BMCS 6-183 

F o r t  Worth NS 

Houston N/HAR-77-1 

L u l  i n g  N/iH AR- 8 1 -4 

Mesqui te  BMCS 6-012 
San 'Antonio DOTHS800650 

S t  r a t  f o r d  BMCS 6-026 
t 4 , ' ; r .  ._. P w ., . 

-,.. , 1 

w 
Utah < * *  ,: 

Boun t i T u l  DOTH S801500 

D e l t a  : N/HAR-80-2 

Farmington DOTHS602309 
S a l t  Ldke City DOTHS8d1499 

S a l t  Lake Ci ty  DOTHS820160 

S c i p i o  * k/iAR-79-1 
. , + -  

Date o f  
Accident 

No. Acc. F a l l  F i r e  Ob jec t  St ruck 
D e s c r i p t i o n  Acc i den t  of v e l .  h t .  Y /N  

Vhcl  (mph) ( f t . )  ( d u r )  D e s c r i p t i o n  

NS 

NS 

5/11/76 

011/16/80 
NS 

9/24/71 
NS 

10/5/72 

9/12/79 

1/23/73 

10/16/72 

NS 

8/26/77 

Over turn 

J a c k k n i f e  

Over turn 

Sk id  

HtoH Col. 

Overt  u rn  

HtoH Col. 

C o l l i s i o n  

HtoS Col. 

Over turn 

Over turn 

C o l l i s i o n  

HtoH Col. 

1 
1 

1+ 
1 

2 

1 
2 

1 
2 

1 
1 

1 

2 

55 

55 

54 

55 

105 

60 

110 

65 

55 

70 

70  
55 

NS 

30 
55 

15 

NS 

0 

0 

NS 

20 

NS 

0 
0 

20 

0 

N Road bed 
N Br idge  R a i l  

N Freeway Roadbed 

N D i t c h  

N Truck /T ra i  l e r  

N Road bed 

NS T r u c k / T r a i l e r  

NS Guardrai1,Rdbed 

N Van/Br idge 

NS Roadbed 
Y (3H) Roadbed 

Y (NS)  Roadbed 

N Van 

. ....- . 

Cont inued on n e x t  page 



Tab le  A.6 
Truck Acc idents  

Locat  i o n  Repor t  
Source 

No. Acc. F a l l  F i r e  Ob jec t  S t ruck  
o f ,  v e l .  h t .  Y /N D e s c r i p t i o n  

Date o f  Acc ident  
Acc ident  D e s c r i p t i o n  Vhcl (mph) ( f t ; )  ( d u r )  

V i r g i n i a  
Hanover C i t y  NIHAB-80-1 12/17/79 HtoH Col. 2 NS O N  Car 

Ly n c h b u r  g HIHAR-73-3 3/9/72 Over t  u rn  1 25 0 Y(22H) Rock 

Q u a n t i  co Columbus, OH 2 /19/81 Br idge 1 55 80 N Brdg Under 
S t  r u  c t u r  e News Run O f f  

2 /18/81 C o l l i s i o n  1 60 25 N Guardra i  1 T r  i angl  e NIHAR-81-6 

Yash ington 
HtoH Col. 4 110 NS NS T r u c k I T r a i  1 e r  Pasco BMCS 10-058 NS 

N/ H AR-7 6-7 12/4/75 J a c k k n i f e  35 52 O N  Support Column ? Seat t 1 e 
W 
P 

Wyoming 

Baggs NS 8/2/74 S ide  Col. 2 NS 0 Y(NS) NS 

O N  House, V e h i c l e  Larami e N/,HAR-80-1 8/22/79 HtoH Col. 3 68 



Tab le  A.7 Legend 

T r a i n  Acc idents  

Report Source 
ASME 

DOT 

FRA 

I cc 
NATL, year ,  r e p o r t  # 

NCHI ,  year ,  r e p o r t  # 

NDCA, year ,  r e p o r t  # 

NDEN, year ,  r e p o r t  # 

NFTW, year ,  r e p o r t  # 
P 
w 
cn 

N/HZM 

NMKC, year ,  r e p o r t  # 

NNYC, y.ear, r e p o r t  # 

NOAK, year ,  r e p o r t  # 

N/ RAR 

NS 

American Soc ie ty  of Mechanical Engineers 

Department o f  T r a n s p o r t a t i o n  

Federal R a i l r o a d  A d m i n i s t r a t i o n  

I n t e r s t a t e  Commerce Commission 

Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  Admin i s t ra t i on ,  A t l a n t a  O f f i c e  

Department o f  T ranspor ta t  ion ,  Federa l  Rai 1 road Admi n i s t r a t  ion ,  Chicago O f f  i c e  

Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  Washington D.C. 

O f f i c e  

Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  Denver O f f i c e  

Department o f  T r a n s p o r t a t i o n ,  Federa l  R a i l r o a d  Admin i s t ra t i on ,  F o r t  Worth 

O f f i c e  

Na t iona l  T r a n s p o r t a t i o n  Sa fe ty  Board, Hazardous M a t e r i a l  Acc ident  Repor t  

Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  Kansas Ci ty 

O f f i c e  

Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  New York Ci ty  

O f f i c e  

Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  Admin i s t ra t i on ,  Oakland O f f i c e  

Na t iona l  T r a n s p o r t a t i o n  S a f e t y  Board,Railroad Acc ident  Repor t  

Not Stated 

Continued on n e x t  page 
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Tabl-e A . 7  Legend Continued 
Train Accidents 

Report Number 
NSEA, year 

Accident Descr ip t ion  

Brdg Col. 
Brdg Fail 
Drl Col. 
HtoH Col. 
HtoS Col. 
HtoT Col. 
Int. Fire 

7 
W 
u-l 

Department of Transportation, Federal Railroad Administration, Seattle Office 

Bridge Collision 
Bridge Fai 1 ure 
Derail Collision 
Head to Head Collision 
Head to Side Collision 
Head to Tail Collision 
Internal Fire 

Continued on next page 
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Tab le  A.7 
T r a i n  Acc idents  

L o c a t i o n  Repor t  
Source 

No. Acc. F a l l  F i r e  Ob jec t  S t ruck  o f  v e l .  h t .  Y / N  D e s c r i p t i o n  
.Date o f  Acc i dent  

Accident D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

Alabama ~ 

F1 orence NIRAR-79-2. 

Hunter  NATL78FR018 

Muscle Shoals NATLZ9FR001 

N o r t h  C a s t l e  NLRAR-77-9 

- . a  

. .  A1 as ka 8 1  

D I Hur r i cane  N/ RAR-7673 
0 
4 T a l  keetna NSEA77FR005 

Arizona - 3  . ’ 

Benson NIRAR-  7 5-2 

Benton NFTW79FR018 

Dequeen NFTW79FR020 

Ras o NOAK79 FRO 17 
Rone NF TW 7 9 FRO 1 4 

- .  
J 

9/18/78 

1/19/79 

1018178 

1 116177 

7/5/75 

12/1/76 

5/24/73 
12 1251 78 

1/13/79 
12/10/78 

12/4/78 

HtoH Col. 

Brdg Col. 

HtoH Col. 

Dera i  1 

HtoH Col .  

Dera i  1 

Expl os i on 

Dera i  1 

Dera i  1 

D e r a i l  
D e r a i l  

2 T  

72 

2 T  

22 

2 T  

71  

12 

137 

105 

NS 

125 

15 

8 

NS 

43 

40 

NS 

45 
45 

25 

40 

15 

12 

75 

0 

21 

0 

25 

0 

23 

20 

0 

14 

T r a i n  

B r idge  

T r a i n  

RR .Bed, RR Car 

T r a i n  

RR Bed, RR Car 

NS 

Br idge,  RR Cars, 
R i v e r  

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

Cont inued on n e x t  page 



Tab le  A.7 
T r a i n  Acc idents  

L o c a t i o n  Report  
Source 

Ob jec t  S t r u c k  No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y/N Descr i p t  i on 

Date o f  Acc ident  

Acc iden t  D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

Arkansas 
G i  lmore NFTW79FR019 

H a r t  man N FTW79 FRO08 

L e w i s v i l l e  NIRAR-78-8 

Popi ng-Ozar k NFTW79FR012 

Possum Grape 
(nea r )  NIRAR-83-06 

California 
Andes i te  

Brad l e y  

Hayward 

I n d i o  

K e l  so 
Orov i  1 l e  

P i  no1 e 

R o s e v i l l e  
San F ranc isco  

San t a  

P 
w co 

M a r g u r i t a  

NOAK79FRO 12 

NOAK79FR001 

N/RAR-80-10 

NIRAR-74-1 

NIRAR-81-7 

NOAK79FR011 

NOAK79 FRO 13 

DOT 4187 
NIRAR-79-5 

NOAK79 FRO05 

1/8/79 
2/27/77 

3/29/78 

11/9/78 

10/3/82 

11/26/78 

10/4/78 

4/9/80 

6/25/73 

11 / 17/80 

1 1 120 178 

12/1/78 

4/28/73 

1/17/79 

10/18/78 

D e r a i l  

Dera i  1 

Dera i  1 

D e r a i l  

HtoS Col. 

Dera i  1 

Dera i  1 

Dera i  1 

HtoH Col. 

HtoH Col.  

D e r a i l  

Dera i 1 

Ex p l  os i on 

I n t .  F i r e  

HtoH Col. 

97 55 O N  RR Bed, RR Car 

109 40 0 Y (ZOOM) RR Bed, RR Car 

47 35 0 Y(24H) RR Bed, RR Car 
RR Bed, RR Car 131 38 NS N 

2 50 30 Y(120) F r e i g h t  Car 

70 NS 0 

56 30 0 

1 52 30 

2 T  60 0 

2 118 NS 

61 30 10 

73 40 0 
289 0 0 

2 NS 0 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

T r a i n  

Caboose 
RR Bed, RR Car 

RR Bed, RR Car 

NS 

NS 

2 T  25 O N  T r a i n  

Cont inued on n e x t  page 



Table A.7 
T r a i n  Acc idents  

L o c a t i o n  Report  
Source 

Ob jec t  S t ruck  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y/N Descr i  p t  i o n  Vhcl 

(rnph) ( f t . )  ( d u r )  

Date o f  Acc i dent  
Accident 

C a l i f o r n i a  ( con t inued)  

S u r f  NIRAR-81-1 5/22/81 D e r a i l  3 60 NS N RR Bed, RR Car 
RR Bed, RR Car Therrnan N/ RAR-83- 1 1/7/82 Dera i  1 61 

Thousand Palms NIRAR-80-1 7 /24/79 HtoT Col. 2 T  20 0 Y(NS) T r a i n  

V i d a l  NOAK79FR025 2/5/79 D e r a i l  78 45 15 N RR Bed, RR Car 

57 O N  

Colorado 

Lambert 
7 

NDEN76FR137 7 19/76 Dera i  1 
e .  I 

38 60 5 N  RR Bed, RR Car 

. i .  w 
‘3 ~. Connec t i cu t  

Dar i an NIRAR-70-3 r 81 20169 HtoH Col.  2 T  60 O N  T r a i n  

N o r t h  Canaan NIRARi77-4 7/13/76 HtoH Col. 2 T  20 O N  T r a i n  

Sound View NIRAR-7 2-1 10/8/70 D r l .  Col .  2 T  60 0 Y(2.5H) T r a i n  

D e l  aware 

Wil rn ington NIRAR-76-7 10/17/75 HtoH Col.  3 T  25 O N  T r a i n  

Cont inued on n e x t  page 
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Table A.7 
T r a i n  Acc idents  

Locat  i o n  Report  
Source 

Ob jec t  S t r u c k  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  
Date o f  Acc ident  o f  v e l .  h t .  Y / N  . 

Vhcl (mph) ( f t . )  ( d u r )  
Acc ident  D e s c r i p t i o n  

-~ ~ 

District o f  Columbia 
Washington NDCA76FR151 

Washington NIRAR-82-6 

F1 ori da 
C r e s t  view NIRAR-79-11 

Lochloosa NfRAR-81-9 

Pensacol a N/RAR-78-4 ? 
West lake Wales FRA C71-72 P 

0 

Youngs t own NIRAR-78-8 

Georgia 
Cov i ngton NATL79FR025 
Pembroke NATL79FR021 

Rupert  NATL76FR219 

V i n i  ngs NATL79FRO 16 

7/18/76 

1/13/82 

4/8/79 

5/26/81 

11/9/77 

NS 

2/26/78 

2/19/79 
2/7/79 

9/11/76 

1 I 1 5  179 

D e r a i l  

Dera i  1 

Dera i  1 

Dera i  1 

Dera i 1 

Dera i  1 

Dera i  1 

Dera i  1 
Dera i  1 

Dera i  1 

Dera i  1 

84 36 25 Y ( N S )  RR Bed, RR Car,. 
Highway 

1 10 NS N Wal l  

119 35 NS Y(60H) RR Bed, RR Car 

1 76 NS N RR Bed, RR Car 

37 35 O N  RR Bed, RR Car 

123 50 NS NS RR Bed, RR Car 

145 45 O N  RR Bed, RR Car 

80 25 O N  RR Bed, RR Car 
5 N  RR Bed, RR Car 134 31 

108 50 O N  RR Bed, RR Car 
O N  RR Bed, RR Car 60 35 

Cont inued on n e x t  page 



Tab le  A.7 
T r a i n  Acc iden ts  

Locat  i o n  Report  
Source 

Ob jec t  S t ruck  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y /N 

Vhcl (mph) ( f t . )  ( d u r )  

Date o f  Acc iden t  
Acc ident  Des c r  i p t  i on 

I 1  1 i noi s 

B a r t o n v i l  l e  NCHI77FR016 

N/ RARr7,7 - 1 1 -  0 Chicago , 

NIRAd-73:5 
i' ,?! !I 

Chicago, 

Chicago N C H I  79FR004 
Chicago 

Cresen t  Ci ty N(RA8-72-2. 

' b 4  8 

I \  

Decatur  ic, 

Flagg,  f 

7 E l  b u r n  
P 

I NCHIRR761.18 
s 4 t . +  , . . + *  4. ' ' ( 

+ 

NS 

2 /4 /77 ,  
101 30172 

10/29/78 
1/9/76 

6/21/70 
7(19/74 
2 /,2 1 I77  

6/28/76 
~ . * I  

Gorham& 
.' '," 

NCHI78FROjO NS ~ 

Harvey NIRAR-80-3 10 /12/ 79 
Maquon, I . N(RAR-73;4 5/24/72 
M o r r i s o n  '. 1 . NCHIRR7.6184 8/22(76 

Nor thbrook 

Sa l  em N/ RAR-72-5 6/10/71 
S t  r a t  f o r d  NCH 179FR018 1/9/79 

NCH I 7 7  FRO 12  12 I 2 0  I7 6 . % J  
t -  

S p r i n g f i e l d  NIRAR-81-5 10/30/80 

Dera i 1 

HtoH Col. 
HtoH Col.  

HtoH Col.  
HtoH Co l .  
Dera i  1 
Yard Co l .  
Dera i  1 

Dera i 1 

HtoH Col. 

HtoH Co l .  
HtoH Col . 
Dera i  1 

Dera i  1 

Dera i  1 

D e r a i l  
De ra i  1 

97 52 20 NS RR Bed, RR Car 
2 T 9.5 NS N T r a i n  
3 T  50 O N  T r a i n  

T r a i n  2 T  20 O N  

2 35 NS N R a i l  Car 
113 43 0 Y(56H) RR Bed, RR Car 
595 8.5 0 Y(NS) RR Cars 
105 53 O N  RR Bed, RR Car 

140 60 12 

2 T  50 NS 
2 T  58 0 
2 T  80  0 

128 35 0 

103 30 20 

18 90 0 

83 50 0 

1 63 NS 

RR Bed, RR Car, 
B r i d g e  

T r a i n  

T r a i n  
T r a i n  
RR Bed, RR Car 
RR Bed, RR Car, 
B r i d g e  
RR Bed, RR Car 

RR Bed, RR Car 
RR Bed, RR Car 
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T r a i n  Acc idents  

O b j e c t  S t r u c k  No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y / N  D e s c r i p t i o n  

Vhcl (mph) ( f t . )  ( d u r )  

Repor t  Date o f  Acc ident  
L o c a t i o n  Source Acc ident  D e s c r i p t i o n  

Indiana 
N o r t h  Haven NIRAR-77-6 10/19/76 HtoH Col. 2 T  20 0 Y(NS) T r a i n  
S u l l  i v a n  NIRAR-84-02 9 11 4/83 HtoH Col . 2 35 O N  Caboose 
Veedersburg NCHI76FR112 6/25/76 D e r a i l  47 44 NS N RR Bed, RR Car 
Wheatf i e l  d FRA B-8-72 NS D e r a i  1 109 40 NS Y(2H) RR Bed, RR Car, 

Storage Tank 
Iowa 

NS 22 N R ive r ,  I c e  Cedar Rapids NMKC79FR017 12/25/78 Dera i  1 13 

C e n t r a l  Groove NMKC79FR009 11/28/78 Dera i  1 10 4 20 10 N RR Bed, RR Car 

Cudley FRA B272BN1 NS Dera i  1 93 60 NS Y(NS) RR Bed, RR Car 

Des Moines NIRAR-76-8 9/1/75 Dera i  1 63 25 0 Y(4D) RR Bed, RR Car 

P 
P 
r0 

Emerson N/RAR-83-02 6/15/82 Dera i 1 1 74 NS N RR Bed, RR Car  

Gordons F e r r y  NMKC79FR030 1/28/79 Dera i  1 104 26 35 N Miss.  Rvr, RR 
Cars 

NMKC77FRO10 1/23/77 Dera i  1 104+ 40 NS N RR Bed, RR Car N o r t  hwood 
47 NS N Caboose P a c i f i c  J n c t n  NIRAR-83-09 4/13/83 HtoH Col . 2 

,NMKC79FR023 1 11 2/79 D e r a i  1 106 50 O N  RR Bed, RR C a r  Woodburn 

Cont inued on n e x t  page 
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Loca t  i o n  Repor t  
Source 

Ob jec t  S t r u c k  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  
of ve l .  h t .  Y/N 

Vhcl  (mph) (ft.) ( d u r )  

Date o f  Acc iden t  
Acc ident  D e s c r i p t i o n  

Kansas 
A t  c h i  son NMKC79FR024 

F o r t  S c o t t  NMKC79FR036 
Hecl  a NMKC79FR001 
Lawrence NIRAR-80-4 

Leh igh  DOT B23-70 
Malvern N I RAR-7 5- 1 

? Kansas/Missour i  

w F o r t  S c o t t /  NMKC79FR020 
P 

L i b e r a l  

Kentucky- 

F o r t  Knox NIRAR-83-07 
Hanson NDCA79FR020 
Mu 1 araugh NIRAR-81-1 
Steps t o n e  NATL7 7 FRO0 7 

1/17/79 

3/11/79 

10/5/78 
10/2/79 

11/ 19/69 
7/5/74 

1/3/79 

3/22/83 
1/7/79 
7/26/80 

11/8/76 

HtoH Col. 

Dera i  1 

HtoS Col.  
Dera i  1 

Oera i 1 
D e r a i  1 

D e r a i  1 

D e r a i  1 
D e r a i  1 

Dera i  1 
Dera i  1 

2 T  60 0 Y(100M) T r a i n  

147 25 6 N  RR Bed, RR Car 
2 T  32 O N  T r a i n  

80 NS N RR Bed, RR Car 20 

36 27 0 Y(NS) RR Bed, RR Car 
77 NS N RR Bed, RR Car 21 

O N  RR Bed, RR Car 68 50 

1 28 NS N RR Bed, RR Car 
RR Bed, RR Car 

1 35 NS Y(5760M)RR Bed, RR Car 

54 38 20 N RR Bed, RR Car 

115 42 O N  
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L o c a t i o n  Repor t  
Source 

Ob jec t  S t ruck  
Des c r  i p t  i on 

No. Acc. F a l l  F i r e  
o f  vel: h t .  Y/N Date. o f  Acc ident  

Acc ident  D e s c r i p t i o n  Vhcl (rnph) ( f t . )  (du r )  

Louisiana 
L i v i n g s t o n  

Meel e r  

T a f t  

West Monroe 

Mary1 and 

7 Corsey 

Bal  t irnore 

P 
P Germantown 

Seabrook 

N/RAR-83-05 

N/ RAR-7 5-9 

NIRAR-73-6 

NFTW79FR008 

N/RAR-78-1 

FRA C-17-72 

N/RAR-81-6 

NIRAR-79-3 

9/28/82 

5130175 

2/21/73 

10/24/78 

6/12/77 
NS 

2/9/81 

6/9/78 

Dera i  1 

HtoH Col. 

HtoH Col. 

Dera i  1 

HtoH Col. 
Dera i  1 

HtoH Col. 

HtoH Col. 

1 40 NS 

2 T  48 0 

2 T  43 0 

105 10 6 

2 T  30 0 
55 55 NS 

2 88 NS 

2 T  35 NS 

RR Bed, RR Car 

T r a i n  

T r a i n  

RR Bed, RR Car 

T r a i n  
RR Bed, RR Car 

T r a i n  

T r a i n  

Massachusetts 
Bever l y  NIRAR-82-1 811 1 /81  HtoH Col. 2 19 NS N T r a i n  

S o m e r v i l l e  NIHZM-81-1 4/3/80 HtoS Col. 2 4 NS N Tank Car 

Cont inued on n e x t  page 
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T r a i n  Acc idents  

L o c a t i o n  Report  
Source 

Object  S t ruck  
Des c r  i p t i o n  

No. Acc. F a l l  F i r e  
of ve l .  h t .  Y /N Date o f  Acc ident  

Accident D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

M ich igan  

Kopje 

Lans i n g  

Minnesota 
DeGraff  

For be@ 

(Woodlnad) 

. e .  , 

7 H i l l s  a '  C C !  

P 
tn 

Nashau 
$ 

NCHI78FR024 *' 

NCHI79FR015 
Jilt - : , t '  

L L a  > *  r (I, . ..-. 
NhKC76FR126 

NHKc7*96RO12 ; 

NM f67.6 F RO 59 

N M K c ; ~ ~ F R O ~ ~ ~  

NS 

12 I 281 78 

7/4/16 

NS 

NS * 

1/30/78 

M i s s i s s i p p i  

Goodman" + - N/RAR27V23' 5 6/30/76 

N/ RAR-69- 1/25/69 L a u r e l  

, ' .- 

IO! I 

* '  * - 4 ,  
. # I  ' _ I  

Missour+,: - 

C rys ta l .  City NIRAR-84-01 7/18/83 
Dexter  - . -  NMKC79 PRO03 10 I 1 0  178 

D r  es d eo, NMK6.79 FRO25 1/23/79 

Dera i  1 

Dera i  1 

Dera i  1 

Dera i  1 
Dera i 1 

Dera i  1 

Dera i 1 

Dera i  1 

Dera i  1 

HtoH Col. 

Dera i  1 

38 

74 

61 

119 

44 

55 

13 

144 

94 

2 T  
38 

34 

40 

NS 

30 

NS 

40 

88 

30 

52 

NS 

50 

8 

0 

0 

30 

NS 

9 

0 

0 

25 

0 
8 

NS RR Bed, RR Car 

N RR Bed, RR Car 

Y(3M) RR Bed, RR Car 

Y(2H) RR Bed, RR Car 

N RR Bed, RR Car 

N RR Bed, RR Car 

N RR Bed, RR Car 

Y(60H) RR Bed, RR Car 

N RR Bed, RR Car 

N T r a i n  

N RR Bed, RR Car 

. .  . . .- 
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T r a i n  Acc idents  

~ 

Loca t  i o n  Repor t  
Source 

Ob jec t  S t r u c k  No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y/N D e s c r i p t i o n  

Vhcl (mph) ( f t . )  ( d u r )  

Date o f  Acc i dent  
Acc ident  D e s c r i p t i o n  

~ 

Missouri ( c o n t i n u e d )  

Kansas Ci ty  NMKC79FR015 

Rand 1 es NMKC79FR033 

S p r i n g f i e l d  NMKC79FR022 

Montan a 
B e l t  

Browning 

B u t t e  
C u r  ry 

Essex 
G1 a c i  e r  Park 

Greyc l  i f f  

Havre 
Lohman 
Z u r i c h  

? 
P 
ul 

NIRAR-77-7 

NSEA79FR003 

NSEA79FR013 

FRA C-7-72 
NSEA79FR001 

N/ RAR-8 0-6 

NSEA79FR006 
NSEA79FR008 

NIRAR-79-7 
NSEA79FR009 

12/16/78 

2/9/79 

1/10/79 

11/26/76 

10/23/78 

12/18/78 

NS 
1013178 

3/14/80 

11/3/78 
11/14/78 

3/28/79 
12/8/78 

Dera i  1 

D r l .  Col .  

D e r a i  1 

Dera i  1 

Side Col. 
D e r a i l  

Dera i  1 
Dera i  1 

Dera i  1 
Dera i  1 
Dera i  1 

D e r a i l  

HtoH Col. 

155 20 24 Y(20M) RR Br idge,  RR 

2 T  25 O N  

124 56 16 Y(NS) RR Bed, RR Car 

Bed, RR Car 

RR Bed, RR Car, 
T r a i n  

126 

2 T  
81  

84 
35 

10 

74 
81  

14 
2 T  

38 NS 

25 30 

26 0 

50 NS 
59 0 

37 12 

55 12 

60 18 
74 0 

35 0 

Y(12H) 
N 

NS 

NS 

N 
N 

Y(NS1 
N 

N 

N 

RR Bed, RR Car 

T r a i n  

RR' Bed, RR Car 

RR Bed, RR Car 
RR Bed, RR Car 

RR Bed, RR Car 
RR Bed, RR Car 

RR Bed, RR Car 
RR Bed, RR Car 

T r a i n  

Cont inued on n e x t  page 
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T r a i n  Acc idents  

L o c a t i o n  Report 
Source 

Ob jec t  S t ruck  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  
of  v e l .  h t .  Y /N D e s c r i p t i o n  Vhcl 

(mph) ( f t . )  ( d u r )  

Date o f  Acc ident  
Acc ident  

Nebraska 

Angora NIRAR-80-7 

A r l i n g t o n  NMKC79FR031 

Cre te  NIRAR-71-2 
G1 e n v i  1 1 e 

Gothenburg I -  ' NMKC79FR035 

NS 

Hast  i r igs 

Josse lyn  

? Mars 1 and 

P o t t e r  

Ral s t o n  

I .  L r  P 

Nevada 

E l  b u r z  

H oya 

New Jersey 

Edison 

L inden 

N I  RAR-7 7- 1 

NMKC7FR006 

NMKC7 9FRO 26 

NMKC77FR004 

NIRAR-77-8 

NOAK76FR127 

NOAK79FR015 

NIRAR-79- 10 

NIRAR-80-12 

2/16/80 

1/31/79 

2/18/69 

5/19/76 

3/12/79 

8 /2 /76  

NS 

1 /25/79 

11/13/76 

12/16/76 

7/4/76 

12/4/78 

4/20/79 

7/9/80 

HtoH Col. 

Dera i  j 
Dera i  1 

Dera i  1 

Dera i  1 

D e r a i l  

Dera i  1 

Dera i  1 

Dera i  1 

Dera i  1 

Dera i 1 

HtoH Col. 

HtoH Col. 

Dera i  1 

2 T  
82 

169 

70 

109 

119 

116 

110 

90 

12 

41 

2 T  

2 T  

2 

49 

40 

52 

68 

60 

45 

70 

45 

NS 
53 

NS 

22 

NS 
30 

0 

0 

0 

0 

0 

0 

NS 

40 

0 

40 

10 

0 

0 

NS 
c 

N 

N 

N 

N 

N 

N 

NS 

N 

Y(1M) 
N 

N 

T r a i n  

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 

RR Bed, RR Car 
Y(2.5H) RR Cars 

Y(5M) Truck, Machinery 

N RR Bed, RR Car 

Cont inued on n e x t  page 



Table A.7 
T r a i n  Acc idents  

Locat  i o n  Repor t  
Source ' 

Ob jec t  S t ruck  No. Acc. F a l l  F i r e  
o f  ve l .  h t .  Y / N  D e s c r i p t i o n  

Vhcl (mph) ( f t . )  ( d u r )  

Date o f  Acc ident  
Acc ident  D e s c r i p t i o n  

New Mexico 
Des Moines NDEN79FR001. 10/25/78 

New York 
Brook 1 yn NIRAR-82-2 7/3/81 

Dobbs F e r r y  NIRAR-81-4 11/7/80 

NY C i t y  Subway NIRAR-79-8 

New York Ci ty  NIRAR-75-8 1/2/75 ? 
121 12/78 P a3 

NY C i t y  Subway NIRAR-79-8 1/15/79 

NY C i t y  Subway NIRAR-79-8 2/14/79 

NY C i t y  Subway NIRAR-79-8 3/21/79 

Oneonta NIRAR-7 4-4 2/12/74 

North Carol i na 
La1 ev i ew NIRAR-80-10 4/2/80 

Dera i  1 

HtoH Col. 

HtoH Col. 

HtoH Col. 

Dera i  1 

Dera i  1 

Dera i 1 

Dera i  1 

Dera i 1 

HtoH Col.  

62 23 NS N RR Br idge, RR 
Bed, .RR Ca,r 

2 12.7 NS N Subway Car 

2 10 NS Y(15M) Power Car 

2 35 NS N R a i l  C a r  
8 NS 0 Y(NS) RR Bed, RR Car, 

Concrete Wal l  

10 NS O N  RR Bed, RR Car 

10 NS NS N RR Bed 

8 NS O N  RR Bed 

125 32 0 Y(7D) RR Bed, RR Car 

2 T  35 O N  T r a i n  

Spencer NIRAR-78-3 10/8/77 Side Col. 2 T  50 O N  T r a i n ,  RR Bed, RR 
Car 

Continued on nex t  page 



Tab le  A.7 
T r a i n  Acc iden ts  

Loca t  i o n  Repor t  
Source 

.. . 
O b j e c t  S t r u c k  

D e s c r i p t i o n  

No. Acc. F a l l  F i r e  

Vhcl (mph) ( f t . )  ( d u r )  
Date o f  Acc i den t  o f  v e l .  h t .  Y /N  Ac c i den t D e s c r i p t i o n  

North Dakota 
F a i  rmont 

Wal c o t t  

White Eart.h 

Ohio 
A1 bany *L;.- 

C i r c l  ;vi 11 e 
? e., 8 , - 
P uj 

C 1 eve1 and 
Columbus 

Hun t ing ton  
L e e t o n i a  

Leet  on i,a 
L o d i  . ’  

NMKC79 FRO1 9 
NMKC79FR034 
NMKC79FR02 1. 

FRA *C-i68-7:2 
8 .1r L t - J * - - , ’  

Columbus, OH 

N / PAR- 7 5 73 

i *Ne+ ., 

ICC.4036b+i 
FRA B-3-72 

N/ RAR-7 6-2 

NCHI79FR005 

NCHI  RR76081 
P e t t i s v i l l e  N/RAR-76-10 

P e m b e r v i l l e  . ’NCHI79FR012 

S t .  L o u i s v i l l e  Uti .ch News 

12/31/78 
2/17/79 

1/7/79 

NS 

2/17/81 

5/8/74 

NS 
NS 
6/6/75 
11 /.1/78 

5130176 
2/4/76 

12/3/78 

NS 

D e r a i  1 

D e r a i  1 
D e r a i l  

83 

64 
77 

D e r a i  1 93 

Dera i  1 49 0 

Brdg 

0e ra  
Dera 

HtoH 

HtoH 
Dera 

HtoH 

Col.  96 
1 29 

1 ~ 108 

Col.  2 T  

Col. 5 
1 72 

Col . 2 T  

Dera i  1 185 

D e r a i  1 83+ 

40 

48 
45 

30 

NS 

33 
43 

38 
29 

32 
57 

70 

35 

25 

0 

15 
0 

NS 

0 

25 

0 
NS 

0 
0 

15 

0 

0 

0 

RR Bed, RR Car 

RR Bed, RR Car 
RR Bed, RR Car 

RR Bed, RR Car, 
Creek Bed 

RR Bed, RR Car 

Drawbridge 
RR Bed, RR Car 

RR Bed, RR Car 

T r a i n  

T r a i n  

RR Bed, RR Car 

T r a i n  

RR Bed, RR Car 

RR Bed, RR C a r  

- -  
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T r a i n  Acc idents  

Loca t ion  Repor t  
Source 

Ob jec t  S t ruck  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  

Vhcl (mph) ( f t . )  (du r )  
Date o f  Acc ident  o f  ve l .  h t .  Y / N  Acc ident  D e s c r i p t i o n  

Ohio (con t inued)  
O N  Tra in ,  Tower Wooster NCHI79FR008 11/18/78 HtoS Col. 2 T  23 

Wooster NCHI 77 FRO 13 12/23/76 Dera i  1 131 30 15 Y(1OM) RR Bed, RR Car 

Okl ahma 
A 1  va NFTW79FR028 3/21/79 Dera i  1 83 42 5 N  

Leonard ASME RAIL 
TRANSPORT 
PROCEEDINGS NS Dera i 1 23 35 NS NS 

NIRAR-7 5-6 9/1/74 HtoH Col. 2 T  40 0 Y(NS) Mustang 
S a l l i s a w  NFTW79FRO11 11/6/78 D e r a i l  52 37 60 N 

? 
ul 
0 

Oregon 
Hunt ing ton  NSEA79FR012 12/18/78 Dera i  1 97 60 20 N 

RR Bed, RR Car 

RR Bed, RR Car 

T r a i n  

RR Bed, RR Car 

RR Bed, RR Car 

Cont inued on nex t  page 
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T r a i n  Acc iden ts  

Loca t  i o n  Repor t  
Source 

O b j e c t  S t r u c k  
D e s c r i p t i o n  

No. Acc. F a l l  F i r e  
Acc iden t  o f  v e l .  h t .  Y / N  

D e s c r i p t i o n  Vhcl (mph) ( f t . )  ( d u r )  

Date o f  
Acc ident  

Pennsylvania 

B i g  Run 

B r i s t o l  

B ryan t  

C u l m e r v i l  l e  

Herndon 
Munch ,- 

N o r t h  Wal es 

Roy e r  s f o r d  

We a t  h e r  by 

7 P h i l a d e l p h i a  
ul 

NNYC 7 9 FRO3 1 
NIRAR-82-5 

NNYC79FR021 

NNYC79FR003 

NIRAR-73-3 

N/ RAR-7 9-6 
N/RfiR-80-11 

NIkAR-80-5 
NIRAR-80-2 

NNY C7 8 FA0 1 5 

South Carol i na 

Denmark NATL79FR013 

F lo rence  N I RAR-78-6 

2/13/79 

3/29/82 
NS 

10/10/78 
3/12/72 

1/31/79 

7/17/80 
10/16/79 

10/1/79 

NS , 

1 /7 /79 

2/24/78 

D e r a i  1 
HtoH Col. 

Dera i  1 

D e r a i  1 

HtoH Col.  

HtoH Col. 
HtoH Col. 

2HTOT CL. 

HtoH Col. 
Derai  1 

Dera i  1 

Dera i  1 

74 34 0 

2T 22 0 
98 30 5 

145 35 0 

2 T  60 0 

2 T  30 0 

2 39 NS 

3 T  28 0 
2 T  45 0 

145 NS 30 

N 
N 

N 

N 

Y(NS) 
N 
N 

N 

N 

NS 

RR Bed, RR Car 
T r a i n  

RR Bed, RR Car 

RR Bed, RR Car 
T r a i n  
T r a i n  

E l e c t r i c  C a r  
Tra i ns 

T r a i n  

RR Bed, RR Car 

103 40 O N  RR Bed, RR Car 

20 20 0 Y(NS) RR Bed, RR Car 
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L o c a t i o n  Repor t  
Source 

Ob jec t  S t ruck  
Des c r  i p t  i on 

No. Acc. F a l l  F i r e  Date  of Acc ident  o f  ve l .  h t .  Y/N Acc ident  Des c r  i p t  i on Vhcl (mph) ( f t . )  ( d u r )  

Tennessee 
Brownsv i l  l e  NATL77FR020 2/17/77 
F o s t e r v i l l e  FRA C-5-72 NS 
N J o h n s o n v i l l e  NIRAR-82-4 12/28/81 

Pul  as k i  RIRAR-76-6 10/1/75 

Roddy NATL79FR012 12/24/78 
Waver l y  N/RAR-79-1 2/22/78 

P Texas 
ul 
N 

NFTW79 FRO 16 12/ 10 178 B r i t t o n  
C o t u l l a  N/RAR-74-3 12/1/73 

D a l l  as San Jose News 2/21/81 

Gar 1 and NFTW77FR007 3120177 

Houston N/RAR-75-7 9/21/74 

Houston N/RAR-72-6 10 I 1 9  17 1 
Marquez NFTW79FR005 10/13/78 

Paxton NIHZM-80-1 9/8/79 

Dera i  1 

Dera i  1 

HtoH Col. 

Dera i  1 

Dera i  1 

Dera i  1 

Dera i  1 
HtoH Col. 

Dera i  1 

Dera i  1 

Yard Col . 
Dera i  1 

Dera i  1 

Dera i  1 

101 49 20 
123 47 NS 

2 25 45 

14  65 40 

231 44 6 

120 35 0 

98 25 7 

2 T  40 0 

60 NS 50 

44 NS 0 

503 20 0 

88 45 45 

94 30 0 

56 30 15 

Y(4H) RR Bed, RR Car 

NS RR Bed, RR Car  
N Caboose 

N RR Bed, RR Car 

N RR Bed, RR Car 

Y(6H) RR Bed, RR Car 

N RR Bed, RR Car 

Y (1.5H) T r a i n  

Y (4H) RR Bed, RR Car, 
B r idge  

Y(NS) RR Bed, RR Car 

Y(9H) RR Cars 

Y(5H) RR Bed, RR Car 
N RR Bed, RR Car, 

Y(NS) RR Bed, RR Car 

Timber B r  d? 
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Table A.7 
T r a i n  Acc idents  

Locat  i o n  Report  
Source 

Ob jec t  S t ruck  
Descr i p t i o n  

No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y /N  

Vhcl  (mph) ( f t . )  ( d u r )  

Date o f  Acc ident  
Accident D e s c r i p t i o n  

Texas ( con t inued)  

Temp1 e NIRAR-83-08 

Ty 1 e r  NFTW79FR007 
. i t {  - 

t -  Utah 1 

Lakes ide NDENJ6FR111 

, 1.. : ' . Virgin i a,.  . P :,I .. Ln 

W A r l  i ngton NiRAR-73-2 
C o l o n i a l  Hghts N/RAR-83-04 

Crewe. v/-RAR-82:3 .: 
Elma - ! N-kRAR-79-4 , I  

N/RAR-71-1 . . .  
Francon i a  
J a r r a t t  

Rock f i  Sh 

$/EiRl76 . I  s < -!ff 

I .  N:/RdR>83-l 0 
- 

i 

' i  
I ,  

. .. . ' . F  , . .  . , - . .  

3/17/83 

10/22/78 

6/25/76 

4/27/72 

5/5/82 

i i 1 2 a / 8 i  

12/3/78 

1/27/70 

5/5/76 

4/3/83 

HtoH Col.  

Dera i  1 

HtoH Col. 

Dera i  1 

HtoS Col. 

Dera i  1 

Dera i  1 

Dera i  1 

Dera i  1 

8 35 NS 

79 45 12 

52 NS 10 

2 T  60 0 

1 64 40 

3 27 NS 

12 79 NS 

1 65 NS 

58 72 0 

1 48 NS 

N F r e i g h t  Car 

N RR Bed, RR Car 

N RR Bed, RR Car, 
Lake 

N T r a i n  
Y (8D) RR Bed, RR Car 

N RR Car 
Y(NS) RR Bed, RR Car 

N 

N RR Bed, RR Car 
N 

Embankment 

Lands1 i d e  

Cont inued on n e x t  page 



Tab le  A.7 
T r a i n  Acc idents  

Locat  i on Repor t  
Source 

No. Acc. F a l l  F i r e  Ob jec t  S t ruck  
Des c r  i p t  i o n  Date o f  Acc i dent  o f  ve l .  h t .  Y/N Acc ident  D e s c r i p t i o n  Vhcl (mph) (ft.) ( d u r )  

~ ~~ 

Washington 
Deer Park NSEA79FR002 1014178 

Ephrata 

Ka l  ama NSEA76FRO 28 9 / 7/7 6 

(Nay1 o r )  NSEA79 FRO21 21 28/79 

Kapows i n  NSEA79FR023 3/6/79 

Tacoma NSEA79FR025 3/22/79 

P ul T u k a i l l a  NS 1018177 
P 

Wenat chee N/RAR-76-1 8/6/74 

Uest V i r g i n i a  
Or leans Road NIRAR-80-9 2/12/80 

South R u f f n e r  NDCA79FR028 2/4/79 

Welch N / RA R-8 1 - 2 9/6/80 

Dera i  1 

Dera i  1 

Dera i  1 

Brdg F a i l  

Dera i  1 

HtoH Col. 

Exp 1 os i on 

HtoH Col. 

S ide Col. 

HtoS Col. 

41 23 O N  RR Bed, RR Car 

65 50 NS N RR Bed, RR Car 

NS 52 35 N RR Bed, RR Car ,  

45 10 15 N River ,  B r idge  

122 23 O N  RR Bed, RR Car, 

2 T  50 NS Y(NS) T r a i n  

201 10 0 Y(NS) NS 

R ive r  

RR B r idge  

2 T  38 O N  T r a i n  

2 T  78 5 N  T r a i n  
2 38 NS NS F r e i g h t  Car 

- -- 
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Table A.7 
T r a i n  Acc idents  

Locat  i o n  Report  
Source 

Ob jec t  S t ruck  No. Acc. F a l l  F i r e  
o f  v e l .  h t .  Y / N  D e s c r i p t i o n  

Vhcl  (mph)  ( f t . )  ( d u r )  

Date of Acc ident  
Accident Des c r  i p t  i on 

W i  scons i n 
Columbus NCHI79FR009 11/24/78 

Cy1 on FRA C-15-72 NS 
F r a n k s v i l  l e  NCHI79FR028 3/15/79 

M i  1 awukee NCHI79FR017 1/7/79 

S t u r t e v a n t  NCHI79FR024 2/12/79 

Uyomi ng 

? Dale  J u n c t i o n  
0, 
0, G r a n i t e  

Hermo sa 

Leroy 

Ramsey 

Red Deser t  
Sher idan 

Warns u t t e r  

NDEN7 9 FRO 0 7 

NIRAR-79-12 

NIRAR-81-3 

ND EN7 9FR00 2 

NIRAR-79-9 

ND EN7 7 FRO0 1 
NIRAR-7 2-4 

NDEN77 FRO07 

1 122179 

7/31/79 

10 116180 

11/3/78 

3/29/79 

NS 
3/28/71 

2/23/77 

Dera i 1 

Der a i  1 

D e r a i l  

De ra i  1 
D e r a i l  

D e r a i l  

Dera i  1 

HtoH Col. 

Dera i  1 

HtoH Col. 

Dera i  1 

Yard COL. 

Dera i  1 

Side Col.  

70 50 NS N RR Bed, RR Car 

95 45 NS NS RR Bed, RR Car 

81 40 O N  RR Bed, RR Car 

55 38 O N  RR Bed, RR Car 

84 40 NS N RR Bed, RR Car 

121 

85 

2 

92 

2 T  

6 6 t  

14 

NS-T 

40 

75 
40 

60 

48 

NS 

15 

67-54 

40 

0 

NS 

0 

0 

NS 
0 

0-0 

Y (56H) 

N 

N 

N 
N 

NS 
N 

N 

RR Bed, RR Car 

RR Bed, RR Car 

r aboose 

RR Bed, RR Car 

T r a i n  

RR Bed, RR Car 

RR Cars 

RR Bed, RR Car, 

T r a i n  
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APPENDIX B 
Truck Acc iden t  Data 

B.l I n t r o d u c t i o n  

T h i s  appendix summarizes bo th  t h e  highway acc iden t  da ta  which form t h e  

b a s i s  f o r  t h e  d i s t r i b u t i o n  o f  a c c i d e n t  scenar ios  and t h e  es t ima tes  o f  t h e  

p r o b a b i l i t y  d i s t r i b u t i o n s  used i n  t h e  p r o b a b i l i s t i c  a n a l y s i s  o f  f u t u r e  t r u c k  

acc iden ts  i n v o l v i n g  t h e  t r a n s p o r t  o f  spent nuc lea r  f u e l .  The p r imary  sources 

o f  da ta  a r e  t h e  Bureau o f  Motor C a r r i e r  S a f e t y  (BMCS), American Petro leum 

I n s t i t u t e  (API) ,  C a l i f o r n i a  Highway P a t r o l  (CHP), and t h e  C a l i f o r n i a  

Department o f  T r a n s p o r t a t i o n  (CALTRANS) r e p o r t s  on highway acc iden ts .  I n  

a d d i t i o n ,  a Sandia r e p o r t  on severe a c c i d e n t s  was t h e  source o f  f i r e  d u r a t i o n  

d i s t r i b u t i o n s  and est imates o f  t h e  p r o b a b i l i t y  o f  a f i r e .  

Sec t i on  B.2 d iscusses t h e  da ta  used t o  es t ima te  t h e  t r u c k  a c c i d e n t  

r a t e .  Sec t i on  B.3 d iscusses t h e  d i s t r i b u t i o n s  o f  t r u c k  v e l o c i t i e s .  S e c t i o n  

B.4 covers t h e  d i s t r i b u t i o n  o f  t r a i n  v e l o c i t i e s  used t o  ana lyze  r a i l - h i g h w a y  

grade c r o s s i n g  acc iden ts .  Sec t i on  8.5 d iscusses t h e  d i s t r i b u t i o n  o f  o b j e c t s  

s t r u c k ,  and, f i n a l l y ,  Sect ions 8.6 and B.7 cover t h e  f i r e  acc iden t  data.  

B.2 Truck Acc ident  Rate 

I n f o r m a t i o n  concern ing t r u c k  acc iden ts  i n v o l v i n g  motor c a r r i e r s  o f  

p r o p e r t y  t h a t  ope ra te  i n  i n t e r s t a t e  commerce i s  a v a i l a b l e  i n  r e p o r t s  p u b l i s h e d  

a c c i d e n t s  a re  d e f i n e d  by t h e  BMCS as occurrences i n v o l v i n g  a motor v e h i c l e  

operated by a motor c a r r i e r  s u b j e c t  t o  t h e  Federa l  Motor C a r r i e r  Sa fe ty  

Regu la t i ons  (49 CFR 390-397) r e s u l t i n g  i n  (1) t h e  death o f  one o r  more human 

beings; ( 2 )  b o d i l y  i n j u r y  t o  one o r  more persons who, as a r e s u l t ,  r e c e i v e s  

by t h e  BMCS o f  t h e  U.S. Department o f  T r a n s p o r t a t i o n  (DOT). B. 1-B. 13 Truck 

medica l  t r e a t m e n t  away f rom t h e  scene o f  t h e  acc iden t ;  and/or (3) t o t a l  damage 

t o  a l l  p r o p e r t y  aggregat ing d o l l a r  damage a t  o r  above t h e  d o l l a r  damage 

t h r e s h o l d  l i m i t  based on a c t u a l  c o s t  o r  r e l i a b l e  est imates.  

P r i o r  t o  1973, t h e  BMCS t a b u l a t e d  o n l y  those t r u c k  acc iden ts  w i t h  d 

o f  $250 o r  g r e a t e r  i n v o l v i n g  f o r - h i r e  c a r r i e r s ,  i.e., t r u c k i n g  f i r m s  t h a t  

f r e i g h t  owned by another  p a r t y .  Since 1973, t h e  BMCS has a l s o  t a b u  

mage 

h a u l  

a t  ed 
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a c c i d e n t s  i n v o l v i n g  p r i v a t e ,  i .e. ,  f i r m s  u s i n g  t h e i r  own, o r  leased, v e h i c l e s  

as p a r t  o f  t h e i r  commercial o p e r a t i o n  t o  t r a n s p o r t  t h e i r  own goods, as w e l l  as 

a c c i d e n t s  o f  f o r - h i r e  c a r r i e r s .  However, s i n c e  1973, t h e  t o t a l  v e h i c l e  m i l e s  

have n o t  been i n c l u d e d  i n  t h e  BMCS r e p o r t s .  The a c c i d e n t  r a t e  f o r  t h e  p e r i o d  

1960-1972, 2 . 4 8 ~ 1 0 - ~  a c c i d e n t s / v e h i c l e - m i l e ,  i s  an est imate;  however, ( 1 )  i t  

i s  based on t h e  exper ience some years  ago, and ( 2 )  i t  i s  n o t  c l e a r  what i s  

d e f i n e d  as a t r u c k .  Th is  d e f i n i t i o n  i s  impor tan t  because p i c k u p  t r u c k s  and 

vans, i.e., non t r a c t o r / s e m i t r a i l e r  t r u c k s ,  t e n d  t o  have an a c c i d e n t  r a t e  

c l o s e r  t o  t h a t  o f  automobi les.  Therefore,  i t  was decided n o t  t o  base t h e  

a c c i d e n t  r a t e  f o r  t h i s  s tudy on t h e  BMCS data.  

Another source o f  t r u c k  a c c i d e n t  da ta  i s  t h e  database mainta ined by t h e  

A P I  c o n s i s t i n g  o f  i n f o r m a t i o n  s u p p l i e d  by pet ro leum i n d u s t r y  companies. 

Acc ident  d a t a  i s  a v a i l a b l e  f o r  t h e  A P I  f o r  t h e  p e r i o d  1968 th rough  1981 f o r  
l a r g e  t r u c k s .  B.14-B*18 Al though a p r e c i s e  d e f i n i t i o n  o f  an a c c i d e n t  i s  n o t  

i n c l u d e d  i n  t h e  r e p o r t s ,  an acc iden t  r a t e  based on t h e  A P I  da ta  was used i n  

t h i s  study. The A P I  a c c i d e n t  r a t e  d a t a  was judged t o  be more r e l i a b l e  because 
shipments i n v o l v i n g  hazardous m a t e r i a l s  a r e  u s u a l l y  more t i g h t l y  c o n t r o l l e d  

than  shipments i n v o l v i n g  non-hazardous m a t e r i a l s .  I n  a d d i t i o n ,  t h e  A P I  d a t a  

was judged t o  be most a p p l i c a b l e  t o  spent f u e l  shipment because 

t r a n s p o r t  g a s o l i n e  t y p e  p roduc ts  a r e  o f  s i m i l a r  s i z e  and weight  t o  

t r a n s p o r t  spent f u e l .  The A P I  da ta  i s  expected t o  be c o n s e r v a t i v e  

average t r i p  l e n g t h  o f  a g a s o l i n e  t r u c k  i s  l e s s  than 28 m i l e s  and 
types o f  roads. T h i s  w i l l  r e s u l t  i n  a h i g h e r  acc iden t  r a t e  than  

t r u c k s  t h a t  

t r u c k s  t h a t  

because t h e  

nvolves a l l  
an a c c i d e n t  

r a t e  based on cross-country  t r i p s  t h a t  i n v o l v e  p r i m a r i l y  i n t e r s t a t e s .  

To a l l o w  f o r  t h e  i m p o s i t i o n  o f  t h e  n a t i o n a l  speed l i m i t  i n  1973, o n l y  t h e  
d a t a  from 1973 th rough  1981 was used t o  e s t i m a t e  a t r u c k  a c c i d e n t  r a t e .  Tab le  

B. l  summarizes t h e  A P I  a c c i d e n t  d a t a  f o r  t h e  years 1973 t o  1981. The 

es t ima ted  a c c i d e n t  rat ,e,  5 . 9 4 E ~ 1 0 - ~  acc iden ts / t ruck -m i  l e ,  i s  h i g h e r  than  t h e  

r a t e  based on t h e  BMCS data.  
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Tab le  B . l  
Pet ro leum I n d u s t r y  Acc ident  Data Summary, 1973-198ld/ 

No. o f  No. o f  No. o f  Truck Acc ident  Rate/  
Year Compy. Trucks Acc idents  M i l e s  x 1000 Truck-Mi 1 e 

1973 

1974 
1975 

1976 
1977 
1978 

1979 
1980 

73 

73 
69 

70 
69 

68 
63 

62 

20,046 

20,147 

29,071 

22,748 
21,508 

19,113 

21,414 
21,970 

3,804 

3,151 

4,089 

3,528 

2,784 
2,562 
2,889 

2,391 

508,783 

469,804 

779,260 

585,609 
519,446 
404,748 

467,939 

455,324 

7.48 

6.71 

5.25 
6.02 

5.36 
6.33 

6.17 

5.25 l o e 6  
-- 2,445 I 465,571 5.25 21,158 -- 81 - 1981 

I__ 

To t  a1 197,175 27,643 4,656,484 5.94 10-6 
Av g /ye ar  21,908 3,071 517,387 

I_----- -- --- ---- 
a/ American Petro leum I n s t i t u t e .  B. 14-B. 18 - 

' ! .  
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B.3 D i s t r i b u t i o n s  o f  V e l o c i t y  f o r  Truck Acc idents  

The v e l o c i t y  o f  t h e  t r u c k  a t  t h e  t i m e  o f .  an a c c i d e n t  i s  an impor tan t  

parameter i n  de te rm in ing  impact f o r c e s  on cargos i n v o l v e d  i n  highway 

acc iden ts .  Th i s  parameter, i n  combinat ion w i t h  t h e  ang le  o f  impact, i s  an 

e s t i m a t e  o f  t h e  impact v e l o c i t y  o f  t h e  cask a t  t h e  t i m e  o f  t h e  acc iden t .  The 

impact v e l o c i t y ,  i n  combinat ion w i t h  t h e  cask o r i e n t a t i o n  and t h e  o b j e c t  

s t r u c k  o r  subsequent i n t e r a c t i o n  o f  t h e  t r u c k  w i t h  i t s  environment a f t e r  t h e  

a c c i d e n t  begins,  determines t h e  f o r c e s  and damage exper ienced by t h e  cask. 

Thus, t h e  d i s t r i b u t i o n  o f  t r u c k  v e l o c i t i e s  a t  t h e  t i m e  o f  an acc iden t  i s  one 

o f  t h e  necessary i n p u t s  i n t o  t h e  p r o b a b i l i s t i c  a n a l y s i s  o f  acc iden ts  i n v o l v i n g  

spent  f u e l  casks. 

Considerable e f f o r t  went i n t o  a t t e m p t i n g  t o  accumulate a database o f  

a c c i d e n t  d a t a  f rom pas t  events  which reasonably  r e f l e c t s  what m igh t  be 
exper ienced by t r u c k s  t r a n s p o r t i n g  spent f u e l  casks i n  t h e  f u t u r e .  To t h i s  

end, annual r e p o r t s  on motor  v e h i c l e  acc iden ts ,  as accumulated by t h e  CHP 

formed t h e  b a s i s  f o r  deve lop ing  an a p p r o p r i a t e  c o l l e c t i o n  o f  a c c i d e n t  

s t a t i s t i c s .  B*19-B*29 Al though d a t a  f rom seve ra l  c l a s s i f i c a t i o n s  o f  acc iden ts  

have been repo r ted ,  e.g., a l l  i n j u r y  acc iden ts ,  i n j u r y  t r u c k  acc iden ts ,  and 

a l l  f a t a l  acc iden ts ,  we chose t o  e s t i m a t e  t h e  d e s i r e d  d i s t r i b u t i o n  o f  

v e l o c i t i e s  on f a t a l  and i n j u r y  a c c i d e n t s  i n v o l v i n g  t r u c k / s e m i t r a i l e r s .  

The d i s t r i b u t i o n  o f  v e l o c i t i e s  c o v e r i n g  t h e  years 1958-1967 i s  g i v e n  i n  

Table 8.2. An impor tan t  q u e s t i o n  w i t h  r e g a r d  t o  t h e  use o f  t h e  da ta  i n  Tab le  

8.2 as a b a s i s  f o r  e s t i m a t i n g  v e l o c i t i e s  f o r  f u t u r e  t r u c k  acc iden ts  i s  whether 

t h e  t r a f f i c  c o n d i t i o n s  i n  t h e  1958-1967 t i m e  p e r i o d  i s  comparable t o  t r a f f i c  

c o n d i t i o n s  which c a n - b e  expected t o  be exper ienced i n  t h e  f u t u r e .  P r i o r  t o  

1959 C a l i f o r n i a  highway speed l i m i t s  were 55 mph f o r  automobi les and 45 mph 

f o r  t r u c k s  ( d e f i n e d  as t r u c k s  w i t h  t h r e e  o r  more ax les  and any t r u c k  o r  t r u c k  

t r a c t o r  p u l l i n g  one o r  more t r a i l e r s )  and ca rs  w i t h  t r a i l e r s .  I n  1959 t h e  

motor v e h i c l e  code was changed t o  l i m i t  ca rs  t o  65 mph; however, t r u c k s  and 

ca rs  w i t h  t r a i l e r s  were s t i l l  l i m i t e d  t o  45 mph except on highways w i t h  f o u r  

o r  more l anes  ( a t  l e a s t  two lanes i n  each d i r e c t i o n ) ,  where t h e  speed l i m i t  

was 50 mph. I n  1963, t h e  motor v e h i c l e  code was changed t o  l i m i t  ca rs  on 
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Table B.2 
Distribution of  Velocities f o r  Truck/Semitrailers Involved in 

Fatal and Injury Accidents in California, 1958-19672’ -- I 

Number o f  Fractional Cumulative 
Vel oc i ty Accidents Percent Percent 
(mph 1 (% 1 ( % I  

0 
1-10 

11-20 
21-30 
31-40 
41-50 
51-60 
61-70 

>70 
Total 

1,774 
4,143 
4,122 
4,248 
4,733 
7,264 
1,173 

171 
63 

27,691 

6.41 
14.96 
14.89 
15.34 
17.09 
26.23 

4.24 
0.62 
0.23 

100.00 

6.41 
21.37 
36.25 
51.59 
68.69 
94.92 
99.15 
99.77 

100.00 

--- - -_I-- 

B. 19-B. 29 - a/ California Highway Patrol. 
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freeways t o  70 mph w h i l e  t r u c k s  and ca rs  w i t h  t r a i l e r s  were r e s t r i c t e d  t o  50 

mph on a l l  highways. 

The speed l i m i t s  were aga in  changed i n  1967 t o  a l l o w  t r u c k s  and cars w i t h  

t r a i l e r s  t o  t r a v e l  up t o  55 mph over  a l l  highways. These r e g u l a t i o n s  remained 

i n  e f f e c t  u n t i l  superseded by t h e  n a t i o n a l  speed l i m i t  i n  1973. Because t h e  

speed l i m i t s  d u r i n g  t h e  1958-1967 t i m e  p e r i o d  were l ower  than  t h e  p resen t  55 

mph l i m i t  f o r  a l l  v e h i c l e s ,  t h e  v e l o c i t i e s  i n  Table 8.2 may be b iased towards 

l ower  v e l o c i t i e s .  However, by choosing f a t a l  and i n j u r y  acc iden ts ,  r a t h e r  

than a l l  acc iden ts  ( i n c l u d i n g  non i n j u r y  a c c i d e n t s ) ,  t h i s  b i a s  has been 

somewhat compensated f o r  because i n j u r y  and f a t a l  a c c i d e n t s  g e n e r a l l y  i n v o l v e  

h i g h e r  v e l  o c i  t i  es . 
Accident  d a t a  f rom Nor th  Caro l i naBo3 ’  was used t o  e s t i m a t e  t h e  e f f e c t s  o f  

b r a k i n g  on impact v e l o c i t y .  Tables B.3 and 6.4  summarize t h e  d i s t r i b u t i o n  o f  

v e l o c i t i e s  f o r  acc iden ts  i n v o l v i n g  a l l  types o f  v e h i c l e s  r e s u l t i n g  i n  
f a t a l i t i e s ,  i n j u r i e s ,  o r  p r o p e r t y  damage f o r  t h e  yea rs  1979-1981. I n  Table 

8.3, t h e  v e l o c i t i e s  a r e  based on es t ima tes  o f  t h e  o r i g i n a l  v e h i c l e  v e l o c i t y  

w h i l e  i n  Table B.4 t h e  v e l o c i t i e s  a r e  es t ima tes  o f  t h e  v e l o c i t y  a t  impact. As 

d iscussed i n  S e c t i o n  5.0, a comparison of t hese  two d i s t r i b u t i o n s  was used as 
a b a s i s  f o r  a d j u s t i n g  t h e  d i s t r i b u t i o n  o f  t r u c k  v e l o c i t i e s  f o r  t h e  e f f e c t s  o f  

b r a k i n g  d u r i n g  t h e  e v o l u t i o n  o f  an acc iden t  p r i o r  t o  v e h i c l e  impact.  

B.4 B i s t r i b u t i o n  o f  T r a i n  Speeds a t  Rai 1-Highway Grade-Crossing Acc idents  

The U . 5 .  DOT Federal  R a i l r o a d  A d m i n i s t r a t i o n  (FRA) d e f i n e s  r a i l - h i g h w a y  

grade-cross ing a c c i d e n t s  as any impact between r a i l r o a d  on- t rack equipment and 

an automobi le,  ‘bus,  t r u c k ,  motorcyc le,  b i c y c l e ,  farm v e h i c l e ,  o r  p e d e s t r i a n  a t  

a h ighway- ra i l  Zgradle c r o s s i n g  i n  which t h e  amount o f  damage done t o  r a i l r o a d  

equipment i s  {a t  l e a s t  a s p e c i f i e d  !damage t h r e s h o l d  l i m i t .  I f  t h e  impact 

causes damage t o  n a i l r o a d  equipment l e s s  than t h e  d o l l a r  damage t h r e s h o l d  

l i m i t ,  i t  i s  c ” I a s s i f i e d  as an i n c i d e n t .  P r i o r  t o  1975, t h e  damage t h r e s h o l d  

l i m i t  was $750 and o ra i l Jh ighway  grade-cross ing acc iden ts  were t a b u l a t e d  

by t h e  FRA. B*34 Ia 1975, t h e  t h r e s h o l d  was inc reased  t o  $1750 t o  account f o r  

-- 
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Tab le 8.3 

Types o f  Accidents ,  Nor th  C a r o l i n a ,  1979-198ld/  
D i s t r i b u t i o n  o f  Est imated O r i g i n a l  V e h i c l e  V e l o c i t i e s  f o r  A l l  

Year 
V e l o c i t y  1979 1980 1981 

(mph) 

0 
1-5 

6- 10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 
41-45 
46-50 
51-55 
56-60 
61-65 
66-70 
71-75 
76-80 
81-85 

>85 

51 2 
22,191 
20,335 
13,846 
20,417 
17,336 
23,336 
33,147 
17,245 
22,028 
16,144 
15,336 

2,071 
1,621 

751 
603 
134 

1243 

3,559 

214 
19,976 
18,655 
12,697 
18,965 
16,388 
21,472 
33,147 
16,317 
21,049 
14,889 
14,301 

1,907 
1,604 

68 5 
584 
127 
855 

3,492 

188 
19,205 
17,865 
12,051 
18,042 
16,100 
21,582 
34,030 
16,075 
21,156 
14,315 
14,784 

3,261 
1,991 
1,476 

7 19 
539 
143 
807 

Not Stated&/ 45,590 43,290 42,526 

T o t a l  

91 4 
61,372 
56,855 
38,594 
57,424 
49,824 
66,390 

100,324 
49,637 
64,233 
45,348 
44,421 
10,312 

5,969 
4,701 
2,155 
1,726 

404 
2,905 

131,406 

Avg . 

305 
20,457 
18,952 
12,865 
19,141 
16,608 
22,130 
33,441 
16,546 
21,411 
15,116 
14,807 
3,437 
1,990 
1,567 

7 18 
575 
135 
968 

43,802 

Fra. Cum. 
Pct.  Pct .  
( % I  (XI 

0.14 
9.25 
8.57 
5.82 
8.65 
7.51 

10.01 
15.12 

7.48 
9.68 
6.83 
6.69 
1.55 
0.90 
0.71 
0.32 
0.26 
0.06 
0.44 

N/A 

0.14 
9.39 

17.96 
23.77 
32.43 
39.94 
49.94 
65.06 
72.54 
82.22 
89.06 
95.75 
97.31 
98.21 
98.92 
99.24 
99.50 
99.56 

100.00 

N / A  

al, 

- b/  

U n i v e r s i t y  o f  Nor th  C a r o l i n a  Highway S a f e t y  Research Center. B. 30 

Excluded f rom percentage c a l c u l a t i o n s .  ' 

- 
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Table B.4 
D i s t r i b u t i o n  o f  Est imated V e h i c l e  Impact V e l o c i t i e s  f o r  A l l  

Types o f  Acc idents ,  Nor th  Caro l  i na ,  1979-198ld/ 

Year Fra. Cum. 
V e l o c i t y  1979 1980 1981 T o t a l  Avg. Pct. Pct .  

(mph 1 (% 1 (%I 

0 
1-5 

6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 
41-45 
46-50 
51-55 
56-60 
61-65 
66-7 0 
71-75 
76-80 
81-85 

>85 

818 413 
30,831 29,125 
29,236 28,273 
20,279 19,905 
26,955 26,958 
18,904 18,386 
23,914 23,301 
19,368 19,123 
15,991 15,091 
11,589 10,866 

4,936 4,945 
2,056 2,028 

818 678 
69 7 687 
250 24 1 
26 2 251 

58 55 
94 87 

9,754 9,249 

,Not State&/ 60,635 50,952 

412 
29,181 
28,026 
19,811 
26,423 
18,619 
23,023 
18,706 
14,589 
10,554 
8,726 
4,730 
1,861 

691 
673 
239 
20 5 

52 
73 

50,261 

1643 
89,137 
85,535 

80,336 
55,909 
70,238 
57,197 
45,671 
33,009 
27,729 
14,611 

5,945 
2,187 
2,057 

730 
718 
165 
254 

161,848 

59,995 

548 
29,712 
28,512 
19,998 
26,779 
18,636 
23,413 
19,066 
15,224 
11,003 
9,243 
4,870 
1,982 

7 29 
686 
243 
2 39 

55 
85 

53,949 

0.26 
14.08 
13.51 
9.48 

12.69 
8.83 

11.09 
9.03 
7.21 
5.21 
4.38 
2.31 
0.94 
0.35 
0.32 
0.12 
0.11 
0.03 
0.04 

N/A  

0.26 
14.34 
27.85 
37.33 
50.02 
58.85 
69.94 
78.98 
86.19 
91.41 
95.79 
98.10 
99.03 
99.38 
99.71 
99.82 
99.93 
99.96 

100.00 

N/A 
~~~~ -~ 

B. 30 - a/ U n i v e r s i t y  o f  N o r t h  C a r o l i n a  Highway Sa fe ty  Research Center.  

- b l  Excluded f r o m  percentage c a l c u l a t i o n s .  
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t h e  e f f e c t s  o f  i n f l a t i o n .  Also,  a t  t h i s  t ime, t h e  FRA s t a r t e d  t o  i n c l u d e  

r a i l - h i g h w a y  grade-cross ing i n c i d e n t s  i n  t h e i r  grade c r o s s i n g  a c c i d e n t  
data.  B*31-B*38 Th is  r e s u l t e d  i n  a s u b s t a n t i a l  i nc rease  i n  t h e  r e p o r t e d  number 

o f  impacts between t r a i n s  and ' o the r  m o b i l e  o b j e c t s  i n  t h e  grade-cross ing 

acc iden t  da ta  a f t e r  1975. Because o f  t h e  d i f f e r e n c e  i n  types o f  events  

recorded, o n l y  t h e  r a i  l -h ighway grade-cross ing a c c i d e n t  d a t a  a f t e r  1974 was 

used. 

Table 8.5 p resen ts  t h e  d i s t r i b u t i o n  o f  t r a i n  v e l o c i t i e s  a t  grade-cross ing 

a c c i d e n t s / i n c i d e n t s  i n v o l v i n g  motor veh ic les .  The r e l i a b i l i t y  o f  t h e  t r a i n  

a c c i d e n t / i n c i d e n t  v e l o c i t y  a t  r a i l - h i g h w a y  grade-crossings can be considered 

good because r a i l r o a d  locomot ives a r e  equipped w i t h  acc iden t  r e c o r d e r s  t o  

r e c o r d  t h e  t r a i n ' s  v e l o c i t y  p r i o r  t o ,  d u r i n g ,  and a f t e r  t h e  acc iden t ,  a l t hough  

on a ve ry  crude scale.  The recorded t r a i n  v e l o c i t y  w h i l e  p robab ly  no more 

accu ra te  than  5 t o  10 mph, i s  c e r t a i n l y  more r e l i a b l e  than  a f t e r - t h e - f a c t  

v e l o c i t y  es t ima tes  made by i n v e s t i g a t i n g  o f f i c e r s  a t  highway a c c i d e n t  s i t e s .  

8.5 - Highway Acc ident  Object  Frequency 

Data were c o l l e c t e d  from seve ra l  sources t o  e s t  

impact w i t h  p a r t i c u l a r  o b j e c t s .  Two o f  t h e  p r imary  
CALTRANS f o r  a l l  v e h i c l e s  and t h e  BMCS f o r  t rucks .  

Table 8.6 presents  t h e  t r u c k  highway a c c i d e n t  d a t a  

mate t h e  f requency o f  

d a t a  sources were t h e  

ob ta ined  f rom t h e  BMCS 

f o r  t h e  years 1973 th rough  1983. B*4-B*13 The o b j e c t  s t r u c k  ( for  c o l l i s i o n  
a c c i d e n t s )  o r  a c c i d e n t  t y p e  ( f o r  nonco l - l i s i on  a c c i d e n t s )  a r e  c a t e g o r i e s  as 

g i v e n  by t h e  BMCS. These ca tegor ies  a r e  d i v i d e d  i n t o  non f i xed -ob jec t  

c o l l i s i o n s ,  f i x e d - o b j e c t  c o l l  isions::<(for c o l l i s i o n  a c c i d e n t s ) ,  ran -o f f - road  

acc iden ts ,  impact-wi th-roadbed acc idFn ts ,  o r  o t h e r  noncol l i s i o n  acc iden ts  ( f o r  

n o n c o l l i s i o n  a c c i d e n t s ) .  Tt@ f f- BMCS d a t a  were d i v i d e d  t h i s  way i n  o r d e r  t o  
p r o v i d e  subcategor ies t h a t  would correspond w i t h  those d e f i n e d  by  t h e  CALTRANS 

i n  t h e i r  r e p o r t s  on o b j e c t s  s t r u c k  d u r i n g  highway acc idents .  

Table 8.7 p resen ts  t h e  p r imary  o b j e c t s  s t r u c k  d u r i n g  highway acc iden ts ,  

A l l  o b j e c t  s t r u c k  subcategor ies a re  as d e f i n e d  by t h e  CALTRANS and t h e  o b j e c t  

numbering system f o l l o w s  t h e  CALTRANS convent ion.  

as r e p o r t e d  by t h e  CALTRANS f o r  a l l  v e h i c l e s  f o r  1975 through 1983. B.39-B.47 
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Table B.5 
D i s t r i b u t i o n  o f  T r a i n  V e l o c i t i e s  a t  Rail'-Highway Grade-Cros i n g  A c c i d e n t / I n c i d e n t s  

I n v o l v i n g  Motor Vehic les,  1975-1982- a? 

Year Fra. Cum. 
V e l o c i t y  1975 1976 1977 19 78 1979 1980 1981 1982 T o t a l  P c t  Pct .  

0-9 
10- 19 
20-29 
30-39 
40-49 
50-59 
60-69 
70-79 
80-89 

"Ob/ o Tota l -  
tp 
CL 

3,887 
2,221 
1,919 
1,365 
960 
39 1 
109 
61 
4 
8 

10,925 

3,793 3,923 4,098 3,788 
2,428 2,339 2,431 2,303 
2,098 2,152 2,097 2,042 
1,511 1,600 1,582 1,457 
1,026 1,086 1,106 985 
433 419 38 2 351 
127 . 119 95 87 
59 68 62 51 
6 8 2 2 
1 2 2 1 

11,482 11,716 11,857 11,067 

3,224 
1,950 
1,589 
1,277 
88 7 
330 
96 
49 
2 
0 

9,402 

2,715 
1,724 
1,459 
1,061 
825 
279 
94 
55 
4 
1 

8,222 

2,125 27,553 
1,364 16,765 
1,257 14,611 
93 5 10,788 
742 7,617 
2 94 2,879 
97 82 4 
56 461 
1 29 
2 17 

6,873 81,544 

33.79 
20.56 
17.92 
13.23 
9.34 
3.53 
1.01 
0.56 
0.04 
0.02 

100.00 

33.79 
54.35 
72.27 
85.50 
94.84 
98.37 
99.38 
99.94 
99.98 
100.00 

- a/  U.S. Department o f  T r a n s p o r t a t i o n ,  Federal  R a i l r o a d  Admin i s t ra t i on ,  O f f i c e  o f  Safety ,  Rail-Highway 
B. 34-B. 41 Grade-Crossing A c c i d e n t / I n c i d e n t s  B u l l e t i n s .  

- b/ Excludes acc iden ts  o f  unknown v e l o c i t i e s .  
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Table B.6 
Summary o f  Ob jec ts  S t ruck  and Type o f  Acc iden t  f o r  Acc idents  n v o l v i n g  U.S. P r i v a t e  and For-Hi re Motor C a r r i e r s ,  1973-198& /T 

Type o f  Acc ident  

I. Nonf ixed Ob jec t  C o l l i s i o n  
w/  Commercial Truck 
w /  Aut omobi 1 e 
w /  Pedes t r i an  
w /  Bus 
w/ T r a i n  
w/  B i c y c l i s t  
w/  Animal 
w/ M o t o r c y c l e  
w/  Other o r  Not S p e c i f i e d  
Su b t  o t  a 1 

11. F i xed  Ob jec t  C o l l i s i o n  

C o l l i s i o n  Acc idents  Sub to ta l  

111. Ran O f f  Road 

I V .  Impact w i t h  Roadbed 
J a c k k n i f e  
Over tu rn  
S u b t o t a l  

42,848 
143,573 
4,493 
1,477 
2,575 
1,259 
2,111 
2,680 
16,157 
217,173 

--L 29 476 

246,649 

30,104 

18,184 
27,792 

45,976 

3,895 
13,052 

40 8 
134 
234 
114 
192 
244 

1 469 
19,743 

2,680 

22,423 

2,737 

-L 

1,653 
2,527 
4,180 
-- 

V. Other N o n c o l l i s i o n  Acc idents  
Separa t i on  o f  U n i t s  1,033 93.9 
F i r e  3,219 293 
Cargo L o s s / s p i . l ~  age . - 1,433 130 
Cargo S h i f t  - 1  1,139 104 
Other o r  Not Spec i f i ed . ,  3,213 292 
Su b t o t  a1 I 2 1 7  ' g j  T0,037 912 

. I  

Noncol. Acc idents  Sub to ta l  . 86,117 -L 7 829 

12.88 
43.15 
1.35 
0.44 
0.77 
0.38 
0.63 
0.81 
4.86 Note 1 
65.26 

8.86 Note 1 

74.12 

9.05 Note 1 

5.46 
8.35 

13.82 

0.31 
0.97 
0.43 
0.34.: 
0.97 
3:02 . -I_. 

; t  + I  

25.88 

T o t a l  Acc idents  I _  332,766 30,251 100;oo :$ 

? '  8 .  ---- --- ' .+ 
--------I__ 

. *. -:is , , - I  

U.S. De a r t  e 
Sa fe ty  . o f ' T r a n s p o r t a t i o n ,  Bureau o f  Motor C a r r i e r  1.4-B.fS - a/  

- b/  
Note 1: 

Based on 11 year  pe r iod .  
Object  d i s t r i b u t i o n  f rom C a l i f o r n i a  TASAS acc iden t  survey, see 
Tab le  8.8. 
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Tab le  8.7 
Objec ts  S t ruck  D u r i n g  C a l i f o r n i a  Acc idents ,  1975-198e’ 

Ob jec t  S t ruck  
Fra. 
Pct .  T o t a l  . Avg.- b /  

1. 
2. 
3. 
4. 

5. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
40. 
41. 
42. 
43. 
44. 
45. 
98. 
99. 
00. 

Side o f  B r idge  R a i l i n g  9,473 
End o f  B r idge  R a i l i n g  1,689 
P i e r ,  Column, Abutment 81  0 
Bottom o f  S t r u c t u r e  (Overhead Br idge  
S t r u c t u r e )  639 
B r idge  End Post i n  Gore (O lde r  B r idge  
w / P r o t e c t i v e  I s l a n d )  27 5 
L i g h t  o r  S igna l  Pole 8,384 
U t i l i t y  Po le  8,140 
Po le  (Type Note S ta ted )  454 
T r a f f i c  S ign/Sign Post 9,687 
Other  Signs Not T r a f f i c  333 
Guardra i  1 25,354 
B a r r i e r  41,432 
& 30. Wal l  (Concrete/Wood/Sound) 3,751 
D i k e  o r  Curb 69,134 
T r a f f i c  I s l a n d  2,590 
Raised Bars ( D e l i n e a t i o n  Bars, as 
T r a f f i c  I s l a n d s  w/o Curb) 67 
Concrete Ob jec t  (Headwall ,  Drop I n 1  e t )  921 
Guidepost,  C u l v e r t ,  Pos tm i le  Marker 9,020 
Cut Slope o r  Embankment 22,403 
Over Embankment 12,758 
I n  Water 45 
Dra inage D i t c h  7,850 
Fence 13,701 
Trees 8,392 
P1 an ts  5,111 
N a t u r a l  M a t e r i a l  on Road 1,785 

Other Ob jec t  on Road 10,517 
Other O b j e c t  o f f  Road 10,153 
Overturned 61,848 
Crash Cushion 1,199 
Unknown Object  S t ruck  97 5 
No Objec t  I n v o l v e d  9,386 
Other V e h i c l e  801,256 

Temporary Barr icades,  Cones 1,337 

1,053 
188 
90 

71 

30.6 
93 2 
904 

50 
1,076 

37 
2,817 
4,604 

417 
7,682 

28 8 

7.4 
102 

1,002 
2,489 
1,418 

5 .O 
87 2 

1,522 
932 
568 
198 
149 

1,169 
1,128 
6,872 

133 
108 

1,043 
89,028 

0.82 
0.15 
0.07 

0.06 

0.02 
0.72 
0.70 
0.04 
0.83 
0.03 
2.18 
3.57 
0.32 
5.96 
0.22 

0.01 
0.08 
0.78 
1.93 
1.10 

0.004 
0.68 
1.18 
0.72 
0.44 
0.15 
0.12 
0.91 

5.33 
0.10 
0.08 
0.81 

69.02 

o .a7 
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Table B.7 Continued 

Object Struck Total  Avg.- b /  
Fra. 
Pc t .  

( % I  

Total Primary Object Struck 
X X .  Not S ta ted  
Y Y .  Not Applicable 
Z Z .  Inva l id  Code 

Total Accidents 

1,160,869 128,985 100.00 
180 20 NIA 

239,655 26,628 N /  A 
164 18 NIA 

1,165,097 129,455 N / A  

B.39-B.47 - a /  

b l  

N / A  Not appl icable .  

TASAS S e l e c t i v e  Record Ret r ieva l .  

Based on 9 year  period. - 
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The CALTRANS a c c i d e n t  d a t a  were reo rde red  acco rd ing  t o  t h e  a c c i d e n t  

c a t e g o r i e s  d e f i n e d  i n  Table B.6. The r e s u l t  i s  Table 8.8. C e r t a i n  o b j e c t s  i n  

Tab le  8.8 were combined because o f  t h e  s i m i l a r i t y  o f  these o b j e c t s  when 

considered i n  s t r u c t u r a l  a n a l y s i s  c a l c u l a t i o n s .  The BMCS and t h e  CALTRANS 

d a t a  on t h e  o b j e c t  f requenc ies  were combined t o  d e r i v e  t h e  p r o b a b i l i t y  o f  

occurrences o f  t h e  d i f f e r e n t  a c c i d e n t  scenar ios.  

B.6 Truck F i r e  D u r a t i o n  D i s t r i b u t i o n s  

The thermal  response o f  t h e  cask d u r i n g  a t r u c k  f i r e  depends on t h e  

temperature o f  t h e  f i r e ,  l o c a t i o n  o f  t h e  f i r e  r e l a t i v e  t o  t h e  cask and t h e  

d u r a t i o n  o f  t h e  f i r e .  The t y p e  and amount o f  combust ib le  m a t e r i a l s  w i l l  

s i g n i f i c a n t l y  a f f e c t  t h e  d u r a t i o n  o f  a f i r e .  Thus, t h e  f i r e  d u r a t i o n  

d i s t r i b u t i o n  w i l l  va ry  f o r  d i f f e r e n t  a c c i d e n t  scenar ios.  For example, a f i r e  
i n v o l v i n g  a c o l l i s i o n  w i t h  a tanke r  t r u c k  can be expected t o  l a s t  l o n g e r  than 

a f i r e  i n v o l v i n g  a c o l l i s i o n  w i t h  an automobi le  o r  a c o l l i s i o n  w i t h  a 

noncombust ib le f i x e d  o b j e c t .  To assess t h e  p r o b a b i l i t i e s  o f  a t r u c k  c a s k ' s  

e x p e r i e n c i n g  d i f f e r e n t  thermal  response l e v e l s ,  f i v e  f i r e  d u r a t i o n  

d i s t r i b u t i o n s  were developed. These d i s t r i b u t i o n s  were assoc ia ted  w i t h  

au tomob i le  c o l l i s i o n s ,  t r u c k  c o l l i s i o n s ,  c o l l i s i o n s  w i t h  f i x e d  o b j e c t s ,  o t h e r  

c o l l i s i o n s  i n c l u d i n g  o v e r t u r n s  and j a c k k n i f i n g ,  and n o n c o l l i s i o n  f i r e s .  The 
b a s i s  f o r  t hese  d i s t r i b u t i o n s  was t h e  f i r e  d u r a t i o n  program developed by 

Sandia.B*48 These d i s t r i b u t i o n s  a r e  summarized i n  Table 5.5. 

B.7 P r o b a b i l i t y  o f  F i r e  

Not a l l  t r u c k  acc iden ts  w i l l  i n v o l v e  a f i r e ;  t hus  i t  

e s t i m a t e  t h e  p r o b a b i l i t y  o f  a f i r e  g i v e n  an acc iden t .  The 

f i r e  can be expected t o  va ry  between a c c i d e n t  scenar ios.  

i s  necessary t o  

1 i k e l  ihood o f  a 

Several  sources 
p r o v i d e d  s t a t i s t i c a l  i n f o r m a t i o n  f o r  s e v e r a l  types o f  acc idents .  B. 1-B. 13, B. 48 

The p r o b a b i l i t i e s  o f  a f i r e  g i v e n  each o f  t h e  d i f f e r e n t  acc iden t  scenar ios 

used i n  t h i s  s tudy  and l i s t e d  i n  Table 5.9, a r e  based on t h e  s t a t i s t i c s  
presented i n  t h e  Sandia r e p o r t  on severe acc iden ts .  8.48 
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Tab le  B.8 
Ob jec ts  S t ruck  Dur ing  C a l i f o r n i a  Acc idents  

Reordered Accord ing  t o  Type o f  Acc ident ,  1975-198e’  

Type o f  Acc ident  
Fra. 

T o t a l  Avq.1’ Pct .  Remarks 

I. 

11. 

Nonf ixed  Ob jec t  C o l l  i s i o n  
40. Na tu ra l  M a t e r i a l  on Road 
41. Temporary Barr icades,  Cones 
42. Other Ob jec t  on Road 
98. Unknown Objec t  S t ruck  
00. Other v e h i c l e  
Sub to ta l  

F i xed  Ob jec t  C o l l i s i o n  
1-2. S ide  o r  End o f  B r idge  R a i l i n g  
3. P ie r ,  Column, Abutment 
4. Bottom o f  S t r u c t u r e  
5. B r idge  End Post  i n  Gore 
10-12. L i g h t ,  S igna l ,  U t i l i t y  o r  Other  

Type P o l e  
13-14. T r a f f i c  S ign/Sign Post  o r  Other  

S i  gns 
15. Guard ra i l  
16. B a r r i e r  
17&30. Wal l  (Concrete/Wood/Sound) 
18-20. Dike,  Curb, T r a f f i c  I s l a n d  o r  

21. Concrete Ob jec t  (Headwall, Drop 

22. Guidepost, C u l v e r t ,  Pos tm i le  Marker  
45. Crash Cushion 
Sub to ta l  

Raised Bars 

I n l e t )  

1,785 

10,517 
975 

801,256 

1,337 

815,870 

11,162 
810 
639 
27 5 

16,978 

10,020 
25,354 
41,432 

3,751 

71,791 

92 1 
9,020 
1,199 

193,352 

198 
149 

1169 
108 

8,9028 
9,0652 

1,240 
90 
71 

30.6 

1,886 

1,113 
2,817 
4,604 

417 

7,977 

102 
1,002 

133 
21,484 

Col 1 i s i o n  Acc idents  Sub to ta l  

111. Ran O f f  Road 
23. Cut S lope o r  Embankment 
24. Over Embankment 
25. I n  Water 
26. Dra inage D i t c h  
27. Fence 
28. Trees 
29. P l a n t s  
43. Other  Ob jec t  o f f  Road 
Sub to ta l  

22,403 2,489 
12,758 1,418 

45 5.0 
7,850 872 

13,701 1,522 
8,392 932 
5,111 5 68 

10,153 1,128 
80,m ‘3~35 

0.15 
0.12 
0.91 
0.08 

69.02 
-7K-E 

0.96 
0.07 
0.06 
0.02 

1.46 

0.86 
2.18 
3.57 
0.32 

6.18 

0.08 
0.78 
0.10 

16.66 
86.94 
--- 

1.93 
1.10 

0.004 
0.68 
1.18 
0.72 
0.44 
0.87 
6.93 

Note 1 
Note 2 

Note 3 
Note 3 
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Table 8.8 Cont inued 

Type o f  Acc iden t  
Fra. 

T o t a l  Ava.b’ Pct. Remarks 

I V .  Impact w i t h  Roadbed 
44. Overturned 61,848 6,872 5.33 

V. Other N o n c o l l i s i o n  Acc idents  
99. No Ob jec t  I n v o l v e d  9,386 1,043 0.81 

N o n c o l l i s i o n  Acc iden ts  S u b t o t a l  151, 6 4 1  16,850 r3.ub 
T o t a l  Acc idents  1,160,869 128,985 100.00 

A l l  LLNL c a l c u l a t i o n s  a r e  based on s t a t i c  a n a l y s i s .  S t a t i c  f o r c e  i s  d e f i n e d  
as u l t i m a t e  s t a t i c  f o r c e  a t  which complete c o l l a p s e  o f  o b j e c t  occurs.  

a /  TASAS Sel e c t  i ve Record R e t r i e v a l  . 
- b/ Based on 9 yea r  pe r iod .  

Note 1 Assume w o r s t  case t h a t  t r u c k  goes o f f  b r i dge .  D i s t r i b u t i o n s  o f  b r i d g e  
h e i g h t s  and su r faces  below b r i d g e s  determined f rom Eng ineer ing  
Computer C o r p o r a t i o n  (ECC) survey i n  Appendix D. 

B. 39-8.47 - 

Note 2 D i s t r i b u t i o n  o f  b r i d g e  column s i z e  determined f rom ECC survey i n  
Appendix 0. 

Note 3 D i s t r i b u t i o n  o f  s o i l  types and su r faces  determined from ECC survey i n  
Appendix 0. 
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8.8 

B. 1 

8.2 
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8.4 
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APPENDIX C 
R a i l r o a d  Acc ident  Data 

C . l  I n t r o d u c t i o n  

Th is  appendix summarizes bo th  t h e  r a i l r o a d  acc iden t  da ta  which form t h e  

bas i s  f o r  t h e  es t imates  o f  acc iden t  scenar ios  and t h e  p r o b a b i l  i t y  
d i s t r i b u t i o n s  used i n  t h e  p r o b a b i l i s t i c  a n a l y s i s  o f  f u t u r e  t r a i n  acc iden ts  

i n v o l v i n g  t h e  t r a n s p o r t  o f  spent  nuc lea r  f u e l .  The p r imary  sources o f  da ta  

were t h e  s t a t i s t i c a l  r e p o r t s  o f  r a i l r o a d  acc iden ts  produced by t h e  O f f i c e  o f  

Safety ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n  (FRA) o f  t h e  U. S. Department o f  

T r a n s p o r t a t i o n  (DOT). c*1-c*7 A Sandia r e p o r t  on severe acc iden ts  was t h e  
source o f  es t imates  o f  t h e  p r o b a b i l i t y  o f  f i r e  d u r a t i o n  d i s t r i b u t i o n s .  C.8 

Sec t i on  C.2 d iscusses  t h e  da ta  used t o  es t ima te  t h e  r a i l r o a d  acc iden t  r a t e  and 

d i s t r i b u t i o n  o f  types  o f  acc iden ts .  Sec t i on  C.3 d iscusses t h e  d i s t r i b u t i o n s  

of  t r a i n  v e l o c i t y  a t  t h e  t i m e  o f  an acc ident ;  Sec t i on  C.4 d iscusses  t h e  f i r e  

dura  t i on d i  s t r i bu t i on. 

C.2 R a i l r o a d  Acc ident  Rate 

Federa l  law (49 CFR 225) r e q u i r e s  a l l  r a i l r o a d s  t o  f i l e  month ly  

a c c i d e n t / i n c i d e n t  r e p o r t s  wi th t h e  O f f i c e  o f  Safe ty ,  FRA of t h e  U. S. DOT. A 

r a i l r o a d  i s  de f i ned ,  by r e g u l a t i o n ,  as any system o f  su r face  t r a n s p o r t a t i o n  of  
persons o r  p r o p e r t y  over  r a i l s .  I t  inc ludes  l i n e - h a u l  f r e i g h t  and passenger 

r a i l r o a d s ;  s w i t c h i n g  and t e r m i n a l  r a i l r o a d s ;  and passenger -car ry ing  r a i l r o a d s  
i n c l u d i n g  r a p i d  t r a n s i t ,  commuter, scen ic ,  s t r e e t ,  subway, e l e v a t e d  cab le ,  and 

cog ra i lways .  

T r a i n  acc idents  a r e  d e f i n e d  by t h e  FRA O f f i c e  o f  Sa fe ty  as any event 

i n v o l v i n g  on- t rack  r a i l r o a d  equipment t h a t  r e s u l t s  i n  damage t o  r a i l r o a d  on- 
t r a c k  equipment, s i g n a l s ,  t r a c k  o r  t r a c k  s t r u c t u r e ,  and roadbed a t  o r  

exceeding t h e  d o l l a r  damage th resho ld .  P r i o r  t o  1975, t h e  t h r e s h o l d  was 

$750. S ince  1975 t h i s  l i m i t  has been ad jus ted ,  t o  account f o r  i n f l a t i o n ,  f rom 
$1750 i n  1975 t o  $4100 i n  1982, t h e  l a s t  yea r  a v a i l a b l e  f o r  use i n  t h i s  

s tudy.  A l though i n i t i a l l y  a d j u s t e d  b i e n n i a l l y  (i.e., every  two yea rs ) ,  s i n c e  

1977 t h e  adjustment  has been annual. The y e a r l y  t h r e s h o l d  l i m i t s  a r e  i n c l u d e d  

i n  Tab le  C . l .  
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Table C.l 
Railroad Accident Rate, 1975-1982' 

-- - --- 
-,____~---I_---- 

Number 
- .- Train Miles o f  Accident Damage 

Year x 1000 Accidents Rate Threshold 
---- -- ____-- --------- 

__I 

1975 
1976 
1977 
1978 
1979 
1980 

' 1981 
1982 

Total 

755,033. 
774,764 
750,042 
751,964 
763,429 
717,662 
676,216 
573,369 

5,762,479 
---- 

8,041 
10,248 
10,362 
11,277 
9,740 
8,451, 
5,781 
4,589 
68,489 

1.06E $1,750.00 
1.32E $1,750.00 
1.38E 10-55 $2,300.00 
1.50E 10- $2,600.0.0 

1.18E $3,200.00 
8.55E $3,700.00 
8.00E $4,100.00 

1.28E 10-5 $ ~ , ~ o o . o o  

I_ 

1.19~ 
----- --- 

- a /  U.S. Department o f  Transportation, Federal Railroad 
Administration, Accident/Incident Bulletins C.l-C.7 
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i 

I n  a d d i t i o n  t o  t r a i n  acc iden ts ,  t h e  FRA O f f i c e  o f  S a f e t y  compi les and 

r e p o r t s  s t a t i s t i c s  on two r e l a t e d  events:  t r a i n  i n c i d e n t s ,  and n o n - t r a i n  

i n c i d e n t s .  T r a i n  i n c i d e n t s  a r e  d e f i n e d  as events i n v o l v i n g  on- t rack r a i l r o a d  

equipment t h a t  r e s u l t  i n  t h e  r e p o r t a b l e  death and/or  i n j u r y  o r  i l l n e s s  o f  one 

o r  more persons, b u t  do n o t  r e s u l t  i n  damage a t  o r  beyond t h e  damage 

th resho ld ,  as d e f i n e d  i n  t h e  p rev ious  paragraph. Non- t ra in  i n c i d e n t s  a r e  

d e f i n e d  as events which r e s u l t  i n  a r e p o r t a b l e  death, i n j u r y ,  o r  i l l n e s s  
a r i s i n g  f rom t h e  o p e r a t i o n  o f  a r a i l r o a d  b u t  n o t  f rom t h e  movement o f  r a i l r o a d  

on- t rack equipment. 

Damage t o  cdsks c o n t a i n i n g  spent  n u c l e a r  f u e l  w i l l  n e c e s s a r i l y  i n v o l v e  

severe acc iden ts  (hence s i g n i f i c a n t  damage); thus,  f o r  t h i s  p r o j e c t ,  t r a i n  

acc iden ts  formed t h e  b a s i s  f o r  e s t i m a t i n g  r a i l r o a d  a c c i d e n t  r a t e s .  Because o f  

t h e  e f f e c t  o f  t h e  damage t h r e s h o l d  l e v e l s  on t h e  r e p o r t e d  acc iden ts ,  d a t a  f rom 

t h e  p e r i o d  1975 t o  1982 were used t o  e s t i m a t e  t h e  a c c i d e n t  r a t e  used i n  t h i s  

study. The es t ima ted  r a i l r o a d  a c c i d e n t  r a t e ,  1 . ~ 1 9 x 1 0 - ~  a c c i d e n t s / t r a i n -  

m i l e l y e a r ,  i s  t h e  r a t i o  o f  t h e  number o f  r e p o r t e d  acc iden ts  t o  t h e  t o t a l  m i l e s  

f o r  t h e  1975 t o  1982 pe r iod .  

Table C . l  p resen ts  t h e  t r a i n  mi leage and number o f  acc iden ts ,  as w e l l  as 

r a t e  and damage t h r e s h o l d  f o r  each yea r  d u r i n g  1975 t o  1982. T ra in -m i les ,  f o r  

t h i s  r e p o r t ,  i s  d e f i n e d  as t h e  sum o f  t h e  l ocomot i ve  m i l e s ,  y a r d  s w i t c h i n g  

m i l e s ,  and motor t r a i n  m i l e s  as t a b u l a t e d  f o r  each year  by t h e  FRA. The FRA 

d e f i n e s  a l ocomot i ve  m i l e  as t h e  movement under i t s  own power o f  a l ocomot i ve  
t h e  d i s t a n c e  o f  one m i l e  whether cou’p1ed;or w i t h o u t  cars.  T h i s  i t e m  covers 

m i l e s  r u n  by - locomotives i n  .-road: s’ervices *and i n  t r a i n  and y a r d  s w i t c h i n g  

s e r v i c e .  S w i t c h i n g  m i l e s  a re ‘  computed ra t  t h e r r a t e  - o f  f-6 m i l e s / h o u r  f o r  t h e  

t i m e  a c t u a l l y  engaged i n  ‘such‘ s e r v i c e .  -!-A motof i . t ra4 in-mi1e i s  amovement under 

i t s  own power o f  a motor. t r a i n  atdistance;of :one mi.le7;- . 
$j’ 0 - -. 

Accident  s e v e r i i y ’  var’ies‘ betwzen a c i i d e n t s ,  t h k  t k e  l e v e l  o f ‘  damage t h a t  - 
L . , L  - - . . t .  

a cask m i g h t  - e x p e r i  e d u f i n g ‘  a n  a c c i d e n t  ‘-depen’ds 6n’’tGb t y p 8 ’ o f  acc iden t .  

Therefore,  t r a i n  acc iden ts  were subd iv ided  i n t o  f o u r  type?--col li;ions, 

de ra i lmen ts ,  ra i l - h ighway :  grade-ccoss=ing Tiaccidents:  and o t h e r  types o f  

acc idents .  Data re1evant” to t h i s  d i s t r i b u t i o n ;  de r i ved :  f rom t h e  FRA r e p o r t s ,  
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i s  g i v e n  i n  Table C.22. Again, t h e  d i s t r i b u t i o n  o f  a c c i d e n t  types i s  based on 

t h e  a c c i d e n t s  d u r i n g  t h e  1975-1982 pe r iod .  The impor tan t  s t a t i s t i c s  a r e  t h e  

percentages, f o r  each t y p e  o f  acc iden t ,  o f  a l l  acc iden ts  presented i n  t h e  

bo t tom row o f  t h e  t a b l e .  For example, 13.41% o f  t h e  t r a i n  acc iden ts  were 

c o l l i s i o n s .  

Approx imate ly  36% o f  t h e  c o l l i s i o n s  i n v o l v e d  d e r a i l m e n t  o f  a t  l e a s t  one 
Dera i lmen t  

acc iden ts  were f u r t h e r  p a r t i t i o n e d  i n t o  acc iden t  scenar ios  based on t h e  events  

f o l l o w i n g  t h e  de ra i lmen t .  Acc iden t  scenar ios  considered i n c l u d e d  t h e  c a r ( s )  

f a l l i n g  over  a b r i d g e  o r  embankment, h i t t i n g  a s lope  o r  a s t r u c t u r e ,  o r  

r o l l  i n g  over. C a t e g o r i z a t i o n  o f  d e r a i l m e n t  a c c i d e n t s  i n t o  scenar ios  was n o t  

found i n  t h e  l i t e r a t u r e .  Thus, a d i s t r i b u t i o n  was developed based on s i m i l a r  

s t a t i s t i c s  f o r  t r u c k  acc iden ts .  T h i s  d i s t r i b u t i o n  i s  i n c l u d e d  i n  F ig .  2-5. 
To d i s t i n g u i s h  between t h e  s e v e r i t y  o f  a c c i d e n t  scenar ios,  some o f  the  
a c c i d e n t  scenar ios  were f u r t h e r  subdiv ided,  e.g., d e r a i l m e n t s  i n v o l v i n g  a 

c a r ' s  h i t t i n g  a s t r u c t u r e  were subd iv ided  i n t o  h i t t i n g  s m a l l  and l a r g e  

columns, abutments, and o t h e r  acc iden ts .  C a t e g o r i z a t i o n  o f  a c c i d e n t s  i n t o  

these  t ypes  o f  scenar ios  was based on t h e  Eggers 

These were grouped w i t h  t h e  o r i g i n a l  d e r a i l m e n t  acc iden ts .  

C.3 I m p a c t  --- V e l o c i t y  D i s t r i b u t i o n  ---- 
The f o r c e s  imposed on t h e  cask a t  t h e  moment o f  impact d u r i n g  an a c c i d e n t  

depend on t h e  impact v e l o c i t y  o f  t h e  cask o r  impac t ing  o b j e c t .  S ince impact  

v e l o c i t y  i s  a f u n c t i o n  o f  v e l o c i t y  and ang le  o f  impact, i t  i s  necessary t o  

e s t i m a t e  t h e  d i s t r i b u t i o n s  o f  t r a i n  v e l o c i t i e s .  I n f o r m a t i o n  on t h e  t r a i n  

v e l o c i t y  a t  t h e  t i m e  o f  an a c c i d e n t  was de r i ved ,  again, f rom t h e  FRA data.  

R e l i a b i l i t y  o f  these s t a t i s t i c s  can be considered good s i n c e  r a i l r o a d  

locomot ives a r e  equipped w i t h  r e c o r d e r s  t o  r e c o r d  t h e  t r a i n ' s  v e l o c i t y  p r i o r  

t o ,  d u r i n g ,  and a f t e r  t h e  acc iden t .  The scale,  a l t hough  crude, i s  more 

r e l i a b l e  than  t h e  v e l o c i t y  es t ima tes  made by i n v e s t i g a t i n g  o f f i c e r s  a t  highway 

a c c i d e n t  s i t e s .  

D i s t r i b u t i o n s  o f  t r a i n  v e l o c i t i e s  based on a c c i d e n t s  o c c u r r i n g  on main 

l i n e s  d u r i n g  1979 t o  1982 a r e  summarized i n  Tables C.3 th rough  C.6 f o r  
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Table C.2 
Distribution o f  Types o f  Railroad Accidents, 1975-1982 /  

Rai 1-Highway Ac c i den t 

Year Collisions Derailments Accidents Accidents Accidents Threshold 
Train Train Grade-Xing Other Total Damage 

1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 

Total 
Fra. 
Pct.(%) 

1,002 
1,370 
1,362 
1,476 
1,425 
1,201 

776 
57 2 

9,184 

13.41 

6,328 
7,934 
8,073 
8,763 
7,482 
6,442 
4,366 
3,383 

52,771 

77.05 

--- 

2 48 
352 
323 
286 
2 48 
246 
199 
178 

2,080 

3.04 

463 
592 
604 
752 
585 
562 
440 
456 

4,454 

6.50 

8,041 
10,248 
10,362 
11,277 
9,740 
8,451 
5,781 
4,589 
68,489 

$1,750.00 
$1,750.00 
$2,300.00 
$2,600.00 
$2,900.00 
$3,200.00 
$3,700.00 
$4,100.00 

- a/ U.S. Department o f  Transportation, Federal Railroad Administration, 
Accident / I nc ident Bull et i nsC* 
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Tab le  C.3 
D i s t r i b u t i o n  o f  T r a i n  V e l o c i t i e s ,  C o l l i s i o n s ,  Main L ine ,  1979-1982G/ 

Year Fra. Cum. 
Vel  oc i t y  1979 1980 1981 1982 T o t a l  Pct. Pc t .  

(mph) (%I (% 1 

1-10 
11-20 
21-30 
31-40 
41 - 50 
51-60 
61-70 
7 1-80 
81-90 

Tota l -  "b/ 

136 
70 

' 44 
23 

9 
4 
2 '  
1 
0 
0 

289 
- 

112 
46 
31 
26 
19 
6 
1 
1 
0 
1 

243 
- 

85 
32 
17 
24 
10 
4 
0 
0 
0 
0 

172 
- 

59 
34 
25 
19 
9 
0 
0 
0 
0 
0 

146 
- 

392 46.12 
182 21.41 
117 13.76 
92 10.82 
47 5.53 
1 4  1.65 

3 0.35 
2 0.24 

- 0  0.00 
1 0.12 

850 100.00 
- 

46..12 
67.53 
81.29 
92.12 
96.65 
99.29 
99.65 
99 ;88 
99.88 

100.00 

- a/  U.S. Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  

Ace i den t / I n c i den t  Bu 1 1 e t  i n s '-' 
- b /  Excludes acc iden ts  o f  unknown v e l o c i t i e s  
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Table C.4 
Distribution o f  Train Velocities, Derailments, Main Line, 1979-19822’ 

I 

Year Fra. Cum. 
Velocity 1979 1980 1981 1982 Total Pct. Pct . 
(mph) ( % I  ( % I  

I 

1-10 
11-20 
2 1-30 
31-40 
41-50 
51-60 
61-70 
71-80 
81-90 

Total- ’ lb /  

1,736 1,278 
84 1 634 
783 616 
325 333 
202 19 1 
64 60 
19 6 
6 1 

793 
416 
444 
238 
137 
54 
10 
2 

587 4,394 40.42 40.42 
359 2,250 20.70 61.12 
340 2,183 20.08 81.20 
195 1,091 10.04 91.24 
129 659 6.06 97.30 
61 2 39 2.20 99.50 

6 41 0.38 99.88 
1 10 0.09 99.97 

1 1 0 1 3 0.03 100.00 
0 0 0 0 0 0.00 100.00 3,m 3,120 2,094 1,679 10,870 100.00 

- a/ U.S. Department of Transportation, Federal Railroad Administration, 
Accident/Incident Bul let in^^*^-^*^ 

b/ Excludes accidents o f  unknown velocities - 
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Table C.5 
Accidents/Incidents Involving Motor Vehicles, 1975-1982- a? Distribution of Train Velocities for Rail-Highway Grade-Cros ing 

Year Fra. Cum. 
Velocitv 1975 1976 1977 1978 1979 1980 1981 1982 Total Pct. Pct. 

0 -9 
10-19 
20-29 
30-39 
40-49 
50-59 
60-69 
70-79 

c] 80-89 
a I "Ob/ 

Tota 1- 

3,887 3,793 3,923 4,098 3,788 
2,221 2,428 2,339 2,431 2,303 
1,919 2,098 2,152 2,097 2,042 
1,365 1,511 1,600 1,582 1,457 

960 1,026 1,086 1,106 985 
39 1 43 3 419 382 351 
109 127 119 95 87 

61 59 68 62 51 
4 6 8 2 2 
8 1 2 2 1 

10,925 11,482 11,716 11,857 11,067 

3,224 
1,950 
1,587 
1,277 

887 
330 

96 
49 

2 
0 

9,402 

2,715 
1,729 
1,459 
1,061 

82 5 
27 9 
94 
55 

4 
1 

8,222 

2,125 
1,364 
1,257 

93 5 
742 
294 

97 
56 
1 
2 

6,873 

27,553 
16,765 
14,611 
10,788 

7,617 
2,879 

824 
461 

29 
17 

81,544 

33.79 33.79 
20.56 54.35 
17.92 72.27 
13.23 85.50 
9.34 94.84 
3.53 98.37 
1.01 99.38 
0.56 99.94 
0.04 99.98 
0.02 100.00 

100.00 

- a/ U.S. Department of Transportation, Federal Railroad Administration, Office of Safety, Rail-Highway 
6.34-B. 41 Grade-Crossing Accident/Incidents Bulletins 

Excludes accidents of unknown velocities - b/ 



Table C.6 
D i s t r i b u t i o n  o f  T r a i n  V e l o c i t i e s ,  Other Acc idents ,  Main L ine ,  1979-1982'  

Year Fra. Cum. 
Vel o c i t v  1979 1980 1981 1982 T o t a l  Pct .  Pct. 

1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
61-70 
71-80 
81-90 

Tot  ' lb/  a 1- 

83 
73 

104 
8 9  
72 
3 5  
13 

7 
0 
0 

476 
- 

83 
46 
93 

104 
65 
38 
16 

9 
1 
0 

455 
- 

60 
53 
59 
58 
64 
26 

7 
14  
3 
0 

344 
- 

59 
56 
59 
6 3  
61 
23 
13 
7 
2 
2 

345 
- 

28 5 
2 28 
315 
314 
262 
122 

49 
37 

6 
2 

1,620 

17.59 
14.07 
19.44 
19.38 
16.17 
7.53 
3.02 
2.28 
0.37 
0.12 

100.00 

17.59 
31.67 
51.11 
70.49 
86.67 
94.20 
97.27 
99.51 
99.88 

100.00 

- a/  U.S. Department o f  T ranspor ta t i on ,  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  

Acc iden t /  I n c i d e n  t B u l l  e t  i nsc l-c 

- b/ Excludes a c c i d e n t s  o f  unknown v e l o c i t i e s  
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c o l l i s i o n s ,  de ra i lmen ts ,  highway grade-cross ing acc iden ts ,  and o t h e r  acc iden ts  

r e s p e c t i v e l y .  The percentages and cumu la t i ve  percentages shown i n  t h e  bot tom 

two rows o f  each t a b l e  were used t o  e s t i m a t e  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  

t r a i n  v e l o c i t i e s .  The e s t i m a t i o n  procedure i s  d iscussed i n  Appendix G. 

C.4 P r o b a b i l i t i e s  o f  F i r e  and F i r e  D u r a t i o n  D i s t r i b u t i o n s  f o r  T r a i n  Acc idents  - 
There i s  very  l i t t l e  u s e f u l  da ta  r e g a r d i n g  t h e  occurrence o f  f i r e s  and 

t h e  p r o p e r t i e s  o f  t h e  f i r e ,  such as d u r a t i o n ,  g i v e n  a t r a i n  acc iden t .  Table 

C.7 presen ts  t h e  r e s u l t s  o f  surveys o f  t r a i n  f i r e s ,  compiled by t h e  N a t i o n a l  
F i r e  P r o t e c t i o n  A s s o c i a t i o n  f o r  t h e  yea rs  1976-78 and 1982-83. 

t h i s  t ime, f o r  t h e  r a i l r o a d s  surveyed, app rox ima te l y  1.24% o f  a l l  r a i l r o a d  

f i r e s  occur  as a r e s u l t  o f  a c o l l i s i o n  o r  de ra i lmen t .  T h i s  i s  i n t e r p r e t e d  

p r o b a b i l i s t i c a l l y  a s  t h e  ( c o n d i t i o n a l )  p r o b a b i l i t y ,  g i v e n  a f i r e ,  t h a t  t h e  
cause o f  t h e  f i r e  i s  e i t h e r  a c o l l i s i o n  o r  de ra i lmen t .  On t h e  o t h e r  hand, t h e  

p r o b a b i l i t y  o f  i n t e r e s t  f o r  t h i s  s tudy i s  t h e  ( c o n d i t i o n a l )  p r o b a b i l i t y ,  g i v e n  

a c o l l i s i o n  ( o r  a d e r a i l m e n t ) ,  t h a t  a f i r e  a l s o  occurs.  To d e r i v e  t h e  l a t t e r  

------ 

C . l O , C . 1 1  Over 

probab i 
probab i 
p r o  ba b i 
probab i  

t y  f rom t h e  former,  i t  i s  necessary t o  have some e s t i m a t e  o f  t h e  

t y  o f  a f i r e  g i v e n  an acc iden t .  The necessary d a t a  t o  e s t i m a t e  t h i s  

t y  was n o t  found. Therefore,  t h e  Sandia s tudy  e s t i m a t e  o f  t h e  

t i e s  o f  a f i r e ' s  o c c u r r i n g ,  g i v e n  an a c c i d e n t  s c e n a r i o  was 

No i n f o r m a t i o n  was found r e g a r d i n g  t h e  d u r a t i o n  o f  f i r e s  r e s u l t i n g  f rom 

t r a i n  acc iden ts .  Therefore,  t h e  s i m u l a t e d  es t ima tes  f o r  f i r e  d u r a t i o n  as 

developed i n  t h e  Sandia s tudy  were 
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Ran ,,-oad F 
Table C.7 

-a /  r e s  Survey Resut,+ 

Category 
Year P c t  . o f  

1976 ' 1977 1978 1982 I983 T o t a l  Avg. T o t a l  (%)  
------ 

C1 ass I R a i l  roads Surveyed: 22 16 16 NA 22 76 
Trackage Surveyed ( m i l e s ) :  129,382 116,405 94,509 NA NA 340,296 
T o t a l  Class I Trackage ( m i l e s ) :  240,250 236,351 233,956 NA NA 710,557 
Percentage o f  T o t a l  ( X ) :  53.85 49.25 40.40 N I A  N I A  N I A  

Number of F i r e s  due t o  Operat ions and T r a n s p o r t a t i o n  
C o l l i s i o n s  and Dera i lments  18 24 14 19 12 87 
Brake Shoe Sparks 198 157 115 188 63 721 
E l e c t r i c a l  Components 34 35 136 53 42 300 
Engine Exhaust Sparks 354 23 17 120 195 709 
Car and Van Heaters  34 10 12 3 17 76 
Fuses 13 10 7 7 5 42 
Hot Journa l  Boxes 20 33 19 11 11 94 
M a t e r i a l s  i n  T r a n s i t  19 64 22 5 8 118 
I .  C. Engines 23 10 14 25 8 80 
Other 63 22 58 82 78 303 
Sub to ta l  7-E 388 513 2,530 

.- 

Number o f  F i r e s  due t o  Maintenances and Serv ices 
Smoking 23 20 13 
E l e c t r i c a l  28 26 26 

Heaters and Appl iances 72 69 78 
F 1 amna b l  e L i qu i d s 3 10 3 

Burn ing  on Right-of-way 11 12 1 
Spontaneous I g n i t i o n  18 27 9 
We1 d i  ng, C u t t i n g ,  B raz ing  74 55 64 
Other 41 - 43 26 
S u b t o t a l  . !m .T2%- 

11 19 86 
22 22 124 
6 7 29 

69 29 317 
117 8 149 

20 15 89 
59 63 315 
29 24 163 

-333 3 7  1,272 
f' . . .. 

. ,  
,-, 

, ! ' . . !  . . . >  ' + .  

Number o f  F i r e s  due t o  Outs ide  o r  Undetermined Causgs 
Exposure F i r e s  56 50 25 27 16 174 
L i g h t n i n g  and Storms 7- '. r:l 9 , -.; :33 :.,1;,6 , -8  . , 6 3  
Trespass ing ( i n c l u d i n g  Arson)'. ' . 27:2 _ .  I) - 3 7 0  . . 193 269 . 2 0 2  - 1,106 

. . .  .i'&. >'--,;.:5.1 ; :, 16 ' .*:27 ;'; 'la 136 Other  
346~,:. 3.18 *!: 92 , _  359;;r.l 607: j i  1,!:22 Undetermined Causes 
710 Sub to ta l  5g8 . J ' 359 688 . 8464 .i 3,201 --- - -- 

19.0 N I A  
113,432 N / A  
236,852 N I A  

47.89 N I A  

17.4 1.24 
144.2 10.30 
60.0 4.28 

141.8 10.12 
15.2 1.09 
8.4 0.60 

18.8 1.34 
23.6 1.68 
16.0 1.14 
60.6 4.33 

506.0 36.13 

17.2 1.23 
24.8 1.77 

5.8 0.41 
63.4 4.55 
29.8 2.13 
17.8 1.27 
63.0 4.50 
32.6 2.33 

254.4 18.16 

34.8 2.48 
12.6 0.90 

221.2 15.79 
27.2 1.94 

,344.4 24.59 
m . 2  45.71 

Grand T o t a l  1,756' J1,248 :- ':- 993 1,534.1,472 7,003. 1',400.6 100.00 
--- I--- 

: ( I : '  . 1 - $  8 I ..VI - . . -7  

a/ 
EA 
N/A  Not app l  i c a b l  e 

N a t i o n a l  F i r e  P r o t e c t i o n  Assoc i a t  i onc * 8 9 c - 9  

I n f o r m a t i o n  n o t  a v a i l a b l e  a t  t i m e  o f  t a b l e  p r e p a r a t i o n  
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APPENDIX D 
Highway Survey Data -- and Br idge  --- Column P r o p e r t i e d  - 

D . l  I n t r o d u c t i o n  

One impor tan t  element i n  c a l c u l a t i n g  s h i p p i n g  cask responses t o  acc iden t  

loads  i s  o b j e c t  hardness. When a s h i p p i n g  cask s t r i k e s  a s o f t  s u r f a c e  such as 

sand, t h e  response o f  t h e  cask i s  much l e s s  than when s t r i k i n g  a ha rd  o b j e c t  

such as a conc re te  column. T h i s  appendix p resents  t h e  da ta  and e v a l u a t i o n  

r e s u l t s  on two major  s u b j e c t s  r e l a t e d  t o  hard  o b j e c t s :  

1) S t a t i s t i c a l  da ta  on t h e  t o t a l  number o f  b r idges ,  b r i d g e  he igh ts ,  and 

su r face  c o n d i t i o n s  ad jacent  t o  highways, and below b r idges ,  

2) The c h a r a c t e r i s t i c s  o f  b r i d g e  columns. 

D.2 Survey 

D.2.1 Sur face Cond i t i ons  Adjacent  t o  Highways and below Br idges 

The hardness o f  e a r t h  sur faces  ad jacen t  t o  highways can vary over  a w ide  

range. Th is  v a r i a b i l i t y  can have a s i g n i f i c a n t  e f f e c t  on t h e  l oad ings  t h a t  

c o u l d  be imposed on a cask o r  any o t h e r  impac t ing  o b j e c t .  The water  and l a n d  

(hard  rock ,  s o f t  r o c k / h a r d  s o i l  and t i l l a b l e  s o i l )  d i s t r i b u t i o n  a long  

proposed spent f u e l  shipment r o u t e s  between t h e  eas t  coas t  and west c o a s t  was 

i n i t i a l l y  es t imated  u s i n g  a g r i c u l t u r a l  s o i l  survey d a t a  and g e o l o g i c a l  highway 

maps f o r  t h e  U n i t e d  Sta tes .  D * 3 9 D * 4  The' i n i t i a l  d i s t r i b u t i o n s  es t imated  f rom 

these  sources were cons idered t o  be i n d i c a t i v e  of t h e  types  o f  su r faces  which 

c o u l d  be impacted a long  highways i n  t h e  va r ious  r e g i o n s  o f  t h e  U n i t e d  

States.  However, s i n c e  highway c o n s t r u c t i o n  and landscap ing  can g r e a t l y  

a f f e c t  t h e  ad jacent  surroundings,  th-e' i n i t i a l  d i s t r i b u t i o n s  were used t o  
s e l e c t  r e p r e s e n t a t i v e  p o r t i o n s  o f  I n t e r s t a t e s  "5 and 80 i n  C a l i f o r n i a  t o  

., 

a /  The Eng ineer ing  Computer Corpo ra t i on  (ECC) was t h e  subcon r c o t h a t  
performed t h e  highway surveys and b r i d g e  column analyses. b.T,b.!i 
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perform detailed highway surveys and t o  establish final distributions along 
highways. 

A 133-mile portion of In te rs ta te  5 was selected for the study. This 
portion of highway s t a r t s  from the borderline between San Diego County and 
Orange County a n d  ends a t  t he  borderline between Kern County and Los Angeles 
County, This portion of highway contains 20 miles of suburban, 50 miles of 
c i ty ,  and 63 miles of rural area. T h e  terrain which th i s  po r t ion  of the 
highway crosses i s  essentially f l a t  for 70 miles, rol l ing h i l l s  for 41 miles, 
and mountains f o r  22 miles. The types of earth adjacent t o  the highway were 
classi f ied into three groups: t i l l a b l e  s o i l ,  non-tillable s o i l ,  and ha rd  
rock. The survey was performed by viewing the California Department of 
Transportation (CALTRANS)  pho to  log. The resu l t  o f  the survey i s  sumnarized 
in Table D . l .  Although the highway crossed the Santa Susana Mountains, no  
hard rock ,  such as granite,  was identified i n  the survey. 

A similar highway survey o f  earth types adjacent t o  1 2 2  m i l e s  o f  the 
roadway along a section of In te rs ta te  80 from Davis, California, t o  the Nevada 
border was then performed. This section of In te rs ta te  80 crosses the Sierra 
where numerous outcroppings of granite rock occur. The resu l t  o f  the soi l  
survey i s  summarized in Table D.2. The survey also included the types and 
frequencies of surfaces t h a t  could be impacted below a bridge. These surfaces 
were classi f ied into four categories: roadbeds, railbeds,  water, and earth. 
The resul t  of the survey i s  summarized in Table D.3. 

D.k.2 .- Highway Bridges - 
The same portion of In te rs ta te  5 was used t o  compile s t a t i s t i c a l  d a t a  on 

the number of bridges, bridge heights, and  the s i ze  o f  columns. A two-step 
procedure was used in compiling d a t a .  

Step 1: View the California Department of Transportation (CALTRANS)  
pho to  log ( a  motion picture of the roadway as viewed by a motorist). 
Estimate the bridge column sizes and the number of bridges. 
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Table D . l  

County/Orange County L i n e  t o  Los Angeles 
CountylKern County L i n e  

Type o f  S o i l  Adjacent  t o  I n t e r s t a t e  5 f rom San Diego 

County 

Adjacent S o i l  Type 
j i n i l e s )  

T i l l a b l e  N o n t i l l a h l e  Hard Rock T o t a l  

Orange 
Los Angeles 

T o t a l  

44.27 
62.65 
16.39 

123.31 

0.12 
5.80 
3.60 
9.52 
- 

0 
0 
0 
ti 

44.39 
68.45 
19.99 

132.83 
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Table 0.2 
Type o f  S o i l  Adjacent  t o  I n t e r s t a t e  80 rom 

Davis,  C a l i f o r n i a  t o  Nevada Border2  f 
~~ 

County 

Adjacent  S o i l  Type 
(mi 1 es) 

T i  11 a b l e  Non t i  11 ab1 e Hard Rock T o t a l  

YO10 
Sacramento 
P1 acer  
Nevada 
S i e r r a  

T o t a l  

2 
18 
60 
29 
1 

110 
- 

0 
0 
2 
6 
1 v 

0 2 
0 18 
3 65 
0 35 
0 
3 

2 
I 2 2  
- 

c/ 122-mile highway th rough mountainous t e r r a i n  f rom Davis, C a l i f o r n i a ,  t o  
t h e  Ca l i fo rn ia -Nevada b o r d e r l i n e .  
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1 
I 
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I 
1 
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i 
I 

i I 
I 
I 

i I 
1 

~ 

I 

Table 0.3 
Type of Surface below Bridges on Interstat:, 80 from 

Davis, California to Nevada Border- 
---- 

County 

Surface below Each Bridge 
Road River Earth Rai 1 road Total (bridge totals) - 

0 1 3 
8 
29 
19 

0 

1 
0 
5 
6 
0 

1 
1 
1 
0 

1 
7 
22 
12 
0 n 

0 
1 
0 
0 
i 

YO10 
Sacramento 
P1 acer 
Nevada 
Sierra - 17 x 59 Total 

- a/ 122-mile highway through mountainous terrain from Davis, California, t o  
the California-Nevada border line. 
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Step 2: Review t h e  genera l  p lans  f o r  seve ra l  o f  t h e  b r i d g e s  t o  c o n f i r m  

t h e  column s i z e s  i d e n t i f i e d  by v i s u a l  i n s p e c t i o n  through t h e  photo l o g  

and t o  o b t a i n  b r i d g e  h e i g h t s .  

Table D.4 p resen ts  t h e  r e s u l t  o f  t h e  survey f o r  t h e  t o t a l  number o f  

b r i d g e s  t a b u l a t e d  acco rd ing  t o  t h e  b r i d g e  he igh ts .  Along t h e  133-mi le 

roadway, 121 b r i d g e s  were counted. Only 3 b r i dges  exceed 50 f e e t  i n  h e i g h t .  

The r a t e  i s  app rox ima te l y  0.91 b r i d g e d m i l e .  

Whi le  c o l l e c t i n g  d a t a  about t h e  b r i d g e  r a t e ,  i n f o r m a t i o n  was a l s o  

c o l l e c t e d  on a l l  o f  C a l i f o r n i a  s t a t e  and i n t e r s t a t e  highways. The t o t a l  

number o f  b r i d g e s  i n  C a l i f o r n i a  i s  12,574 and t h e  m i l e s  o f  s t a t e  and 

i n t e r s t a t e  highways i s  15,183. T h i s  i s  ve ry  c l o s e  t o  t h e  d e t a i l e d  survey 

r e s u l t s  o f  I n t e r s t a t e  Highway 5. 

0.3 B r idae  Column S t r u c t u r a l  C h a r a c t e r i s t i c s  

I n  o rde r  t o  e s t i m a t e  t h e  response o f  a cask when impac t ing  a b r i d g e  

column, i t  i s  necessary t o  determine t h e  l e v e l  o f  hardness f o r  

column. The l e v e l  o f  hardness i s  n o r m a l l y  rep resen ted  

d isp lacement  curve. 

Th is  subsec t i on  desc r ibes  t h e  approach used t o  deve 

t h a t  p a r t i c u l a r  

by t h e  f o r c e -  

op t h e  fo rce -  
d isp lacement  curves f o r  v a r i o u s  column designs and t h e  r e s u l t s  o f  t h e  d e t a i l e d  

s e n s i t i v i t y  s tudy,  

From t h e  survey o f  I n t e r s t a t e  5, two t y p i c a l  b r i d g e  c o n s t r u c t i o n s  a r e  

commonly seen a l o n g  i n t e r s t a t e  highways: s ing le-co lumn bent  b r i d g e  and m u l t i -  
column bent  b r i dge ,  as shown i n  F igs .  D - 1  and D-2 r e s p e c t i v e l y .  Most o f  t h e  

b r i d g e  columns a r e  e i t h e r  square o r  r e c t a n g u l a r .  B r i d g e  span l e n g t h s  and 

column bent w id ths  va ry  f rom b r i d g e  t o  b r i d g e .  Since more than  12,000 b r i d g e s  

e x i s t  on s t a t e  and i n t e r s t a t e  highways i n  C a l i f o r n i a ,  e s t i m a t i n g  t h e  column 

force-d isp lacement  cu rve  f o r  each b r i d g e  i s  a ve ry  complex task .  I n  o r d e r  t o  
c o n t r o l  t h e  t a s k ,  13 d i f f e r e n t  s i z e s  o f  column c ross -sec t i ons  f rom 1 ft x 1 ft 
t o  4 f t  x 64 f t were se lec ted .  I n  combinat ion w i t h  t h e  number o f  bents,  a 

t o t a l  o f  24 column c o n f i g u r a t i o n s  were s e l e c t e d  f o r  s e n s i t i v i t y  s tudy i n  
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Tab le  0.4 
Br idges  Along I n t e r s t a t e  5 f rom San Diego 

County/Orange County L i n e  t o  Los Angeles C u n t y l K e r n  
County L i n e  C l a s s i f i e d  by H e i g h c  9 

Br idge  He igh t  
( f t )  

County 0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 

Orange 3 4 16 4 

Los Angeles 1 3 17 6 1 

T o t a l  5 22 74 14 3 i i i 

1 3 7 

7 16 2 2 
5 1 1 1 1 - 18 - - 

T o t a l  M i leage  = 133 m i l e s d l  
T o t a l  Br idges  = 121 

- a/ Each s e t  ( l e f t / r i g h t  p a i r ,  o n / o f f  ramps, e tc . )  counts  o n l y  once. 
Spec ia l  t r u c k  l anes  i n  n o r t h e r n  Los Angeles County a r e  n o t  counted. 



rectangular 
column 
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280' 
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F i g u r e  D-1  S i n g l e  column bent  b r i d g e  s t r u c t u r e  c o n f i g u r a t i o n .  
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F i g u r e  D-2 Mul t i -co lumn bent  b r i d g e  s t r u c t u r e  c o n f i g u r a t i o n .  
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devel  o p i n g  f o r c e - d i s p l  acement curves. Table D.5 l i s t s  a l l  column 

c o n f i g u r a t i o n s  s e l e c t e d  f o r  t h e  s e n s i t i v i t y  study. Some o f  t h e  column 

dimensions, such as 32 f t  x 32 ft, 16 ft x 16 ft, a r e  n o t  r e a l  s t r u c t u r e s .  

The i n c l u s i o n  o f  these dimensions i n  t h e  a n a l y t i c a l  s tudy  i s  t o  h e l p  develop a 

s e t  o f  cont inuous curves. 

A l l  24 d i f f e r e n t  c o n f i g u r a t i o n s  were ca tegor i zed  i n t o  f o u r  groups 

acco rd ing  t o  t h e  shape o f  columns, i .e . ,  square o r  r e c t a n g u l a r ,  and number o f  

bents,  i.e., s i n g l e - b e n t  o r  m u l t i - b e n t .  These f o u r  groups formed t h e  f o u r  

bas i c  cases f o r  t h e  s e n s i t i v i t y  s t u d y  as l i s t e d  below and i n d i c a t e d  i n  Table 

D.5. 

Case. A: Br idges w i t h  square columns and s ing le-co lumn bents .  

Case B: B r idges  w i t h  r e c t a n g u l a r  columns and s ing le-co lumn bents. 

Case C: Br idges w i t h  square columns and mul t i -co lumn bents.  
.. 

Case D: Br idges w i t h  r e c t a n g u l a r  columns and mu l t i - co lumn bents.  

D.4 --- Column S t i f f n e s s  S e n s i t i v i t y  Study 

The s e n s i t i v i t y  s tudy  assumed t h a t .  a s h i p p i n g  cask would s t r i k e  t h e  

b r i d g e  column 4 f e e t  above t h e  rough sur face,  o r  6 f e e t  above t h e  bot tom o f  

t h e  column (bo t tom o t  p i e r ) .  The s tudy  i n c l u d e s  column h e i g h t s  o f  20 f e e t  and 

30 f e e t .  

For a s ing le -ben t  column, t h e  assumption i s  t h a t  t h e  bot tom o f  t h e  column 

i s  p inned and t h e  t o p  o f  t h e  co 

1,000 k i p s  i s  a p p l i e d  a t  6 f e e t  

t h e  impact f o r c e  o f  t h e  s h i p p i n g  

c a l c u l a t e d  f o r  a l l  column s i z e s  

umn i s  f i x e d .  A normal ized s t a t i c  f o r c e  o f  

above t h e  bot tom o f  t h e  column t o  r e p r e s e n t  

cask. Deformat ion a t  t h e  p o i n t  o f  impact i s  

i f  b o t h  cases A and B. The s t i f f n e s s  o f  t h e  

column i s  determined f rom t h e  a p p l i e d  f o r c e  and c a l c u l a t e d  deformat ion.  

For t h e  m u l t i - b e n t  c o n f i g u r a t i o n ,  t h e  b r i d g e  i s  assumed t o  be a four-span 

A beam-element b r i dge ,  which i s  most commonly seen a l o n g  i n t e r s t a t e  highways. 

0-10 



Table D.5 
Twenty-Four Represen ta t i ve  Column C o n f i g u r a t i o n s  f o r  

C a l c u l a t i n g  Force-Displacement Curves 

Class Number o f  Bents Shape o f  Column Column Size 
( c r  os s - s e c t  i'on ) 

A S i n g l e  

1 ft x 1 ft 
2 f t  x 2 f t  
4 f t  x 4 f t  

Square 8 ft x 8 f t 
16 ft x 16 f t  
32 ft x 32 f t  

B S i n g l e  

4 f t  x 1 f t  
4 ft x 2 f t  
4 f t  x 8' ft Rectangular 
4 f t  x 16 ft 
4 f t  x 32 f t  

C 

1 ft x 1 f t  
2 ft x 2 f t  
4 f t  x 4 ft 

16 f t  x 16 ft 
32 ft x 32 ft 

M u l t i  Square 8 f t  x a f t  

- - 
4 ft x 1 ft 
4 ft x 2 f t  
4 f t  x 8 f t  
4 f t  x 16 f t  Rectangular  D Mu1 t i 
4 f t  x;$2 f t  
4 ft x '64 f t  

L t l v j i  . 7 . j  
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model a long t h e  b r i d g e  roadway was developed t o  rep resen t  t h e  b r i d g e  

supers t ruc tu re .  The b r i d g e  i s  assumed t o  be p inned a t  bo th  ends. A t  each 

p i e r  l o c a t i o n ,  t h e  m u l t i p l e - b e n t  column c o n f i g u r a t i o n  i s  modeled by a space 

frame p inned a t  t h e  bo t tom o f  t h e  frame s t r u c t u r e .  The combined b r i d g e  

s u p e r s t r u c t u r e  and column space frames formed t h e  t o t a l  b r i d g e  des ign.  A 
normal ized  s t a t i c  f o r c e  o f  1,000 k i p s  i s  a p p l i e d  6 f e e t  above t h e  bo t tom o f  

t h e  column. The de fo rma t ion  a t  t h e  p o i n t  o f  impact i s  c a l c u l a t e d  by  t h e  
S t r u c t u r a l  Ana lys i s  Program 6 (SAP6) program. Th e f o r  ce-def ormat i o n  

r e l a t i o n s h i p  i s  used t o  de termine t h e  s t i f f n e s s  o f  t h e  columns f o r  each 

p i e r .  Th i s  process i s  per formed on a l l  t h e  column s i z e s  f o r  cases C and D. 

F i g u r e  D-3 p resen ts  t h e  r e s u l t s  o f  t h i s  s e n s i t i v i t y  s tudy.  

D . 5  Force-Displacement Curve 

The force-d isp lacement  curve  was developed by f o l l o w i n g  s i m i l a r  

procedures t o  those desc r ibed  i n  t h e  s t i f f n e s s  c a l c u l a t i o n .  The same f o u r  

groups (Cases A th rough D) were used. A l l  t h e  column s i z e s  g i v e n  i n  Tab le  0.5 

were i n c l u d e d  i n  t h e  s e n s i t i v i t y  s tudy.  D u r i n g  thi.s exe rc i se ,  column c a p a c i t y  

was cons idered i n  r e s i s t i n g  a x i a l  f o rce ,  shear fo rce ,  and bend ing  moment. The 

ang le  o f  impact  t o  t h e  column was a l s o  considered. The impact  was analyzed 

f o r  every 15' angle.  The s m a l l e s t  column c a p a c i t y  f o r  r e s i s t i n g  impact a t  t h e  

va r ious  impact  angles i s  s e l e c t e d  t o  rep resen t  t h e  column capac i t y .  I n  

e s t i m a t i n g  column capac i t y ,  t h e  f o l l o w i n g  assumptions were made t o  s i m p l i f y  

t h e  problem: 

1. V e r t i c a l  re in fo rcemen t  i s  2% 

2. f c '  = 3,250 p s i  

3. T e n s i l e  s t r e s s  c a p a c i t y  o f  concre te  = 0.1 f c '  = 325 p s i  

4.  T i e s  a r e  determined by t h e  f o l l o w i n g  fo rmula  
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Case A : Square column, s ing le -bent ,  column s i z e  D '  x D '  

Case B: Rectangular  column, s ing le -bent ,  column s i z e  4 '  x D '  

Case C: Square column, mu l t i - ben t ,  column s i z e  D '  x D '  

Case D: Rectangu lar  column, mu l t i - ben t ,  column s i z e  4 '  x D '  

I I I 1 

E c 
Y 

10'0 

1 o9 

1 08 

1 o7 

1 06 
Case A: Square column, single-bent, column size D' X D' 
Case 6: Rectangular column, single-bent, column size 4' X D' 
Case C: Square column, multi-bent, column size D' X D' 
Case D: Rectangular column, multi-bent, column size 4' X D' 

1 o5 

104 

. %  

0 2 4  8 16 32 64 

Column size D (ft) 

r s  

Figure 0-3 Column s t i f f n e s s  f o r  f o u r  b r i d g e  types.  
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5. 

6. 

7. 

8. 

o r  

where 

Ash = 
f c '  = 

hc = 

Pe = 

S t  = 

Ag = 

AC = 
- 

f Y  - 

2 area o f  t r a n s v e r s e  hoop bar ,  f t  
s p e c i f i e d  compressive s t r e n g t h  o f  concrete,  p s i  
t o t a l  depth o f  shear head c ross -sec t i on ,  f t  
v e r t i c a l  spac ing  o f  t i e s ,  f t  
maximum des ign  a x i a l  l o a d  l b s  
gross a rea  o f  s e c t i o n ,  f t  
area o f  conc re te  enclosed by t i e ,  f t  
s p e c i f i e d  y i e l d  s t r e n g t h  o f  re-bar,  p s i  

3 
2 

Hei.ght o f  column i s  20 f e e t .  

D is tance  f r o m  t h e  face  o f  conc re te  t o  t h e  c e n t e r  o f  v e r t i c a l  

re -ba rs  i s  3 inches.  

Moment m a g n i f i c a t i o n  due t o  s lenderness i s  ignored.  

P - A e f f e c t  i s  ignored. 

From assumption number 3, an a x i a l  f o r c e  c a p a c i t y  was c a l c u l a t e d  f o r  each 

d i f f e r e n t  "column s i z e  ( c r o s s  s e c t i o n ) .  For t h e  f l e x u r a l  c a p a c i t y ,  t h e  

Re in fo rced  Column (RECOL) computer code was used t o  e s t i m a t e  column s t r e n g t h  

a t  y i e l d  p o i n t .  These a x i a l  and f l e x u r a l  c a p a c i t i e s  o f  a column a r e  combined 

w i t h  t h e  r e s u l t s  f rom t h e  s t i f f n e s s  c a l c u l a t i o n  as generated i n  t h e  b r i d g e  

model by u s i n g  t h e  SAP6 computer code t o  c o r r e l a t e  t h e  force-d isp lacement  

r e l a t i o n s h i p  f o r  each d i f f e r e n t  column s i ze .  

These force-d isp lacement  r e 1  a t i o n  curves used t o  r e l a t e  t h e  column y i e l d  
fo rce  and d isp lacement  a t  t h e  l o c a t i o n  o f  impact a r e  l i s t e d  i n  
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F igs .  D-4 t h rough  D-7 f o r  a l l  t h e  column s i zes  l i s t e d  i n  Table D.5. The 

p o s s i b l e  dominant f a i l u r e  modes a r e  i d e n t i f i e d  i n  each curve. For  example, 

f o r  each column s i z e ,  we i d e n t i f y  whether a p l a s t i c  h inge  o r  a sudden shear 

f a i l u r e  occurs f i r s t .  The shear c a p a c i t y  f o r  a column i s  based on t h e  

equa t ion  

where 

b = w i d t h  o f  compression face, f t 
d = d i s t a n c e  f rom extreme compression f i b e r  t o  c e n t r o i d  o f  t e n s i o n  

s = t i e  spacing, ft. 
re in fo rcemen t ,  f t 
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F igu re  D-4 Force-displacement curves for  s i n g l e ,  square b r i d g e  columns. 
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X Indicates plastic @ Indicates point a t  which 
sudden shear failure 
occurs 

4 Ft  X 64 Ft --------- ----------------- 
Dashed line indicates 
shear failure occurs first 
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Figure D-5 Force-displacement curves for single, rectangular bridge columns. 
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APPENDIX E 

S t r u c t u r a l  Ana lys i s  

E . l  I n t r o d u c t i o n  

T h i s  appendix p rov ides  t h e  s t r u c t u r a l  models developed and t h e  analyses 

per formed t o  de termine t h e  responses o f  t h e  r e p r e s e n t a t i v e  t r u c k  and r a i l  

casks t o  a wide range o f  impact loads. The fami ly  o f  DYNA and N I K E  computer 

codes were used e x t e n s i v e l y  t o  c a l c u l a t e  t h e  responses o f  t h e  casks. E.l,E.2 

I n  Sec t i on  E.2, t h e  m a t e r i a l  p r o p e r t i e s  used i n  t h e  process f o r  s e l e c t i n g  

t h e  r e p r e s e n t a t i v e  casks .and e v a l u a t i n g  t h e  responses o f  t h e  r e p r e s e n t a t i v e  

casks a r e  presented.  I n  Sec t i on  E.3, t h e  s t a t i c  analyses eva lua t i ons  o f  

d i f f e r e n t  cask des igns  used t o  s e l e c t  t h e  r e p r e s e n t a t i v e  cask a r e  presented.  

I n  Sec t i on  E.4, t h e  types  o f  mechanical l o a d i n g  c o n d i t i o n s  t h a t  can 

a f f e c t  t h e  s t r a i n  response o f  a cask i n  an a c c i d e n t  a r e  d iscussed.  I n  

Sec t i on  E.5, t h e  q u a s i - s t a t i c  l oad  e v a l u a t i o n  performed f o r  minor  acc iden ts  

a r e  presented.  I n  Sec t i on  E.6, t h e  s t r u c t u r a l  model and s t r a i n  response o f  

t h e  two r e p r e s e n t a t i v e  casks t o  impacts on an u n y i e l d i n g  su r face  a r e  

discussed. I n  Sec t i on  E.7,  t h e  response o f  t h e  two r e p r e s e n t a t i v e  casks t o  

impacts on r e a l  o b j e c t s  i s  est imated.  

E.2 F a t e r i a l s  P r o p e r t i e s  

Spent f u e l  casks must be designed and f a b r i c a t e d  t o  n a t i o n a l  codes and 
s tandards o r  e q u i v a l e n t  requi rements.  A l though t h e r e  i s  no s p e c i f i c  s e c t i o n  

i n  t h e  American Soc ie ty  o f  Mechanical Engineers (ASME) p ressu re  vessel  code 

a p p l i c a b l e  t o  spent  f u e l  casks, t h e  i n d u s t r y  has used t h e  ASME code 

e x t e n s i v e l y  f o r  d e s i g n i n g  and f a b r i c a t i n g  spent f u e l  casks. I n  t h i s  s tudy,  t o  

t h e  e x t e n t  p o s s i b l e ,  p r o p e r t i e s  o f  m a t e r i a l s  were taken f rom t h e  ASME 

Al though i t  i s  p r e f e r r e d  t o  u s e  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  m a t e r i a l  

p r o p e r t i e s  t h a t  a r e  based on a c t u a l  f a b r i c a t i o n  data, d i s c r e t e  bounding va lues 

f rom t h e  ASME code were used i n  t h i s  study. T h i s  approach was taken t o  

s i m p l i f y  t h e  model ing and a n a l y s i s .  I f  d i s t r i b u t i o n  had been used, t h e  

model ing and a n a l y s i s  would have been unnecessa r i l y  complex and unwarranted 

f o r  t h e  scope o f  t h i s  s tudy.  Consequently, conse rva t i ve  m a t e r i a l  p r o p e r t i e s  

, .  
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based on the ASME code were used with loading calculations to estimate seal 
and weld damage to the representative casks. 

Using ASME code properties, limiting plastic strain criteria were used in 
estimating the response and damage to the representative casks. In this case, 
the maximum strains would be associated with end-on impact caused by lead 
slump. Large local strains would be generated at the junctions of the inner 
containment shell and outer shell with the end closure. Ideally, weld joints 
would not be present in these areas where high local strains could occur. 
However, even if welds were present in these areas, most strains would be 
highly concentrated and could cause only local cracking. Since the extent of 
lead slump deformation would be limited, it would not be likely that the inner 
containment would completely rupture. Furthermore, the primary membrane 
strain on the inner containment cylinder would be compressive and a small 
fraction of the selected strain levels. The large strains developed at the 
discontinuities would be highly localized and oriented axially. On the outer 
shell, the primary membrane strains would be tensile. Even if complete 
separation from the end plate i s  postulated, the deformation of the lead would 
also limit the primary membrane strain to a small fraction of 30% strain. 
Consequently, the outer shell would remain intact and continue to maintain the 
integrity of the lead shielding. In conclusion, the postulated local strains 
on the order of 30% would not result in breaching of the cask but may result 
in local cracking. 

Instead of evaluating specific closure and penetration designs, it was 
assumed for comparative purposes that closure and penetration seals fail when 
the strain level in the'inner shell exceeds 0.2% (S1). This approach was 
based on a review of current cask designs and their ability to withstand 
impact forces with large strains. Temperature effects on the material 
properties were included in the analysis performed. Strain-rate effects were 
not included for most material properties for the following reasons: 

(1) There is no standard set of strain-rate properties in the ASME code 
or adopted by industry. 
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Strain-rate effects generally improve material yield and ultimate 
strength by 0-30%, but reduce ductility. When strain-rate effects 
are included for the cask structural materials, then they should be 
included for surface materials such as rock and concrete. In 
general, the improvement of material strength properties is greater 
for ductile type metallic materials than for ceramic type 
materials. For the purpose of evaluating representative casks 
impacting representative surfaces, the inclusion of strain-rate 
effects is not warranted and their exclusion is reasonably 
conservative. 

(3 )  The strain effect in reducing the structural material ductility was 
accounted for by using conservative static ultimate strain values 
for the structural materials. 

E.2.1 304 Stainless Steel 

Material properties were obtained for 304 stainless steel from the ASME 
The properties are tabulated in Table E . l .  The elastic-plastic 

material model used a bilinear fit representation with isotropic hardening. 
No strain-rate effects were included. The material model used was Material 
Type 3 in the NIKE 2-D/DYNA 2-0 family of finite element codes; the 2-0 
designation indicating that two-dimensional model ing was performed. E.1,E.Z 

These codes use an updated geometry to calculate strains. Therefore, it was 
necessary to use true stress and true strain data, rather than the engineering 
stress and strain data provided in the ASME code. In order to approximate a 
value for ultimate true stress, based on ultimate engineering stress, data 
from Conway, et al., was The stress/strain data of Conway, et al., 
was not for SA-240, but for another 304 stainless. This, however, provided a 

means to interpolate a value of true stress for a given engineering stress 
from the ASME code. 

(I - 85,730 

7,760 - a5,73a 
75 000 7 1  300 -k = Utrue 

U = 94,475 psi . 
'true 
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Table E.l 
304 Stainless Steel Structural Properties 

Elastic modulus E - - 2 7 . 6 ~ 1 0 ~  psi 

Hardening modulus En - - 2x105 psi 

Poisson's ratio v - - 0.29 

Engineering ultimate stress uU - - 75x10' psi 

True ultimate stress U - - 9 4 . 5 ~ 1 0 ~  psi 

Engineering ultimate strain cU - - 0.40 

- - 0.34 True ultimate strain 

Yield stress U - - 25x103 psi 

Density P - - 7 . 4 4 ~ 1 0 - ~  lb-sec2/in4 

eng 

'true 

eng 

true 

Y 
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The ultimate engineering strain value provided by the ASME code of 40% is 
equivalent t o  a true strain value: 

= I n  (1 + E  ) 

= In (1 t 0.4) 

eng 
U E 

'true 

= 0.34. 

The ultimate strain percentage used in this study 
for the effects of strain rate on the reduction of 
modulus was calculated as follows: 

94 475 - 25,000 = C E =L-- n 0.34 - .00091 

s 30% 
ducti 

)si. 

E.2.2 Lead - 

( S 3 )  to accommodate 
ity. The hardening 

The material properties used for lead in this study are presented in 
Table E.2.E*5 A bilinear fit was used to represent the elastic-plastic 
material. Strain hardening was used, with isotropic hardening in all 
calculations. It is considered to be unnecessarily conservative to exclude 
the strain-rate effect for the lead. The hardening modulus is more 
significant than the elastic modulus for lead because the lead shield yields 
relatively easily on impact. The hardening modulus used in this study 
compares well with the test results reported by Counts and Payne.E*6 
Additional benchmarking testing is required to define the lead properties and 
bonding effects at the cask inner shell with high confidence. 

E.2.3 Uranium 

The material properties used for uranium are summarized in Table 
A bilinear fit was used to model its elastic-plastic characteristics E.3.E*7 

for stress / s  t ra i n . 
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Table E.2 
Lead S t r u c t u r a l  P r o p e r t i e s  

E l a s t i c  modulus E = ~ 2 2 x 1 0 6  psi 

Hardening modulus E n  = 4 . 5 ~ 1 0 ~  ps i  

Poisson ' s r a t i o  v = 0.43 

Q = 500 ps i  
Y Yield s t ress  

Density P =  1 . 0 6 ~ 1 0 - ~  1 b sec2/  i n 4  
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Table E.3 
Uranium Structural Properties 

Elastic modulus E = 26x106 psi 

Hardening modulus E, = 1 x 1 0 ~  psi 

Poisson's ratio v = 0.21 

Yield stress o = 4.6~10~ psi 

Density p = 1.74~10-~ lb-sec2/in4 
Y 
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E.2.4 Balsa Wood 

An e l a s t i c - p l a s t i c  model was s e l e c t e d  f o r  model ing t h e  b a l s a  

The m a t e r i a l  p r o p e r t i e s  used a r e  , t a b u l a t e d  i n  Tab le  E.4.E*8 M a t e r i a l  Type 10, 

f rom DYNA 2-D, was used f o r  t h e  wood m a t e r i a l  model. 

E.3 P r e l i m i n a r y  Cask Designs and Cask S e l e c t i o n  

S i x  p r e l i m i n a r y  cask designs were developed t o  pe r fo rm sc reen ing  analyses 

t o  assess t h e i r  responses t o  h i g h - l o a d i n g  c o n d i t i o n s .  The des igns i nc luded  

t h e  use o f  t h r e e  types o f  g a m a  s h i e l d i n g  m a t e r i a l s :  lead, dep le ted  uranium, 

and s t e e l .  Three t r u c k  and t h r e e  r a i l  casks were developed u s i n g  each t y p e  o f  

s h i e l d i n g .  The p e r t i n e n t  m a t e r i a l s  and dimensions f o r  t h e  s i x  p r e l i m i n a r y  

cask des igns a r e  p r o v i d e d  i n  F igs.  E-1 and E-2 f o r  t h e  t r u c k  and r a i l  casks, 

r e s p e c t i v e l y  . 
S t a t i c  f o r c e  e v a l u a t i o n s  were performed u s i n g  t h e  N I K E  2-D f i n i t e  element 

computer code f o r  t h e  s i x  casks. The l o a d i n g  c o n d i t i o n s  a p p l i e d  on each o f  

t h e  casks a r e  i l l u s t r a t e d  i n  Tab le  E.5. I n  case ( a ) ,  a p ressu re  l o a d  was 

a p p l i e d  on one end over  t h e  e n t i r e  c l o s u r e  r e g i o n  o f  t h e  cask i n  increments o f  

200 p s i  w i t h  t h e  o t h e r  end o f  t h e  cask r e s t i n g  on an u n y i e l d i n g  sur face.  I n  

case ( b ) ,  a c i r c u l a r  c ross -sec t i on  o f  t h e  cask was loaded i n  increments o f  200 

p s i  over  t h e  t o p  area o f  t h e  cask w i t h  t h e  bot tom r e s t i n g  on an u n y i e l d i n g  

su r face .  I n  case ( b ) ,  t h e  model had a u n i t  o r  one i n c h  th i ckness .  The y i e l d  

f o r c e  r e s u l t s  o f  
summarized i n  Tab 

c o n d i t i o n s  i n  a l l  

s e l e c t e d  f o r  deve 

t h e  two l o a d i n g  c a l c u l a t i o n s  f o r  each o f  t h e  s i x  casks a r e  

e E.5. The l e a d  cask y i e l d e d  a t  s i g n i f i c a n t l y  lower  l o a d i n g  

cases. Based on these  r e s u l t s ,  t h e  l e a d  s h i e l d e d  cask was 

o p i n g  a r e p r e s e n t a t i v e  cask des ign  f o r  impact a n a l y s i s .  

E.4 Mechanical  Loading Cond i t i ons  Caused by Acc idents  

Mechanical  l o a d i n g  c o n d i t i o n s  on a cask caused by an acc iden t  can r e s u l t  

i n  damage t o  t h e  i n n e r  s h e l l  o f  t h e  cask. Mechanical  l o a d i n g  c o n d i t i o n s  

i n c l u d e  impact, punc tu re  ( i n c l u d i n g  m i s s i l e s ) ,  and crush. Two r e p r e s e n t a t i v e  

cask des igns were developed as shown i n  F ig .  E-3: one f o r  t r u c k  shipments and 

one f o r  r a i l  shipments o f  spent f u e l .  The r e p r e s e n t a t i v e  t r u c k  cask 
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Table E.4 
Balsa Wood Structural Properties 

Elastic modulus E = 5 . 9 ~ 1 0 ~  psi 

Poisson's ra t io  v = 0.0 

Yield s t ress  (J = 1 . 7 ~ 1 0 ~  psi 

Sheer modulus G = 2 . 9 5 ~ 1 0 ~  psi 

Density p = 1 . 3 5 ~ 1 0 - ~  lb-sec / i n  

Y 

2 4  
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7.0 I 
I - 

+. 

I 1  

c 

A 31 

Dim 
- 

A 
B 
C 
E 

3 A 
B 
C 

E 

D 
E 

Thickness Material 
(in.) 

Truck Cask 1 -- 
0.5 304SS 
1.25 304SS 
5.25 Lead 

13.75 304SS 

Truck Cask 2 -- 
0.5 304SS 
1.25 304SS 
4.25 Depleted 

uranium 
12.75 304SS 

Truck Cask 3 -- 
12.25 Steel 
19.00 Steel 

Figure E-1 Preliminary truck casks w i t h  three types of shielding, used 
for s t a t i c  load analysis. 
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t7.0 

-Cask 
center I ine 

-D 

7.0 I 

+I3 
-Shield 

c-C 

*B 

1 

Dim 
- 

A 
B 
C 
E 

A 

C 
3 B 

E 

D 
E 

Thickness 
(in.) 

Rail Cask 1 
0.5 
1.5 
5.25 

26.0 

Rail Cask 2 
0.5 
1.5 
4.0 

24.8 

Rail Cask 3 

12.25 
30.75 

Material 

304SS 
304SS 
Lead 
304SS 

304s 
304SS 

Depleted 
uranium 
304SS 

Steel 
Steel 

F i g u r e  E-2 P r e l i m i n a r y  r a i l  casks w i t h  t h r e e  types o f  s h i e l d i n g ,  used for  
s t a t i c  l o a d  a n a l y s i s .  
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Table E.5 
Sumnary of S t a t i c  Loading Calcula t ions  f o r  Six Prel iminary Cask Designs 

Loading Cask Yield 
Configuration Type Force ( l b s )  

ENDWISE LOADING 
Case (a), 
endwise Truck 

Lead 3,300,000 
Depleted uranium 8,000,000 
S tee l  11,000,000 

Rai 1 
Lead 8,000,000 
Depleted uranium 17,000,000 
Stee l  40,000,000 

SIDEWISE LOADING 
Case (b), 
sidewise Truck 

Lead 1,600,000 
Depleted uranium 11,000,000 
S tee l  26,000,000 

Rai 1 
Lead 260,000 
Depleted uranium 3,700,000 
S tee l  11,500,000 
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I 
1 

Wood 

( 

I 

c- Cask 
centerline 

-E 
Wood '1- - 

Dim Truck Rail - inches inches 

-Lead 

+D 

+C 

1 

A 1.5 23.0 I 

B 0.5 
C 
D 7.0 8.0 
E 13.75 38.0 
F 38.25 ' 58.0 

1.5 All material is 304SS 
1.25 2.5 except that noted otherwise 

Figure E-3 Representative cask models used for truck and rail cask analysis. 
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(F ig .  E-3) des ign  uses t h e  same dimensions as t h e  p r e l i m i n a r y  l e a d  t r u c k  cask 
des ign  (F ig .  E-1). The t r u c k  cask des ign  a l l o w s  t r a n s p o r t  o f  a s i n g l e  PWR 

f u e l  assembly. The r e p r e s e n t a t i v e  r a i l  cask des ign  (F ig .  E-3) dimensions 

d i f f e r  f rom t h e  p r e l i m i n a r y  l e a d  r a i l  cask des ign  ( F i g .  E-2). The c a p a c i t y  o f  

t h e  r a i l  cask i s  21 PWR f u e l  assemblies which r e f l e c t s  t h e  g r e a t e r  c a p a c i t i e s  

o f  a n t i c i p a t e d  cask desi'gns. Each des ign  uses h e l i u m  i n  t h e  cask c a v i t y .  

T y p i c a l l y ,  as d iscussed i n  Sect ions E.6 and E.7, t h e  dynamic f o r c e  caused 

by impact on a ha rd  s u r f a c e  can be i n  t h e  range o f  1-10 m i l l i o n  pounds on t h e  

r e p r e s e n t a t i v e  t r u c k  cask depending on t h e  impact v e l o c i t y  ( v e l o c i t y  component 

p e r p e n d i c u l a r  t o  t h e  s u r f a c e  impacted),  t h e  cask o r i e n t a t i o n ,  and t h e  hardness 

o f  t h e  su r face .  The s t r a i n  a t  t h e  i n n e r  w a l l  o f  t h e  cask can exceed 30% (S3) 

a t  impact v e l o c i t i e s  g r e a t e r  t han  75 mph. The dynamic fo rces  generated by 

impacts on a ha rd  s u r f a c e  a r e  even h i g h e r  f o r  t h e  r a i l  cask compared t o  t h e  
t r u c k  cask because o f  t h e  l a r g e r  s i z e  and we igh t  o f  t h e  r a i l  cask. 

The p o s s i b i l i t y  o f  punc tu re  o f  t h e  cask by a h i g h  energy-densi ty  o b j e c t  

was evaluated.  I t  was concluded t h a t  a h i g h  v e l o c i t y  I-beam would have t h e  

h i g h e s t  energy d e n s i t y  o f  p robab le  m i s s i l e s  generated i n  an a c c i d e n t  and t h a t  

t h e  I-beam rep resen ted  t h e  bounding case f o r  t h e  punc tu re  o f  a cask 

Assuming t h a t  t h e  I-beam i s  t h e  bounding case, t h e  r e p r e s e n t a t i v e  t r u c k  cask 

was analyzed w i t h  DYNA 3-D ( t h e  3-D d e s i g n a t i o n  i n d i c a t i n g  t h a t  t h ree -  

d imensional  model ing was performed) f o r  impact by a h i g h  energy I-beam. 

The r e p r e s e n t a t i v e  t r u c k  cask and I-beam were modeled u s i n g  two p lanes o f  
sjmmetry. The t r u c k  cask model i nc luded  t h e  i n n e r  and o u t e r  s t e e l  w a l l s  and 

t h e  l e a d  s h i e l d i n g  b u t  d i d  n o t  have end c l o s u r e s  o r  impact l i m i t e r s .  The back 

s i d e  o f  t h e  cask was suppor ted by an u n y i e l d i n g  su r face .  The 40 f o o t  WF-21/96 

I-beam was modeled as 1 / 4  o f  t h e  l e n g t h  u n i t  w i t h  an e q u i v a l e n t  weight.  

The impact v e l o c i t y  was 60 mph, r e s u l t i n g  i n  an impact f o r c e  o f  

40,000 pounds by t h e  I-beam. The de fo rma t ions  due t o  t h e  impact a r e  shown i n  

F ig .  E-4. The impact caused t h e  cask w a l l  t o  f l a t t e n  l o c a l l y  and t h e  I-beam 

t o  y i e l d  s i g n i f i c a n t l y  a t  t h e  p o i n t  o f  impact. A maximum p l a s t i c  s t r a i n  o f  5% 

developed i n  t h e  o u t e r  w a l l  o f  t h e  cask as shown i n  F i g .  E-5. The maximum 
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Figure E-4 Deformations of truck cask during 60 mph impact by a 21-inch 
I - beam. 
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T I M E  = 6.00102E-03 
CONTOURS OF EFF. PLASTIC STRAIN 
MIN= 0 .  IN ELEMENT 1200 
MAX= 4.940E-02 IN ELEMENT 921 

CONTOUR VALUES 
A= 0 .  
B= 6.00E-03 
C= I .20E-02 
D= 1 .80E-02 
E= 2.40E-02 
F= 3.00E-02 
G= 3.60E-02 
H= 4.20E-02 
I= 4.80E-02 

Figure E-5 Distribution o f  plastic strain in outer shell due t o  I-beam 
impact. 
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... 

s t r e s s  and shear i n  t h e  o u t e r  w a l l  were 34,950 p s i  and 19,500 p s i ,  

r e s p e c t i v e l y .  The I-beam d i d  n o t  p e n e t r a t e  t h e  cask w a l l .  

I n  comparison w i t h  t h e  I-beam impact, t h e  t r a i n  s i l l  impact d iscussed i n  

Sec t ion  7.4 on t h e  t r u c k  cask i s  more severe. The impact  f o r c e  exceeded 9 

m i l l i o n  pounds and t h e  s t r a i n  was 20% f o r  a 60 mph impact. There fore ,  i t  was 

concluded t h a t  t h e  impact  by  a t r a i n  s i l l  i s  a more severe a c c i d e n t  t h a t  may 

cause h i g h  l o c a l  s t r a i n s  and s t r e s s  t o  t h e  cask w a l l s .  Due t o  t h e  l a r g e r  s i z e  

and we igh t  o f  t h e  r a i l  cask, i t  was a l s o  concluded t h a t  t h e  impact o f  a t r a i n  

s i l l  on t h e  r a i l  cask i s  more severe than t h e  impact by an I-beam. 

The p o s s i b i l i t y  o f  c rush  o f  t h e  r e p r e s e n t a t i v e  casks b y  a heavy o b j e c t  

was evaluated.  S t a t i c  f o r c e  e v a l u a t i o n s  o f  t h e  r e p r e s e n t a t i v e  casks shown i n  

F ig .  E-3 were per formed u s i n g  t h e  N I K E  2-D f i n i t e  element computer code. A s  
d iscussed i n  Sec t i on  E.3, t h e  l o a d i n g  c o n d i t i o n s  a p p l i e d  on each o f  t h e  

r e p r e s e n t a t i v e  casks a r e  t h e  same as those used f o r  t h e  p r e l i m i n a r y  cask 

des igns i n  Tab le  E.5. The f o r c e  d e f l e c t i o n  c h a r a c t e r i s t i c s  f o r  each o f  t h e  

r e p r e s e n t a t i v e  casks a r e  shown i n  F igs .  E-6 th rough E-9. The f o r c e  where 

genera l  y i e l d i n g  o f  t h e  cask body occurs was s e l e c t e d  f o r  comparing t h e i r  

l o a d i n g  capab i l  i t i e s  w i t h  t h e  bounding c rush  loads  f rom NUREG/CR-3498.E*9 

I n  Tab le  E.6, t y p i c a l  c rush  loads t h a t  cou ld  occur  i n  r e a l  acc idents  a r e  

compared w i t h  t h e  c rush  l o a d i n g  c a p a b i l i t i e s  o f  t h e  r e p r e s e n t a t i v e  casks. The 

bounding c rush  load  i s  a 200-ton locomot ive  t h a t  would r e s t  on t h e  r a i l  cask 
by i t s  s i l l .  Both t h e  t r u c k  and r a i l  cask can suppor t  t h e  we igh t  o f  t h e  

locomot ive  w i t h o u t  y i e l d i n g .  

Based on severe acc iden t  data, t h e  f requency o f  occurrence o f  impact 

loads  i s  a t  l e a s t  a f a c t o r  o f  10 t imes h i g h e r  than  f o r  punc tu re  o r  c rush  
loads. Therefore,  s i n c e  impact can genera te  h i g h e r  loads and can occur more 

f requen t l y ,  i t  i s  concluded t h a t  impact loads  dominate t h e  p o t e n t i a l  

mechanical l o a d i n g  environment and o n l y  impact loads  w i l  be considered 
f u r t h e r  . 
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.Force , .  on,cask r s .  (millions of.lbs.) 

Figure E-7 Sta t i ’c  fo rce  versus d e f l e c t i o n  f o r  sidewise loading of t ruck  
cask. 
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F i g u r e  E-8 S t a t i c  f o r c e  versus d e f l e c t i o n  f o r  endwise l o a d i n g  o f  r a i l  cask. 

E-20 



1 

-2 

-6 

-1 c 

- -14 .- - 
c, 
E 
Q) 

E -18 
Q - 
.- 9 
U 
3 -22 
ti 

-26 

-30 

-34 

\ 
\ 

\ 
5 

Force on cask (millions of Ibs) 
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Tab le  E.6 
Bounding Crush Loads Comparison w i t h  Crush Loading 

C a p a b i l i t i e s  o f  t h e  Truck and R a i l  Casks 

Bounding Crush Truck Cask R a i l  Cask 
Force D e s c r i p t i o n  R e s u l t a n t  Force Capabi 1 i t y  C a p a b i l i t y  

(1bs) (1bs) (W 

For highway a c c i d e n t s  60 thousand 1.6 m i l l i o n  1.6 m i l l i o n  
t h e  weight  o f  a 60,000 
pound t r u c k  w i t h  i t s  
contents .  Weight i s  
c a r r i e d  across t r u c k  
frame w i  d t h  . 
For r a i l w a y  acc iden ts  400 thousand 1.6 m i l l i o n  1.6 m i l l i o n  
t h e  weight  o f  a 200 
t o n  locomot ive.  Weight 
i s  d i s t r i b u t e d  across 
t h e  t r a i n  s i l l .  
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E.5 Q u a s i - S t a t i c  Loads Due t o  Minor  Acc idents  ~- 

I n  Sec t ion  E.4, t h e  minimum s t a t i c  f o r c e  r e q u i r e d  t o  y i e l d  e i t h e r  t h e  

r e p r e s e n t a t i v e  t r u c k  o r  r a i l  cask was determined t o  be 1.6 m i l l i o n  pounds. 

The s t a t i c  f o r c e  r e q u i r e d  t o  y i e l d  t h e  impacted o b j e c t  comple te ly  i s  i n  most 

cases s i g n i f i c a n t l y  l e s s  than 1.6 m i l l i o n  pounds. The s t a t i c  f o r c e  r e q u i r e d  

t o  y i e l d  e i t h e r  t h e  r e p r e s e n t a t i v e  t r u c k  o r  r a i l  cask was compared w i t h  t h e  

f o r c e  r e q u i r e d  t o  c o l l a p s e  p o t e n t i a l  o b j e c t s  t o  screen ou t  low r e s i s t a n c e  

o b j e c t s  f rom f u r t h e r  a n a l y s i s .  

The maximum f o r c e  t h a t  an o b j e c t  can generate d u r i n g  a h i g h  v e l o c i t y  

impact was es t imated  u s i n g  q u a s i - s t a t i c  methods. D 'Alernber t 's  p r i n c i p l e  was 

used t o  e s t a b l i s h  s t a t i c  f o r c e  e q u i v a l e n t  t o  t h e  i n e r t i a l  f o r c e  caused by 

d e c e l e r a t i o n .  I t  was concluded t h a t  o b j e c t s  such as automobi les o r  t r u c k  

t r a i l e r s  cannot genera te  fo rces  g r e a t e r  than 400,000 pounds even a t  h i g h  

v e l o c i t i e s .  

The s t a t i c  f o r c e  r e q u i r e d  t o  c o l l a p s e  an automobi le  i s  l e s s  than 

50,000 pounds. E*10 The maximum impact f o rces  f o r  r a i l  c a r s  and t r u c k  t r a c t o r -  

t r a i l e r s  a r e  es t imated  f rom t h e  s t a t i c  f o rces  r e p o r t e d  f o r  t h e  c rash  t e s t s  o f  
spent  f u e l  casks.  E.11 ,E.12 The q u a s i - s t a t i c  f o r c e s  f o r  conc re te  s t r u c t u r e s  

such as w a l l s ,  columns, ' a n d  abutments were es t imated  f rom t h e  mechanical 
l o a d i n g  analyses o f  t h e  roads ide  s t r u c t u r e s  g i ven  i n  Appendix D. 

The method used t o  de termine t h e  maximum impact f o r c e  t r e e s  and pos ts  
cou ld  r e s i s t  was a one-dimensional (1-D) beam hand c a l c u l a t i o n  t o  de termine 

t h e  l i m i t  moment. The l o b d i n g  . cc ind i t ion  _x we assumed'is shown on F i g .  E-loa. A 
p l a s t i c  h inge  forms when! t h e  e n t i r e  t r e e / p o l e  c ross  s e c t i o n  y i e l d s  a t  t h e  

l o c a t i o n  o f  maximum moment as shown i n  F ig .  E-lob. . A y i e l d  s t r e s s  of  

8,400 p s i  i s  assumed, based on t h r e e  t imes t h e  a l l o w a b l e  f o r  Douglas 

fir. E.13 The bounding' 'force ."(fobte'-.'to *produce * p l a s t i c '  'h inge) f o r  a s o l  i d  

s i  Z'. 

c i r c u l a r  Douglas f ir cross  s e c t i o n  i s  P = 233.38R' l b s ,  where R i s  t h e  r a d i u s  

o f  t h e  t r e e  i n  inches. 

The bounding f o r c e  f o r  a po le ,  assuming a y i e l d  s t r e n g t h  o f  36 k s i ,  i s  

P = 1000 R o ( R o  2 - 2 R i ) ( m  1 .  -.+. 1 - t 
- 
Rn - 
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1 elastic 

plastic 

Plastic hinge forms when the entire cross section yields 

F i g u r e  E-10 Loading c o n d i t i o n s  on t r e e s  and poles. 
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1 

where 

Ro = t h e  p o l e  o u t s i d e  d iameter ,  inches, 

R i  = t h e  p o l e  i n s i d e  d iameter ,  inches, 

t = t h e  p o l e  w a l l  t h i ckness ,  inches. 

Two examples o f  minor  t a r g e t  bounding f o r c e s  f o l l o w :  a 1.5- foot -d iameter  

Douglas f ir t r e e  has a bounding f o r c e  o f  1 . 7 ~ 1 0 ~  l b s ,  and a 10- inch-d iameter  

s tandard  schedule p o l e  has a bounding f o r c e  o f  2 . 9 5 ~ 1 0 ~  lbs .  

Low-res is tance o b j e c t s  such as t r e e s ,  road s igns ,  e l e c t r i c i t y  po les ,  

motorcyc les,  passenger cars ,  t r a i l e r s ,  and t r u c k s  can be screened ou t  based on 

s t a t i c  a n a l y s i s .  Assuming t h a t  t h e  impact f o r c e  i s  l i n e a r l y  app l i ed ,  t h e  

f o r c e / u n i t  l e n g t h  t h a t  cou ld  cause l o c a l  de fo rma t ion  can be est imated.  The 

r e p r e s e n t a t i v e  cask can r e s i s t  a l i n e a r  f o r c e  o f  100,000 pounds/ foo t  t o  

genera te  a s t r a i n  o f  l e s s  than 0.2% (S1) a t  t h e  i n n e r  s h e l l .  The l i n e a r  f o r c e  

t o  c rush  o b j e c t s  i n  many acc iden ts  i s  much l e s s  than  100,000 pounds/ foo t .  

Tab le  E.7 l i s t s  o b j e c t s  t h a t  a r e  t y p i c a l l y  impacted i n  an acc ident ,  many o f  

which do n o t  genera te  a maximum t o t a l  f o r c e  g r e a t e r  t han  400,000 pounds o r  a 
1 i n e a r  f o r c e  g r e a t e r  t han  100,000 pounds/ foot .  

St ronger  and more mass ive  ob jec ts ,  such as t r a i n s ,  b r i dge  columns, 

abutments, and r e a l  su r faces  such as roadbeds a r e  analyzed i n  Sec t i on  E.7. 

E.6 Impacts I on U n y i e l d i n g  Sur faces 

Impact c a l c u l a t i o n  f o r  t h e  r e p r e s e n t a t i v e  casks o n t o  u n y i e l d i n g  su r faces  

were d i v i d e d  i n t o  two ca tegor ies :  those where t h e  cask s t r u c t u r a l  response i s  
e s s e n t i a l l y  e l a s t i c  and those where t h e  cask s t r u c t u r a l  response i s  e l a s t i c -  

p l a s t i c .  The e l a s t i c  response e v a l u a t i o n s  d iscussed i n  Subsect ion E.6.1 were 

performed p r i m a r i l y  u s i n g  t h e  l-D beam element code IMPASC. E*14 The e l a s t i c -  
p l a s t i c  response e v a l u a t i o n s  d iscussed i n  Subsect ion E.6.2 were performed 

u s i n g  t h e  DYNA and N I K E  f a m i l y  o f  computer codes. 
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Table E.7 
Quasi-Static Force Evaluation for Ob,xts Poten ial ly Impacted 

~~ 

Object Total Force 
( W  

Linear Force 
(1 bs/ft) 

Truck Cask 
Endwise 
Sidewise 

Endwise 
Sidewise 

Auto 
Truck Tractor 
Truck Trailer 
Train 
Mot orcyc 1 e 
Bus 
Sound Wall 
4 x 4 Column 

Rail Cask 

3,300,000 
1,600,000 

13,000,000 
1,600,000 

50,000 

450,000 
100,000 

2,000,000 
20,000. 
300,000 
50,000 

900,000 

100,000 

100,000 
<10,000 
<17,000 
<70,000 

> 250,O 00 
~10,000 
<50,000 
<50,000 
>225,000 
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E.6.1 E l a s t i c  Response o f  t h e  Cask 
-I---- 

I n  o rde r  t o  pe r fo rm t h e  response c a l c u l a t i o n ,  i t  i s  e s s e n t i a l  t h a t  a 

p roper  computer code be se lec ted .  T h i s  computer code(s)  must have t h e  

f o l l o w i n g  s p e c i a l  c a p a c i t i e s  o r  f e a t u r e s :  

1. 

2. 

3. 

4. 

5. 

Can p r o v i d e  dynamic impact  a n a l y s i s  

Can ana lyze  o b l i q u e  impact 

Can ana lyze  impact ' l i m i t e r  n o n l i n e a r  behav io r  

Can ana lyze  l e a d  slump e f f e c t  

Can be r u n  inexpens ive ly .  

Three computer codes were se lec ted ,  N I K E  2-0/3-0,E*1 DYNA 2-D/3-D,E*2 and 

IMPASC . E.13 Each code has i t s  s p e c i a l  f ea tu res ,  b u t  a l s o  has weaknesses i n  

meet ing a l l  t h e  requi rements.  N I K E  2-0/3-D and DYNA 2-D/3-D a r e  two o f  t h e  

most power fu l  f i n i t e  element codes f o r  dynamic impact a n a l y s i s .  They meet a l l  

t h e  requi rements l i s t e d  above except  t h a t  they  a r e  expensive t o  run.  

E s p e c i a l l y  when d e a l i n g  w i t h  o b l i q u e  impact and n o n l i n e a r  impact  l i m i t e r s ,  t h e  

r e q u i r e d  3-D model ing can r e s u l t  i n  c o s t l y  c a l c u l a t i o n s .  

I n  o r d e r  t o  manage t h e  l a r g e  amoun,t o.f5!an,alysis r e q u i r e d  f o r  t h i s  s tudy ,  

a code had t o  be,,found -that::could,,rd,o ,aria'lys.i:s*iless. expens ive ly .  The IMPASC 

code was .-se.l.ected.c, ;.IMPAS.C t_.w.as,- dev.e?loped; spec , i f i ca l . l y '  f o r  dynamic impact 

a n a l y s i s  o f  s h i p p i n g  casks t o  assess whether they  meet t h e  10 CFR 71 des ign  

requi rements.  It h.as a s p e c i a l  . featur .e , . for  Jandl e j , jmpact .  T h i s  

code can a l s o .  ana lyze  -nonJine$-r b e h a v i o r .  . , t ' L . '  ..of . t h e  , impact : . l i m i t e r ,  . and i s  

inexpens ive  t o :  run,. The def , jc ien*cy i.s t h a t  I M P A S C ,  cann0.t . *  assess t h e  lead-  

" ,; '.. 7 , .i.i?: y?! , . .  G :  33:: 

I . .  I '  . ,_.  * ; ; .b,f 2; I I 

' b  , [ . .  -; ) : , ' 2 > , . . ' ! !  I :  .:Lf,;:.: - I  

. ,  . .  ., ;i : . . J : ' . - : ' l , b  .... \.,. :. ' 

\..I ' 
, \  , -  ~ 2 r. ,  . . : 

The. approach a "bgn c hmar k.ed rT the.  I MPASO!. .res u;lt,s 1:. 4 i t h  D Y  NA/N I KE r e s  u 1 t s t o  

assess t h e  .lead sl-ump, -and  .+hen used t h e  , - IMPAX .code t o  r u n  p r d d u c t i o n  

c a l c u l a t i o n s  f o r  impacts on an u n y i e l d i n g  sur face .  From t h e  s e n s i t i v i t y  s tudy 
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per formed w i t h  t h e  D Y N A / N I K E  codes i n  Subsect ion E.6.1.3, i t  was found t h a t  

l ead  slump w i l l  n o t  occur  under any c o n d i t i o n s  as l o n g  as t h e  a x i a l  f o r c e  on 

t h e  cask i s  sma l le r  t han  40 g. T h i s  i s  a l s o  t h e  l e v e l  a t  which i t  c o u l d  be 

assured t h a t  t h e  s t r a i n  on t h e  i n n e r  s h e l l  i s  l e s s  than 0.2% (S1) and t h e  

c l o s u r e  s e a l  i s  f u n c t i o n a l ,  s i n c e  t h e  impact l i m i t e r  i s  designed t o  comple te ly  

absorb t h e  energy o f  t h i s  impact  f o r c e  l e v e l .  

S e n s i t i v i t y  s t u d i e s  were per formed t o  show t h a t  t h e  i n c l u s i o n  o f  t h e  cask 

conten ts  does n o t  s i g n i f i c a n t l y  change t h e  s t r a i n  l e v e l s  i n  t h e  cask. The 

s e n s i t i v i t y  s t u d i e s  i nc luded  t h e  f o l l o w i n g :  lumping t h e  we igh t  o f  t h e  

conten ts  a t  t h e  bo t tom end o f  t h e  cask, model ing t h e  conten ts  as elements w i t h  

mass b u t  no s t i f f n e s s  i n  t h e  cask c a v i t y ,  and model ing t h e  con ten ts  w i t h  mass 

and an es t imated  s t i f f n e s s  t o  s i m u l a t e  f u e l  bundles and t h e  f u e l  basket .  

L i q u i d s  such as water  a r e  n o t  con ta ined i n  t h e  cask, because h e l i u m  i s  t h e  
c o o l a n t .  The r e s u l t i n g  changes i n  s t r e s s - s t r a i n s  and g l oads  f o r  t h e  v a r i o u s  

models were n o t  s i g n i f i c a n t  f o r  t h e  purposes o f  t h i s  s tudy.  

E.6.1.1 Truck Cask Impact ~ _ _ _ _ _ _ _ _  --- 
The IMPASC code was used t o  pe r fo rm impact a n a l y s i s  on an u n y i e l d i n g  

su r face  f o r  t h e  t r u c k  cask. The a n a l y s i s  was done by  v a r y i n g  t h e  o t h e r  two 

parameters: cask o r i e n t a t i o n  ang le  and impact v e l o c i t y .  The cask response 

was c a l c u l a t e d  f o r  t h e  cask o r i e n t a t i o n  ang les  o f  Oo, l o o ,  30°, 50°,  70°, and 

90' and impact v e l o c i t i e s  o f  30 mph, 38 mph, and 45 mph. The impact v e l o c i t y  
i s  d e f i n e d  as t h e  v e l o c i t y  component i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  

impact sur face .  The 0' cask o r i e n t a t i o n  ang le  rep resen ts  impact t o  t h e  s i d e  

o f  t h e  cask, whereas t h e  90' cask o r i e n t a t i o n  ang le  rep resen ts  impact  t o  t h e  

end o f  t h e  cask. 

For  t h e  90' ang le  case, t h e  e f f e c t s  due t o  t h e  t r u c k  cab c rush ing  and 

l e a d  slump p ressu re  were inc luded.  The e f f e c t s  o f  l e a d  pressure  were 

c a l c u l a t e d  u s i n g  N I K E  and a r e  d iscussed i n  Subsect ion E.6.1.3. The e f f e c t s  o f  
t h e  cab c rush  f o r  f r o n t - w i s e  impacts, which can be taken i n t o  account by  

i n c r e a s i n g  t h e  impact v e l o c i t y  r e q u i r e d  t o  g i v e  e q u i v a l e n t  s t r a i n ,  was 

es t imated  u s i n g  an energy balance. The energy absorbed by  t h e  cab i s  

es t imated  as 
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E a = F 1 x d  

I 

(E .5)  

where FI i s  t h e  impact o r  crush f o r c e  o f  t h e  t r u c k  cab i n  inches and d i s  t h e  

t o t a l  d i s t a n c e  t h e  cab can be crushed i n  inches. E*11 The k i n e t i c  energy 
r e q u i r e d  t o  cause t h e  same response f o r  t h e  cask when t h e  cab crush i s  

i nc luded  i s  es t ima ted  as 

where M i s  t h e  mass of t h e  t r u c k  and cask i n  l b s ;  V2 i s  t h e  impact v e l o c i t y  i n  

f t / s e c  used t o  f i n d  t h e  s t r a i n ,  t a k i n g  i n t o  account cab crush energy 

abso rp t i on ;  and V1 i s  t h e  impact v e l o c i t y  i n  f t / s e c  w i t h o u t  cab crush energy 

a b s o r p t i o n  as used i n  IMPASC code c a l c u l a t i o n s .  The mass o f  t h e  t r u c k  was 
taken f rom SAND77-0270. E * 1 1  The v e l o c i t y  r e q u i r e d  t o  cause t h e  same cask 

response when cab crush i s  cons idered i s  

The e f f e c t s  o f  cab c rush  a r e  i n c l u d e d  o n l y  f o r  impact v e l o c i t i e s  up t o  

60 mph; a t  h i g h e r  v e l o c i t i e s  t h e  cask w i l l  break f rom i t s  t ie-downs and leave  
t h e  t r u c k  w i t h o u t  any v e l o c i t y  r e d u c t i o n  caused by t r u c k  cab crush. E . l l  

Table E.8 summarizes t h e  v e l o c i t i e s  r e q u i r e d  t o  cause t h e  same cask response 

when cab crush i s  i nc luded  as compared t o  t h e  v e l o c i t i e s  w i t h o u t  cab crush.  

The e f f e c t i v e  impact v e l o c i t y  t o  t a k e  i n t o  account cab crush, V2, i s  used t o  

determine t h e  s t r a i n  f o r  a g i v e n  impact v e l o c i t y  as c a l c u l a t e d  by  t h e  IMPASC 
code. For i ns tance ,  t h e  s t r a i n  a t  30 mph as c a l c u l a t e d  by IMPASC f o r  a t r u c k  

cask i s  assumed t o  occur a t  34.6 mph when cab crush i s  taken i n t o  account. 
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Tab le  E.8 
Impact V e l o c i t i e s  Required t o  I n c l u d e  Cab and 

R a i l  Car Crush Energy Absorp t i on  

V e l o c i t y  w i t h o u t  V e l o c i t y  w i t h  V e l o c i t y  w i t h  
Crush Cab Crush 'Ra i l  Car Crush 
(mph 1 (mph 1 (mph 1 

30 
45 
60 

34.6 
48.2 
62.4 

35 
48.5 
62.8 
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The s t r a i n  v a r i a t i o n  w i t h  cask o r i e n t a t i o n  ang le  f o r  v a r i o u s  impact 

v e l o c i t i e s  a r e  g i ven  i n  Tab le  E.9. From these r e s u l t s  i t  was concluded t h a t  

f o r  t h e  r e p r e s e n t a t i v e  t r u c k  cask t h e  endwise and s idewise  s t r a i n  responses 

bound t h e  s t r a i n  responses f o r  a l l  cask o r i e n t a t i o n s .  For cask o r i e n t a t i o n s  

f rom 0-90' t h e  s t r u c t u r a l  s t r a i n  responses can be- 1 i n e a r l y  i n t e r p o l a t e d  

between t h e  s idew ise  and endwise s t r a i n  responses. The s t r a i n  i s  0.2% (S1) a t  
t h e  impact v e l o c i t y  o f  32 mph f o r  s idewise  impacts and 38 mph f o r  endwise 

impacts.  

E.6.1.2 R a i l  Cask Impact ---_ -- 

The IMPASC code was used t o  pe r fo rm these analyses.  The a n a l y s i s  was 

done by  v a r y i n g  t h e  o t h e r  two parameters, i . e . ,  cask o r i e n t a t i o n  ang le  and 

impact v e l o c i t y .  The cask response was c a l c u l a t e d  f o r  t h e  cask o r i e n t a t i o n  

ang les  o f  Oo, l o o ,  30°, 50°, 70°, and 90' and impact  v e l o c i t i e s  o f  30 mph, 45 

mph, and 60 mph. The impact v e l o c i t y  i s  d e f i n e d  as t h e  v e l o c i t y  component i n  

t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  o b j e c t  surface. The 0' cask o r i e n t a t i o n  
ang le  rep resen ts  t h e  impact t o  t h e  s i d e  o f  t h e  cask, whereas t h e  90' cask 

o r i e n t a t i o n  ang le  i s  t h e  impact t o  t h e  end o f  t h e  cask. The r e s u l t s  o f  t h i s  

s e n s i t i v i t y  s tudy a r e  g i v e n  i n  Tab le  E . l O .  As done f o r  t h e  t r u c k  cask, f o r  

t h e  90' a n g l e  case we inc luded  t h e  e f f e c t s  o f  l e a d  slump p ressu re  and c rush ing  

t h e  f r o n t  end o f  t h e  r a i l  c a r  t r a n s p o r t i n g  t h e  cask. Tab le  E.8 summarizes t h e  
v e l o c i t i e s  r e q u i r e d  t o  i n c l u d e  t h e  r a i l  c a r  crush e f f e c t s .  From t h e  r e s u l t s  
it is concluded that for the representative rail cask, the endwise and 
s idewise  s t r a i n  responses bound t h e  s t r a i n  responses f o r  a l l  cask 

o r i e n t a t i o n s .  For cask o r i e n t a t i o n s  f rom 0-90°, t h e  s t r u c t u r a l  s t r a i n  

responses can be l i n e a r l y  i n t e r p o l a t e d  between t h e  s idew ise  and endwise s t r a i n  

responses. The s t r a i n  a t  t h e  i n n e r  w a l l  i s  0.2% (S1)' a t  t h e  impact v e l o c i t y  

o f  55 mph f o r  s idewise  impacts and 38 mph f o r  endwise impacts.  

E.6.1.3 IMPASC and N I K E  Comparison - ------------- 
The IMPASC code was benchmarked f o r  endwise impacts a t  30 mph on an 

u n y i e l d i n g  su r face  a g a i n s t  t h e  N IKE computer code. Tab le  E . l l  summarizes t h e  

p e r t i n e n t  r e s u l t s  f o r  t h e  r e p r e s e n t a t i v e  t r u c k  and r a i l  casks. For t h e  t r u c k  
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Table E.9 
Truck Cask Strain Response t o  Impact on Unyielding 

Surface at Various Cask Orientations 

Strain 

Impact Velocity 
(%)  

(mph) 
30 38 45 

Cask Orientation - 
Angle 

~ 

0 0.175 0.270 0.650 
10 0.133 0.210 0.260 
30 0.115 0.180 0.255 
50 0.107 0.180 0.244 

0.064 0.081 0.115 ;kl 0.060 0.200 2.00 

-- 
!%I Includes effects of cab crush and lead slump for 90' impact 
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Table E.10 
R a i l  Cask S t r a i n  Response t o  Impact on U n y i e l d i n g  

Sur face a t  Var ious Cask O r i e n t a t i o n s  

S t r a i n  

Impact V e l o c i t y  
(%) 

Cask O r i e n t a t i o n  - (mph) 
Angle 30 45 60 

( "1  

0 
10 
30 
50 

90-  70a/ 

0.046 0.135 0.235 
0.027 0.057 0.091 
0.027 0.059 0.096 

0.015 0.031 0.060 
0.05 1.00 7.00 

0.026 0.059 0.088 

dl I nc ludes  e f f e c t s  o f  cab c rush  and l e a d  slump f o r  90' impact 
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Tab le  , 
IMPASC Endwise Impact Benchmark C a l c u l a t i o n  

Aga ins t  N I K E  2-D 

Truck a t  30 mph R a i l  a t  30 mph 
Un bonded 

Bonded E l a s t i c -  
E l  as t i c P l a s t i c  

N I K E  2-D IMPASC NIKE 2-D N I K E  2-D IMPASC 

Force 
( 9 )  37.5 45.0 36 36 28.6 

-9543. -12200 -6732 -12035 -7100 0 
a x i a l  
( P s i )  

25.8 26.5 25.3 25.8 26.5 Maximum 
d e f  1 e c t  i on 
of l i m i t e r  
( i n c h e s )  

Maximum 0.00077 N I A  0.00038 0.0012 N I A  
p l  as t i c 
s t r a i n  o r  
e f f e c t i v e  
s t r a i n  if 
e l  as t i c 

( " 1  
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cask c a l c u l a t i o n s ,  t h e  m a t e r i  1 p r o p e r t i e s  o f  Sec t i on  E.2 and cask 
c o n f i g u r a t i o n  o f  F ig .  E-15 were used. I n  t h e  N I K E  c a l c u l a t i o n  t h e  l ead  was 

assumed t o  be unbonded from t h e  s t a i n l e s s  s t e e l  s h e l l s ,  whereas i n  t h e  IMPASC 

c a l c u l a t i o n  t h e  l ead  was assumed t o  be bonded. The c a l c u l a t e d  impact f o r c e  

was approx imate ly  38 g a t  30 mph and t h e  impact l i m i t e r  d e f l e c t i o n  was 

approx imate ly  26 inches i n  b o t h . c a l c u l a t i o n s .  R a i l  cask c a l c u l a t i o n s  were 

made w i t h  N I K E  f o r  bonded and unbonded lead.  The r e s u l t s  f o r  t h e  bonded l e a d  

a r e  i n  good agreement w i t h  t h e  IMPASC r e s u l t s  which a r e  a l s o  based on t h e  

assumption o f  bonded lead. The e f f e c t  o f  assuming t h e  l e a d  unbonded i s  
p r i m a r i l y  an i nc rease  o f  t h e  s t r e s s  and s t r a i n  on t h e  i n n e r  s h e l l  o f  t h e  cask 

caused by t h e  l e a d  pressure.  From t h i s  benchmark comparison i t  was concluded 

t h a t  s i g n i f i c a n t  l ead  slump would n o t  occur and t h e  p l a s t i c  s t r a i n  i s  l e s s  

than 0.2% (SI) when t h e  a x i a l  impact f o r c e  on t h e  cask i s  l e s s  than  40 g. 

E.6.2 -__l_l_-- E l a s t i c - P l a s t i c  Response b ~ a s k  ---- 

E l a s t i c - p l a s t i c  c a l c u l a t i o n s  were necessary when cask impact forces 

exceeded 40 g. Severa l  o f  t h e  c a p a b i l i t i e s  o f  t h e  DYNA and N I K E  f i n i t e  

element codes t h a t  a r e  c r i t i c a l  t o  such c a l c u l a t i o n s  a r e  (1) e l a s t i c - p l a s t i c  

m a t e r i a l  models, ( 2 )  s l i d i n g  i n te r faces ,  ( 3 )  dynamic s o l u t i o n s ,  and (4 )  t h e  
a b i l i t y  t o  s o l v e  l a r g e  de fo rma t ion  problems. The cask models i n c l u d e  a 304 

s t a i n l e s s  s t e e l  i n n e r  w a l l ,  l ead  s h i e l d i n g  and a 304 s t a i n l e s s  s t e e l  ou te r  
w a l l .  Each of  t h e  m a t e r i a l s  was modeled as a b i l i n e a r  e l a s t i c - p l a s t i c  
m a t e r i a l .  The m a t e r i a l  p r o p e r t i e s  used a r e  summarized i n  S e c t i o n  E.2. The 

c a l c u l a t i o n s  were pecformed, fo1  endwise:, and s idewise  impacts.  The cask 

responses t o  impacts , a t  o t h e r  c a  o r i e n t a t i o n s  a r e  assumed t o  be bounded by  
t h e  endwise and s idewise,  response- re,sul<!s. . 

,2 , 8 *-. ' '3.L: * 'F , -, - ' I .  - .  
a >  E.6.2.1 Endwise _I___ Impacts . ,, . I I '1 ' I 

Endwise impact - c a ' l h l a t ~ i o h s  wer.e. perfor'med f o r  t h e  r e p r e s e n t a t i v e  t r u c k  

and r a i  1 casks s t r i k i n g  an u n y i e l d i n g  sur face .  The casksirwere# dropped from 
seve ra l  h e i g h t s  on to  an u n y i e l d i n g  su r face  t o  o b t a i n  t h e i r  responses over  a 

range o f  impact c o n d i t i o n s .  The casks were modeled as 2-0 ax isymmetr ic  

composite c y l i n d e r s  w i t h  c losu res  as shown i n  F i g .  E-5. MAZE was used t o  
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generate t h e  f i n i t e  element meshes. DYNA Z-D/NIKE 2-D were used t o  p e r f o r m  
t h e  impact c a l c u l a t i o n s .  E.15 

E.6.2.1.1 Truck Cask Impact 

The t r u c k  cask was modeled u s i n g  two elements f o r  t h e  i n n e r  s h e l l  as 

shown i n  F ig .  E-11. The r e s u l t s  o f  t h e  endwise impact c a l c u l a t i o n s  a r e  

summarized i n  Table E.12. The sudden d e c e l e r a t i o n  o f  impact caused t h e  l ead  

s h i e l d i n g  t o  slump and t h e  cask l e n g t h  t o  decrease as shown i n  F ig .  E-12 f o r  

t h e  60 mph impact. The maximum s t r a i n  c o n d i t i o n s  occur a t  t h e  i n n e r  w a l l  a t  

t h e  f l a n g e  j o i n t  as shown i n  F ig .  E-13 f o r  t h e  60 mph impact. The v e l o c i t y  

changes w i t h  t ime,  o r  d e c e l e r a t i o n s ,  o f  t h e  s t e e l  s t r u c t u r e  and t h e  l ead  

s h i e l d i n g  were s i g n i f i c a n t l y  d i f f e r e n t  as shown i n  F ig .  E-14 f o r  t h e  60 mph 

impact. A l l  impact c a l c u l a t i o n s  were te rm ina ted  a f t e r  rebound occurred.  The 
l e a d  slump i s  determined by f i n d i n g  t h e  v o i d  between t h e  cask s t e e l  body and 

lead  s h i e l d .  For example, cons ide r  a t r u c k  cask impac t ing  a t  60 mph. The 

t i m e  f o r  t h e  l e a d  and t h e  s t e e l  t o  reach  z e r o  v e l o c i t y  i s  e x t r a p o l a t e d  f rom 

F ig .  E-14 as 19 msecs. Then t h e  curves on F ig .  E-12 a r e  e x t r a p o l a t e d  t o  19 

msecs. T h i s  g i v e s  16.5 inches o f  a x i a l  d isp lacement  a t  t h e  t o p  o f  t h e  lead, 

and 4.2 inches i n  t h e  s t e e l  a t  t h e  t o p  o f  t h e  lead c a v i t y .  The r e l a t i v e  

d isp lacement  i s  t h e  l ead  slump, and i s  (16.5 - 4.2) 12.3 inches. 

An average i n t e r f a c e  d e c e l e r a t i o n  f o r c e  was c a l c u l a t e d  f o r  t h e  cask a t  

each impact v e l o c i t y  by ave rag ing  t h e  i n t e r f a c e  f o r c e  over  t h e  t i m e  i t  took  

t h e  s t e e l  s t r u c t u r e  t o  come e s s e n t i a l l y  t o  a s t o p  as shown i n  F ig .  E-14. For 

example, cons ide r  t h e  t r u c k  cask impac t ing  a t  60 mph. The t i m e  f o r  t h e  t o t a l  

s t e e l  mass t o  come n e a r l y  t o  a s t o p  i s  6 msecs as determined f rom F ig .  E-14. 

The s t e e l  i n t e r f a c e  f o r c e  a c t i n g  f o r  t h e  f i r s t  6 msec o f  impact ranges f rom a 

h i g h  o f  373 g t o  a low o f  143 g, t h e r e f o r e  t h e  average i n t e r f a c e  f o r c e  i s  t h e  

sum o f  t h e  f o r c e s  d i v i d e d  by 2 o r  258 g. The average i n t e r f a c e  d e c e l e r a t i o n  

f o r c e  was used t o  e s t i m a t e  t h e  cask response t o  impacts on r e a l  su r faces  as 
d iscussed i n  Sec t i on  E.7. 
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F i g u r e  E-11 F i n i t e  element mesh f o r  two-element i n n e r - w a l l  model by truck 
cask . 
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Table E.12 
Summary o f  Truck Cask Endwise Impact Resulte’ 

Interface Deceleration Strain Lead 
Inner Shell S 1 ump Velocity Force 

(mph 1 (9 )  ( % I  (in) 

30 

6%1 45b 
90-1 

38 I 
90 

258 
353 

0.077 0 
3.60 4 

23.3 12.3 
36.2 24 

I_- -- - 
d/ 

bl 

Cab crush not included in analysis. 

Impact limiter not included in analysis. 
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0.600 

-1 .600 

-2.600 

-5 .600 

-4 .600 

-5 .600 

-6 .600 

-7 .000 

-8 .600 

4 .600 

-10.006 

-11.006 

-12.600 

-13 .000 

-14.000 

-11.600 

I I I I I I 1 I I 1 I I 1 

i 

L... I- .- I- . -. . ._ __- -- 

Time (sec.) 

F i g u r e  E-12 Lead slump i n  t r u c k  cask a t  60 mph impact.  
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Min(-) = 0 
Max(+) = 2.33E-01 

Figure E-13 S t r a i n  i n  lower steel structure for truck cask impact a t  60 mph. 
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Time (sec.) 

Figure E-14 V e l o c i t y  versus time f o r  t r u c k  cask  impact a t  60 mph. 
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E.6.2.1.2 --- Rail Cask Impact 

The r a i l  cask was modeled using two elements f o r  t he  inner s h e l l  a s  shown 
in Fig. E-15.  The r e s u l t s  of t he  endwise impact c a l c u l a t i o n s  a r e  summarized 
in Table E.13. The lead slump t h a t  occurred in t h e  r a i l  cask i s  shown i n  
F i g .  E-16 fo r  t he  90 mph impact. The s t r a i n  condi t ion in the  s t e e l  s t r u c t u r e  
a t  t he  end of impact i s  shown Fig. E-17 f o r  t h e  90 mph impact. The ve loc i ty  
change , for  t he  s t e e l  s t r u c t u r e  and lead sh ie ld ing  i s  shown i n  F i g .  E-18. The 
average i n t e r f a c e  dece le ra t ion  fo rce  was ca lcu la ted  from F i g .  E-18 f o r  t h e  
90 mph impact with the  method discussed i n  Subsection E.6.2.1.1 f o r  t he  t ruck 
cask. 

E.6.2.2 Sidewise Impacts - 

Two-dimensional plane s t r a i n  analyses  w i t h o u t  impact l i m i t e r s  o r  end 
enclosures  were performed fo r  s idewise impacts on an unyielding su r face  t o  
es t imate  the  3-D responses f o r  t h e  casks.  This approximate 2-D method 
overest imates  s t r a i n  responses o f  t he  r ep resen ta t ive  casks ,  p a r t i c u l a r l y  f o r  
impact v e l o c i t i e s  l e s s  than 60 mph and f o r  impacts on s o f t  sur faces  such a s  
s o i l .  The 2-D method was benchmarked in Subsection E.6.2.2.3 with a 
3-D impact ana lys i s  t h a t  modeled t h e  r ep resen ta t ive  t ruck cask with impact 
l i m i t e r s  and end c losures .  This approximate method e l imina te s  the  need t o  
perform a s e r i e s  of  3-D sidewise impact analyses .  

The 2-D t ruck cask models were developed using the  SLIC i n t e r a c t i v e  mesh 
genera tor .  E*16 The dimensions in the  SLIC command f i l e  were modified t o  
gbnerate  the  r a i l  cask models. The cask models do n o t  include conten ts .  DYNA 

2-D (Z ) ,  an e x p l i c i t  2-D hydrodynamic f i n i t e  element program, was used t o  do 
t h e  plane s t r a i n  ana lys i s .  

E.6.2.2.1 Truck Cask Impact 
--I---- 1-1 - 

For unyielding su r face  impacts, a v e r t i c a l  symmetry plane was used in t h e  
modeling a s  shown i n  Fig. E-19 t o  reduce the  so lu t ion  cos t .  The c a l c u l a t i o n s  
were performed f o r  t h r e e  d i f f e r e n t  t ruck cask i n i t i a l  v e l o c i t i e s :  30 mph,  60 

m p h ,  and 90 mph.  The c a l c u l a t i o n s  were terminated when the  cask s t a r t e d  t o  
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F i g u r e  E-15 F i n i t e  element mesh f o r  r a i l  cask. 
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Table E.13 
Summary of Rail Cask Endwise Impact Results’ 

Interface Deceleration Strain Lead 
Velocity Force Inner Wall Slump 

( mPh 1 ( 9 )  ( % I  ( in) 

30 

90-/ 45b 

36 
103 
425 

0.12 0.5 
1.9 6.0 

24.3 24.8 

d/ 

b/ 
Cab crush not included in analysis. 

Impact limiter not included in analysis. 
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Figure  E-16 Lead slump i n  r a i l  ca sk  a t  90 mph impact.  

E-45 



I 

Min(-) = 0 
Max(+) = 2.43E-01 

Figure E-17 Strain i n  lower steel structure for ra i l  cask impact a t  90 mph. 
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F i g u r e  E-18 V e l o c i t y  versus t i m e  f o r  r a i l  cask impact a t  90 mph. 
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F i g u r e  E-19 Model of a t r u c k  cask impac t ing  an u n y i e l d i n g  su r face .  
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rebound. The sudden d e c e l e r a t i o n  caused t h e  cask t o  f l a t t e n  as shown i n  

F ig .  E-20. 

For t h e  30 mph impact,  t h e  cask exper ienced 160 g ' s  and sus ta ined  a 

maximum e f f e c t i v e  s t r e s s  o f  36,000 p s i  and maximum p l a s t i c  s t r a i n  o f  5.9% i n  

t h e  s t e e l  s h e l l s .  For 60 mph, t h e  g ' s  increased t o  342, t h e  maximum e f f e c t i v e  

s t r e s s  increased t o  45,300 p s i  and t h e  maximum p l a s t i c  s t r a i n  increased t o  

14%. These r e s u l t s  a r e  summarized i n  Table E.14. The l o c a t i o n  o f  t h e  maximum 

p l a s t i c  s t r a i n  i s  shown i n  F ig .  E-21 f o r  t h e  60 mph impact.  

E.6.2.2.2 R a i l  Cask Impact 

C a l c u l a t i o n s  were performed f o r  t h e  r a i l  cask w i t h  i n i t i a l  v e l o c i t i e s  o f  

30 mph and 60 mph. The 30 mph c a l c u l a t i o n  was t e r m i n a t e d  when t h e  cask 
s t a r t e d  t o  rebound. The 60 mph c a l c u l a t i o n  was t e r m i n a t e d  when t h e  cask 

s t a r t e d  t o  f o l d  on i t s e l f .  The sudden d e c e l e r a t i o n  caused t h e  cask t o  f l a t t e n  

cons ide rab ly  and, i n  t h e  60 mph case, t o  develop a p l a s t i c  h inge  as shown i n  

F ig .  E-22. The cask con ten ts  would t o  some degree r e s i s t  t h e  f o r m a t i o n  o f  t h e  

p l a s t i c  h inge.  However, t h e  cask con ten ts  were n o t  modeled. 

For t h e  30 mph impact, t h e  cask exper ienced a f o r c e  o f  29 g ' s  and 
sus ta ined  a maximum e f f e c t i v e  s t r e s s  o f  32,400 p s i  and maximum p l a s t i c  s t r a i n  
o f  4.1% i n  t h e  s t e e l  s h e l l s .  For 60 mph, t h e  g ' s  increased t o  47, t h e  maximum 

e f f e c t i v e  s t r e s s  increased to  37,400 p s i  and t h e  maximum p l a s t i c  s t r a i n  

increased t o  7.2%. These r e s u l t s  a r e  summarized i n  Table E.15. The l o c a t i o n  
o f  t h e  maximum p l a s t i c  s t r a i n  i s  shown i n  F ig .  E-23 f o r  t h e  60 mph impact. 

E.6.2.2.3 Three-Dimensional Sidewise Impact 
-_I_----- --- 

A 3-D t r u c k  s h i p p i n g  cask was modeled f o r  t h e  s ide-drop a n a l y s i s  w i t h  

impact l i m i t e r s .  As shown i n  F ig .  E-24, t h e  model i n c l u d e s  t h e  i n n e r  and 

o u t e r  s t e e l  s h e l l s ,  t h e  l e a d  s h i e l d i n g ,  th,e s t e e l  end caps, and t h e  b a l s a  wood 

impact l i m i t e r s .  The f i n i t e  element model was generated u s i n g  SLIC, an 

i n t e r a c t i v e  mesh generator .  The impact l i m i t e r s  were n o t  t i e d  t o  t h e  cask, 

c o n s e r v a t i v e l y  a l l o w i n g  them t o  s l i d e  r e l a t i v e  t o  t h e  cask because any b o l t  

r e t a i n i n g  forces t h a t  c o u l d  be p resen t  a r e  unknown. Two p lanes o f  symmetry 

E-49 



Figure E-20 Truck cask impact on unyielding surface a t  60 mph. 
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Tablle E-14 
Resu l t s  o' f  Truck Cask Sidewise Impact oln. an Uny ie ld . ing  Susface 

Cask impact  ve l l oc i t y  (mph) 310 60 90 

g l o a d  o n  cask (9)  160 342 547 
j Time a t  which reboemd s t a r t s  ( sec )  0.0085 or. ooa Oe.a 0 07 5 

I Maximum e f f e c t i v e  s t r e s s  ( p s i )  36.,000 45,3001 63>, 100 
I Maxiimam p l a s t i c  s 5.9 14. 23.1 I 
I 

1 I 
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Min(-) = 0 
Max(+) = 1.40E-01 

Figure E-21 Impact on unyielding surface at 60 mph - maximum plastic 
strain location. 
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Figure E-22 Rail cask impact on unyielding surface at  60 mph. 
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Table E.15 
Resu l t s  o f  R a i l  Cask Sidewise Impact on an U n y i e l d i n g  Sur face 

Cask impact v e l o c i t y  (mph) 30 60 
Time a t  which rebound s t a r t s  ( sec )  0.048 N I A  

Maximum e f f e c t i v e  s t r e s s  ( p s i )  32,400 37,400 
Maximum p l a s t i c  s t r a i n  (%)  4.1 7.2 

g l o a d  on cask ( 9 )  29 47 
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Min(-) = 0 
Max(+) = 7.20E-02 

Figure E-23Rail cask impact on unyielding su r face  a t  60 mph - maximum 
p l a s t i c  s t r a i n  loca t ion .  
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Figure E-24 Full side drop geometry including impact limiters. 
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were i n c o r p o r a t e d  t o  reduce t h e  model 's  comp lex i t y .  
s h e l l s  were modeled u s i n g  t h e  t h i c k  s h e l l  o p t i o n  i n  DYNA 2 4 .  

The i n n e r  and o u t e r  s t e e l  

The impact v e l o c i t y  was 60 mph, r e s u l t i n g  i n  d e c e l e r a t i o n  o f  108 g ' s  and 

t h e  de fo rma t ion  shown i n  F ig .  E-25. The cask bowed because i t  was supported 

by t h e  impact l i m i t e r s  around t h e  end caps. The c e n t e r  o f  t h e  cask impacted 

t h e  u n y i e l d i n g  s u r f a c e  a t  a lmost 60 mph. The c o n t a c t  a rea  increased t o  

approx imate ly  h a l f  t h e  l e n g t h  o f  t h e  cask when impact was complete and rebound 

s t a r t e d  t o  occur.  The s t r a i n  d i s t r i b u t i o n  shown i n  F ig .  E-26 i n d i c a t e s  t h a t  

t h e  maximums occur  a t  t h e  c e n t e r  o f  t h e  cask. The maximum e f f e c t i v e  s t r e s s  

was 42,500 p s i ;  t h e  maximum p l a s t i c  s t r a i n  was 8.7%; and t h e  maximum shear 

s t r e s s  was 24,400 p s i .  

The c a l c u l a t i o n  o f  t h e  f u l l  s ide-drop w i t h  impact l i m i t e r s  showed s e v e r a l  
t h i n g s .  F i r s t ,  t h e  cask bows when t h e  ends impact f i r s t  because o f  t h e  impact 

l i m i t e r s .  Second, as t h e  cask bows and t h e  c e n t e r  o f  t h e  cask impacts t h e  

u n y i e l d i n g  surface, t h e  c e n t e r  o f  t h e  cask i,s s t i l l  t r a v e l i n g  a t  a lmost  f u l l  

speed. The bowing does n o t  s low down t h e  c e n t e r  o f  t h e  cask. 

A t h i n  s l i c e  o f  t h e  cask was i s o l a t e d  a t  t h e  c e n t e r  and compared w i t h  a 

2-D p l a n e  s t r a i n  c a l c u l a t i o n  w i t h  t h e  same impact v e l o c i t y  o f  60 mph. The 
de fo rma t ions  a r e  v i r t u a l l y  t h e  same as shown i n  F ig .  E-27. The s t r e s s e s  and 

s t r a i n s  a l s o  compared f a v o r a b l y .  S ince t h e  deformed slopes compared so 
c l o s e l y ,  i t  was concluded t h a t  2-D c a l c u l a t i o n s  can be used t o  r e p r e s e n t  
3-0 impacts on su r faces  a t  60 rnph and grea ter .  

E . 7  Impacts on Real Ob jec ts  -- - -- 
I d e a l l y ,  i t  would be d e s i r a b l e  t o  p e r f o r m  t h e  response c a l c u l a t i o n s  

assuming b o t h  r e p r e s e n t a t i v e - c a s k s  and r e a l  impact sur faces.  T h i s  can be  done 

u s i n g  e i t h e r  DYNA 2-D/3-D or NIKE 2-D/3-D computer codes. However, g i v e n  t h a t  
computer runs have t o  be performed t o  cover  many v a r i a t i o n s  i n  cask 
o r i e n t a t i o n  angle,  s u r f a c e  hardness, and impact v e l o c i t i e s ,  expense p rec ludes  

t h e  use o f  DYNA o r  NIKE codes f o r  each case. 
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F i g u r e  E-25 Deformat ions o f  t r u c k  cask d u r i n g  60 mph s i d e  drop ( s i d e  view) 
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Figure E-26 Distribution of  plastic strain at end o f  impact (outer shell). 
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3-D Calculations 2-D Calculations 

Figure E-27 Comparison o f  2-D deformations with 3-D deformations at the 
center of the cask. 
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To s i m p l i f y  t h e  o the rw ise  massive f i n i t e  element analyses necessary t o  

analyze a r e p r e s e n t a t i v e ,  i .e. ,  a deformable cask impac t ing  a deformable 

sur face,  an e q u i v a l e n t  damage technique was devised. Using t h e  e q u i v a l e n t  

damage techn ique  desc r ibed  i n  Subsect ion E.7.1, t h e  cask response was 

es t ima ted  f o r  impacts on r e a l  sur faces.  

E.7.1 R u i v a l e n t  -- Damage Technique I- - 

I n  t h e  e q u i v a l e n t  damage technique, t h e  t o t a l  deformat ion,  and thus  t h e  

t o t a l  energy a b s o r p t i o n  caused by impact, i s  d i v i d e d  i n t o  two p a r t s .  The 

b a s i c  assumption i s  t h a t  t h e  t o t a l  energy o f  t h e  f a l l i n g  cask i s  absorbed by 

de fo rma t ion  o f  t h e  cask i t s e l f  and t h e  s u r f a c e  t h a t  i t  h i t s .  I n  o r d e r  t o  

e s t i m a t e  how much o f  t h e  energy i s  absorbed by t h e  sur face,  t h e  cask i s  

modeled as a r i g i d  body, and t h e  s u r f a c e  i s  modeled as an energy-absorbing 

medium. Using t h i s  model, t h e  impact f o r c e  on t h e  r i g i d  cask can be 

determined f o r  seve ra l  v e l o c i t i e s .  I n  o r d e r  t o  accompl ish t h e  necessary 

analyses, t h e  c h a r a c t e r i s t i c s  o f  s e v e r a l  r e a l  t a r g e t  sur faces must be 

determined. 

The energy absorbed by t h e  cask i t s e l f  i s  es t ima ted  by model ing a 

deformable cask impac t ing  an u n y i e l d i n g  sur face.  Impact f o r c e s  and 
corresponding cask deformat ions a r e  determined f o r  d i f f e r e n t  impact v e l o c i t i e s  

u s i n g  t h i s  model. I n  a r e a l  s i t u a t i o n  b o t h  t h e  cask and s u r f a c e  would 

deform. Tak ing t h e  deformat ions f rom t h e  two separate c a l c u l a t i o n s  and 
summing them g i v e s  a c o n s e r v a t i v e  e s t i m a t e  o f  t h e  t o t a l  de fo rma t ion  when a 

r e a l  cask h i t s  a r e a l  su r face .  Since t h e  f o r c e  r e q u i r e d  t o  cause a 0.2% 

s t r a i n  (SI) i n  t h e  cask i s  known, t h e  p roduc t  o f  t h i s  f o r c e  and t h e  sum o f  t h e  

s e p a r a t e l y  c a l c u l a t e d  deformat ions,  c a l c u l a t e d  f o r  t h e  same fo rce ,  

c o n s e r v a t i v e l y  g i v e s  t h e  t o t a l  de fo rma t ion  energy. By equa t ing  t h i s  t o t a l  
de fo rma t ion  energy t o  t h e  k i n e t i c  energy, an e q u i v a l e n t  v e l o c i t y  can be 

c a l c u l a t e d .  T h i s  e q u i v a l e n t  v e l o c i t y  i s  then used t o  mod i f y  t h e  curves 

generated by use o f  t h e  IMPASC code ( i n  which o n l y  an u n y i e l d i n g  s u r f a c e  can 

be modeled) t o  t a k e  i n t o  account t h e  e f f e c t  o f  t h e  r e a l  su r face .  F i g u r e  E-28 

shows t h e  a n a l y s i s  f o r  t h e  case o f  v e r t i c a l  end-drop w i t h o u t  l i m i t e r s .  
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(a) Rigid cask (b)  Representative cask 
impacts real impacts unyielding 
surface surface 

(c) Representative cask 
impacts real 
surface 

F i g u r e  E-28 Equ iva len t  damage technique.  
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To illustrate the application of the equivalent damage technique, this 
discussion i s  restricted to the case of cask end-drop without limiters and a 
strain of 0.2% (S1) even though this technique was used to calculate cask 
responses for other orientations, for casks with limiters, and higher strain 
1 eve1 s . 

In case (a), the representative truck or rail cask is impacted onto an 
unyielding surface so that all the kinetic energy is absorbed by the cask. 
The strain response of the cask is calculated as a function of impact 
velocity. Assuming constant deceleration during impact, the deceleration 
force can be estimated from an energy balance: 

where F is the force of impact in pounds, W is the cask weight in pounds, g is 
the gravitational constant in ft/sec2, V1 is the impact velocity in ft/sec, 
and dcl is the cask deformation in inches. 

The cask deformation, dcl, is related to the maximum strain on the inner 
wall where the 0.2% strain (S1) level is defined. The deceleration force, 
cask deformation, and the maximum strain at the inner wall are calculated over 
a range of impact velocities. The deceleration force, (F/W)g, is identified 
where the 0.2% strain (S1) level occurs. 

In case (b), a rigid body with the) same outer dimensions as the cask is 
impacted onto real surfaces such as hard rock, soft rock, and tillable soil. 
All the kinetic energy is' en absorbed by the surface. The deceleration 
force can be estimated by 

' I  , , ,-. 

I .  

L a  #i 

r ' 2 1  1 , .. 
f k, - 3 *- . L- , -1 t 

r .  
4 ,  I 

.-I 

k v; 8 - 1  

(Q) F 9 =.r - - deceleration f0rce';n.g of a rigid cask 
1 I ,  ' 

on a real- surface 
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where V 2  i s  t he  impact ve loc i ty  i n  f t / s e c  and ds l  i s  t he  pene t ra t ion  i n t o  the  
sur face  in inches Again t h e  dece le ra t ion  fo rce  i s  ca lcu la ted  over a range of 
impact v e l o c i t i e s .  The impac t ' ve loc i ty  V2 i s  determined fo r  t he  same impact 
force  i d e n t i f i e d  in case ( a )  a t  t he  0.2% s t r a i n  (S1) l eve l .  

In case  ( c ) ,  t he  r ep resen ta t ive  cask i s  impacted o n t o  r e a l  sur faces .  The 
impact ve loc i ty  and k i n e t i c  energy a r e  absorbed by b o t h  t h e  cask and t h e  
sur face .  The dece le ra t ion  fo rce  can be estimated by 

dece le ra t ion  fo rce  
r ep resen ta t ive  cask 

(--) F g = "3 = 

2 ( d s l  del) n g o f a  
on a r e a l  su r f ace  ( E .  10) 

where V 3  i s  t he  impact ve loc i ty  corresponding t o  t he  0.2% s t r a i n  (S1) l e v e l ,  
and d s l  and dc l  a r e  t h e  pene t ra t ion  i n t o  t h e  su r face  and cask deformation, 
r e s p e c t i v e l y ,  as  ca l cu la t ed  separa te ly  f o r  the  same f o r c e .  By equat ing 
Equations E.9 and E.10,  t h e  ve loc i ty  V3 i s  ca l cu la t ed :  

( E . l l )  

A higher impact ve loc i ty  i s  required t o  give equiva len t  damage f o r  t h e  
case  where energy i s  absorbed by both the  cask and the  sur face .  The 
equivalent  damage technique was conserva t ive ly  appl ied by assuming t h a t  e i t h e r  
t he  cask or the  impacted su r face  absorb a l l  of the  impact energy. The 
r e s u l t i n g  average fo rce  on the  cask was then used t o  es t imate  t h e  s t r a i n  on 
the  inner s h e l l .  Consequently, t he  s t r a i n  i s  s i g n i f i c a n t l y  overestimated i n  
those cases when s i g n i f i c a n t  energy i s  absorbed by b o t h  t he  cask and  t h e  
sur face .  As shown by t he  benchmark c a l c u l a t i o n ,  t h i s  approach over 
compensates f o r  t h e  s impl i f j i ng  assumptions made t o  develop t h e  equivalent  
damage technique. 
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T h i s  e q u i v a l e n t  damage technique was benchmarked by impac t ing  t h e  

r e p r e s e n t a t i v e  t r u c k  cask on s o f t  r o c k  and then comparing t h e  c a l c u l a t e d  

s t r a i n  w i t h  t h e  es t ima ted  s t r a i n  f rom t h e  e q u i v a l e n t  damage technique f o r  t h e  

same impact c o n d i t i o n s .  

To s i m p l i f y  t h e  comparison, t h e  impact l i m i t e r  was n o t  i n c l u d e d  i n  t h e  

benchmark a n a l y s i s .  The r e p r e s e n t a t i v e  cask was impacted a t  30 mph on t h e  

s o f t  rock  su r face .  The cask response t o  t h e  impact i s  summarized i n  

Table E.16. The cask response u s i n g  t h e  e q u i v a l e n t  damage techn ique  i s  a l s o  

summarized. The percentage s t r a i n  response f o r  t h e  a c t u a l  case i s  5.4% 

compared t o  14.3% es t ima ted  u s i n g  t h e  e q u i v a l e n t  damage technique.  I n  t h i s  

benchmark case, it. was assumed t h a t  a l l  o f  t h e  energy i s  absorbed by t h e  s o f t  

rock ,  because t h e  r e s u l t a n t  f o r c e  i s  lower  than t h a t  r e s u l t i n g  f rom an 

e q u i v a l e n t  d rop  o n t o  an u n y i e l d i n g  sur face.  From t h i s  benchmark c a l c u l a t i o n  

i t  was concluded t h a t  t h e  e q u i v a l e n t  damage techn ique  as used i n  t h i s  s tudy 

overest imates t h e  cask response, y e t  p rov ides  reasonable r e s u l t s  f o r  

e s t i m a t i n g  purposes. 

E.7.2 - S o i l  Impacts 

A s imp le  s o i l  model was developed and benchmarked f o r  e v a l u a t i n g  impacts 

on s o i l  w i t h  t h e  r e p r e s e n t a t i v e  casks as d iscussed i n  Subsect ions E.7.2.1 and 

E.7.2.2. The responses of  t h e  r e p r e s e n t a t i v e  casks f o r  endwise impacts on 

s o i l  were es t ima ted  i n  Subsect ion E.7.2.3 u s i n g  t h e  e q u i v a l e n t  damage 
technique.  The responses o f  t h e  casks were c a l c u l a t e d  w i t h  2-D cask models i n  

Subsect ion E.7.2.4 f o r  s idew ise  impacts. 

E.7.2.1 S o i l  Model 

Three su r faces  a r e  considered t o  r e p r e s e n t  a range o f  c r e d i b l e  impact 

scenar ios.  The su r faces  considered s i m u l a t e  a ha rd  rock ,  a s o f t  r o c k  

i n c l u d i n g  concrete,  and t i l l a b l e  s o i l .  Real su r faces  e x h i b i t  complex 

c h a r a c t e r i s t i c s  b u t  can be considered t o  deform e l a s t i c a 1  l y  d u r i n g  t h e  e a r l y  
p a r t  o f  t h e  impact, f o l l o w e d  by an energy d i s s i p a t i o n  phase. The exac t  n a t u r e  

o f  t h e  energy d i s s i p a t i o n  mechanisms i s  n o t  w e l l  known; t h e r e f o r e ,  a 

reasonable and s imp le  e l a s t i c - p e r f e c t l y  p l a s t i c  f o r m u l a t i o n  was used. The t w o  
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Table E.16 
Comparison o f  E q u i v a l e n t  Damage Technique R e s u l t  

w i t h  Real Sur face Impact Resu l t s  

Real Cask R i g i d  Cask 
on S o f t  on S o f t  Real Cask on E q u i v a l e n t  

Rock Rock U n y i e l d i n g  Damage 
S u r f  ace Surface Sur face Tec hn i qu e 

Cask V e l o c i t y  (mph) 30 30 28.4 30.0 
D u r a t i o n  o f  Impact (msecs) 17 7.5 17.0 17 .O 

Maximum P l a s t i c  S t r a i n  (%)  5.4 N / A  14.3 14.3 
Lead Slump ( i n )  6 N / A  6.12 6.12 

I n t e r f a c e  Force a t  Impact ( 9 )  203 222 222.0 222.0 
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parameters used in this formulation, namely the initial elastic modulus and 
the yield stress, can be calibrated to approximate an equivalent energy- 
absorbing medium. To provide the calibration, penetration data E*19 were used 
as discussed in Subsection E.7.2.2. Reasonable predictions of penetration 
were possible using the equivalent elastic-plastic formulation. 

The material parameters required by the bilinear computer model, an 
elastic-plastic model referred to as Material Type 3 in the NIKE/DYNA input 
manuals, are 

E = Young's modulus, psi, 

v = Poisson's ratio, unitless, 

o = yield strength, psi, Y 

p = density, lb-sec2/in4, 

fl = hardening parameter, unitless, 

En = hardening modulus, psi, 

= principle stresses at ultimate stress state, psi. 'lult and '3ult 

A suitable range of yield stresses had to be determined for use within 
the elastic-perfectly> plastic model. The standard method for predicting soil 
failure is the Mohr-Coulomb failure criterion, which states 'that soil will 

I . I  . ;i' "3. 'JC , . t , ' .  ', . tlt 
- .  

fail in shear at a vaiue'pr the appl ied confining, pressure, which 
varies with soil depth. i s  assumed that yielding begins at a 
stress level equal to the failure stress (corresponding to the elastic- 
perfectly plastic response assumption), it is necessary to consider a range o f  
failure stress levels. 

1 '  1 r i 4 . 

E.17 

To calculate the failure stress, oult, the data o f  J.M. Duncan, et al., 
were used to provide an extensive list o f  soil parameters. E*18 Also, a 
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relationship between the deviatoric failure stress, (ul - I J ~ ) ~ ,  the friction 
angle, 0 ,  and the cohesion intercept is given by Duncan with the formula 

2c cos 0 t 2 0 3  sin 0 
1 - sin 8 (E.12) (ul - u3)f E --------.------I__ , 

The deviatoric failure stress is related to the ultimate deviatoric 
.E.17 stress as follows. 

(E.13) 

where Rf is the failure ratio. Because ( a l  - u3)f is always less than 
Duncan (‘1 - ‘3)ult’ 

lists soil parameters for about 150 soils. If, for a particular type of soil, 
e.g. sandy clay, the largest 0 ,  c, and u 3 ,  and the lowest value for Rf are 
selected, a conservative value for the deviatoric failure stress can be 
calculated. Rearranging equation (E.13) gives: 

the value o f  Rf i s  always less than 1, usually 0.5-0.9. 

- 
‘3ult OUlt - OIUlt’ ---- 

Rf 
(E.14) 

For an elastic-plastic model it i s  conservative to use the ultimate stress as 
the yield stress to estimate the maximum force on the cask. 

From Duncan’s data a summary o f  the conservative parameters found for 12 

general categories of soils is given in Table E.17. 
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Tab le  E.17 
Soi  1 Parameters 

Soi  1 s 
Y 

Max 8 Maxqc Max a3 M in  R f  0 

( 0 )  ( t o n s / f t 2 )  ( p s i )  ( u n i t l e s s )  ( p s i )  

R o c k f i l l  53 
Sandy Gravel  58 
Clayey Gravel /Clayey Sand 34 
S i  1 t y  Sand/Sandy S i  1 t 

S i l t y  Clay 33 
Lean Clay 3 
F a t  Clay 4 

53 
Sand 49 

S i l t  45 

0 
10.01 

2.6 
0.54 
0 
3.3 
1.10 
1.5 
0 

728 
728 
504 
219 

1104 
222 

156 
115 

93.33 

0.51 
0.57 
0.55 
0.57 
0.63 
0.58 
0.52 
0.65 
0.57 

12051 
15107 

2847 
3277 

11892 
1161 

118 
19 6 

1090 
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E.7.2.2 S o i l  Model Benchmark C a l c u l a t i o n s  ~ - - -  ---- 
The s o i l  model was benchmarjk*ed by  comparing w i t h  t e s t  data.  T h i s  was 

accomplished i n  two phases. The f i r s t  was an a n a l y t i c a l  p l a t e  bea r ing  t e s t .  

T h i s  t e s t  i s  o. f ten used t o  eva lua te  so i ls . ,  subgrades, and pavements, 

e s p e c i a l l y  i n  road des ign,  and uses t h e  modulus of  subgrade r e a c t i o n ,  k,  which 

i s  measured i n  s i t u  w i t h  a p l a t e  bea r ing  t e s t .  The t e s t  i n v o l v e s  l o a d i n g  a 
c i r c u l q r .  d i s k ,  o r  s tack  o f  d i s k s ,  u s u a l l y  30 inches i n  d iameter ,  a t  a 

s p e c i f k d  , d e f l e c t i o n  r a t e ,  and measuring t h e  d e f l e c t i o n  a t  a predetermined 

load,  u s u a l l y  10 p s i .  The modulus k i s  c a l c u l a t e d  as f o l l o w s :  

k = -  , p s i / i n ,  
A (E. 15)  

where 

p = uni ' t  l oad  on p l d t e ,  p s i  
A = d e f l e c t i o n  o f  plsate, inches. 

The r e s u l t s  ob ta ined  f o r  t h e  modulus o f  subyrade r e a c t i o n ,  k, were compared 

w i t h  p r e d i c t e d  va lues  E.-18 and a r e  summarized i n  Tab le  E.18. The ,purpose o f  

t h i s  check was t o  v e r i f y  t h a t  t h e  s e l e c t e d  , e l a s t i c  p l a s t i c  m a t e r i a l  model 

produced resu ' l t s  t h a t  were n o t  comple te ly  o u t  o f  l i n e .  The r e s u l t s  i n d i c a t e  

t h a t  f o r  e l a s t - i c  loads,  t h e  model s i g n i f i c a n t l y  ove r -p red ic t s  t h e  s o i l  

s t i f f n e s s .  The o tver -p red ic t ion  i s  conse rva t i ve  f o r  t h i s  s tudy .  

The second phase o f  t h e  benchmark process was a r e v i e w  o f  work p resented  

by C.W. Young,, E * 2 0  and a comparison o f  h i s  r e s u l t s  w i t h  t h e  s o i l  model 

r e s u l t s .  Young's method was de,veloped t o  p r e d i c t  depth  o f  e a r t h - p e n e t r a t i n g  

p r o j e c t i l e s .  Young uses a m a t e r i a l  parameter, which he  c a l l s  '5, i n  h i s  

f o r m u l a t i o n  and has t a b u l a t e d  {values ! o f  'S f o r  a l a r g e  v.a;ri,ety o f  s o i l s .  

T y p i c a l  ,xa lues l o f  S f rom Young E * 2 0  a r e  l i s t e d  i n  Tab le  E.19 w i t h  t h e  b i l i n e a r  
s o i l  parameters. E. 17.,€.119 , E , 2  1 

e E.18 i t  i s  concluded t h a t  t h e  parameters used t o  bm 

can va ry  o*ver a ,wide r.ange Tor  < d i f f e r e n t  t ypes  o f  s o i l  and roc'ks. ,Ailso t h e  

types  o f  . s o i l s  and rocks  can vary  s i g n i f i c a n t l y  w i t h i n  a s p e c i f i c  qand 

region.. To *make t h e  work manageable i n  a n a l y z i n g  impact  w i t h  sur faces ,  t h e  
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Table E.18 
Plate Bearing Test Simulation w i t h  N I K E  2-D 

Soi 1 Calculated k 
(psi /in) 

Predicted k E. 19 
{psi /in) 

f Dense San 
E = 10 psi 
v = 0.3 

Sandy Clay 
E = 5x103 psi 
v = 0.3 

Hard Sand 
E = 5x103 psi 
v = 0.48 

1100 

7 5 0  

840 

300 or more 

200-300 

300-800 
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Tab le  E.19 
E. 17 ,E. 19 ,E.21 Summary o f  S o i l  Types and Range o f  S o i l  Parameters 

S o i l s  

Range o f  S o i l  Parameters 
B i  fTnear Model Parameter Soil Constant, 

E V 0.. S 

C1 ay 50-38,000 0.1-0.5 100-3,000 4-50 
S i l t  300-500 0.3-0.35 1,000-3,500 8-50 
Sand 1,000-28,000 0.15-0.4 2,800-15,000 4-12 
S o f t  Rock 20,000-2,000,000 0.1-0.4 10 , 000-16,000 0.8-5 
Hard Rock 5,000,000-26,000,000 0.12-0.4 12,000-25,000 0.3-0.8 
Concrete 3,000,000-5,000,000 0.1-0.2 3,000-8,000 0.8-3 
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su r faces  were c l a s s i f i e d  i n t o  t h r e e  groups: ha rd  rock ,  s o f t  rock  i n c l u d i n g  

concrete,  and t i l l a b l e  s o i l .  The m a t e r i a l  p r o p e r t i e s  s e l e c t e d  t o  r e p r e s e n t  

each o f  these groups a r e  t a b u l a t e d  i n  Table E.20. The range o f  values f o r  t h e  

parameters and Young'sEo2' s o i l  cons tan t  S a r e  t a b u l a t e d  f o r  each group. 

I n  F i g .  E-29, t h e  impact f o r c e s  c a l c u l a t e d  u s i n g  t h e  e l a s t i c  p l a s t i c  

model a r e  p l o t t e d  f o r  impact on each o f  t h e  t h r e e  su r faces  by a r i g i d  t r u c k  

cask as a f u n c t i o n  o f  impact v e l o c i t y .  Impact f o r c e  ranges C a l c u l a t e d  u s i n g  

exper imenta l  formulas E * 2 0  and a r i g i d  t r u c k  cask a r e  a l s o  p l o t t e d  f o r  genera l  

S s o i l  cons tan ts  f o r  comparison. For each o f  t h e  groups t h e r e  i s  good 
agreement between t h e  DYNA 2-D r e s u l t s  and t h e  exper imenta l  ones. 

E.7.2.3 Endwise I m E c t s  on S o i l  --- _-__- 
I n  o r d e r  t o  use t h e  e q u i v a l e n t  damage techn ique  t o  e s t i m a t e  t h e  response 

o f  t h e  r e p r e s e n t a t i v e  casks f o r  endwise impacts on r e a l  sur faces,  t h e  impact 

f o r c e s  had t o  be c a l c u l a t e d .  These analys.es were 2-D ax isymmetr ic  dynamic 

f i n i t e  element analyses, u s i n g  t h e  code DYNA 2-D. A t y p i c a l  mesh i s  shown i n  

F ig .  E-30. The model i n c l u d e s  an u n y i e l d i n g  c y l i n d r i c a l  f a l l i n g  body which 

has t h e  same we igh t  and r a d i u s  as t h e  r e p r e s e n t a t i v e  t r u c k  and r a i l  casks. A 

s l i d e l i n e  was i n c l u d e d  between t h e  u n y i e l d i n g  cask and t h e  su r face .  S l i d e l i n e  

t y p e  th ree ,  s l i d i n g  w i t h  voids,  was s e l e c t e d  f rom t h e  DYNA 2-D Users Manual. 

The o t h e r  p o s s i b i l i t y ,  s l i d e l i n e  t y p e  f o u r ,  was r e j e c t e d  because t h e  p e n a l t y  

f o r m u l a t i o n  r e q u i r e d  some adjustment  depending upon t h e  s t i f f n e s s  o f  t h e  s o i l  
and t h e  impact v e l o c i t y ,  which was n o t  s u i t a b l e  f o r  a pa ramet r i c  s tudy.  The 

impact f o r c e s  were c a l c u l a t e d  a t  f o u r  v e l o c i t i e s ,  30, 60, 90, and 120 mph. 

The impact f o r c e s  a r e  summarized i n  Tab le  E.21 f o r  t h e  r e p r e s e n t a t i v e  t r u c k  

and r a i l  casks. 

E.7.2.4 Sidewise Impacts on S o i l  

Two-dimensional p lane  s t r a i n  a n a l y s i s  w i t h o u t  impact l i m i t e r s  o r  end 

c l o s u r e s  were performed f o r  s idew ise  impacts on t h e  t h r e e  su r faces  t o  es t ima te  

t h e  3-0 responses o f  t h e  two r e p r e s e n t a t i v e  casks. The 2-0 t r u c k  and r a i l  

cask models were developed u s i n g  t h e  MAZE i n t e r a c t i v e  mesh generators .  The 

cask models do n o t  i n c l u d e  contents .  DYNA 2-0 was used t o  c a l c u l a t e  t h e  

responses. 
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Table E.20 
Selected So i l  Parameters f o r  t h i s  Study 

Represented 
Surface 

Bi 1 inea r  Model Parameter So i l  Constant, S 

( P s i )  (p(lsyi 1 ( s e c  l d l b )  
E V Ryge- 

Soi 1 6,000 0 .4  1 , 000 5-50 
S o f t  Rock, 3,640,000 0 .2  4,000 1-5 
Concrete 
Hard Rock 7 ,000 ,000  0.28 25,000 0.3 
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100 
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1 I I I 
90 120 30 60 

S = 50 

Impact velocity,, MPH 

S = Soil constant 

F i g u r e  E-29 Soi l  model comparison w i t h  p e n e t r a t i o n  t e s t  data. 
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F i g u r e  E-30 F i n i t e  element mesh for drops on so i l s .  
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Tab le  E.21 
Summary o f  Cask Responses t o  Endwise Impacts on Real Sur faces 

Impact Force 
(9 )  -- -__-___---I-- --- 

R a i l  Cask 
Sur face Type 

- Truck Cask --- 
__--_-- Sur face  Type-- 

S o f t  
-- 
Hard S o f t  Hard 

Ve 1 oc i t y  Rock Roc I( Soi  1 Rock Rock Soi  1 
(mph 1 

30 1050 1 2  -- 420 16 
110 

250 

-- 600 20 0 
27 0 26 

40 
60 1310 
90 1340 

120 1360 29 0 54 

-- -- 

-- -- 
-- 

-- 
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E.7.2.4.1 Truck -- Cask Impacts 

The t r u c k  cask response t o  endwise impacts on ha rd  rock  sur faces  was 

e s s e n t i a l l y  t h e  same as t h e  response t o  impact  on an u n y i e l d i n g  sur face .  

S ince t h e  cask s t i f f n e s s  i s  l e s s  f o r  s idewise  impacts, s idewise  impact 

analyses were per formed o n l y  f o r  impacts  on s o i l  and s o f t  rock .  The 

c a l c u l a t i o n s  were per formed f o r  30 mph and 60 mph impacts on s o i l  and 30 mph 

and 90.mph impacts on s o f t  rock .  The e f f e c t i v e  p l a s t i c  s t r a i n  d i s t r i b u t i o n  a t  

t h e  t i m e  t h e  maximum occurs i s  shown i n  F i g .  E-31 f o r  t h e  60 mph impact on 

s o i l .  The r e s u l t s  o f  t h e  impact  c a l c u l a t i o n s  a r e  summarized i n  Tab le  E.22. 
The maximum s t r a i n  response o f  t h e  cask was 2.45% and 7.62% a t  t h e  i n n e r  s h e l l  

f o r  t h e  30 mph and 60 mph impacts  on t h e  s o i l .  The ' s t r a i n  response a t  t h e  

i n n e r  s h e l l  was 5.03% and 13.6% f o r  

30 mph and 90 mph, r e s p e c t i v e l y .  

E.7.2.4.2 R a i l  Cask Impacts 
___--I- ~ 

As was done f o r  t h e  t r u c k  cask, 

f o r  t h e  r a i l  cask f o r  impacts  on s o i  

the impacts  on t h e  conc re te  s u r f a c e  a t  

s idewise  impact analyses were per formed 

and s o f t  rock .  The c a l c u l a t i o n s  were 

performed f o r  30 mph and 60 mph impacts on s o i l  and 30 mph and 90 mph impacts 

on s o f t  rock .  The e f f e c t i v e  p l a s t i c  s t r a i n  d i s t r i b u t i o n  a t  t h e  t i m e  t h e  
maximum occurs i s  shown i n  F i g .  E-32 f o r  one o f  t h e  cases s tud ied .  The 

r e s u l t s  o f  t h e  impact  c a l c u l a t i o n s  a r e  summarized i n  Tab le  E.23. The maximum 

s t r a i n  responses a t  t h e  i n n e r  s h e l l  f o r  impacts  on s o i l  were 2.17% and 3.37% 

a t  30 mph and 60 mph, r e s p e c t i v e l y .  The maximum s t r a i n  responses o f  t h e  r a i l  

cask was lower  than  those o f  t h e  t r u c k  cask because o f  i t s  g r e a t e r  

f l e x i b i l i t y .  

E.7.3 Water Impact 
----I-- 

An a n a l y s i s  o f  water  impact f o r  wedge shaped bod ies  i s  p rov ided  i n  t h e  

1 i t e r a t u r e  f o r  use i n  s h i p  h u l l  A phenomenon, s u b s t a n t i a t e d  

d u r i n g  an exper imenta l  i n v e s t i g a t i o n  o f  f l a t  bo t tom slamming a t  t h e  Naval  Sh ip  

Research and Development Center, i s  desc r ibed  wherein, d u r i n g  f l a t  bo t tom 

slamming, a i r  i s  t rapped  between t h e  impact su r face  o f  t h e  f a l l i n g  body and 

t h e  water  sur face ,  thereby  cush ion ing  t h e  Thus t h e  impact  ang le  
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F i g u r e  E-31 Maximum p l a s t i c  s t r a i n  l o c a t i o n  on t r u c k  cask f o r  impact a t  60 
mph on s o f t  rock .  
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T a b l e  E.22 

( w i t h o u t  Impact Limiter) 
Results of  Truck Cask S idewise  Impacts on Real S u r f a c e s  

V e l o c i t y  
(mph 1 

S t r a i n  a t  I n n e r  Wall 

S u r f a c e  Type 
so1 1 S o f t  Rock 

( % I  

30 
60 
90 

2.45 
7.62 -- 

5.03 -- 
13.6 
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Min(-) = 0 
Max(+) = 3.37E-02 

F i g u r e  E-32 Maximum p l a s t i c  s t r a i n  l o c a t i o n  on r a i l  cask f o r  impact a t  60 
mph on s o f t  rock.  
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T a b l e  E.23 
Results o f  Ra i l  Cask Sidewise  Impacts on Real S u r f a c e s  

( w i t h o u t  Impact Limiter) 

V e l o c i t y  
(mph 1 

S t r a i n  a t  I n n e r  Wall 

S u r f a c e  Type 
Soi 1 S o f t  Rock 

( % I  

30 
60 
90 

2.17 
3.37 -- 

3.78 

10.10 
-- 
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produc ing  t h e  h i g h e s t  impact f o r c e  i s  n o t  90°, b u t  87'. An approx ima t ion  o f  

t h e  impact f o r c e  on a cask f a l l i n g  i n t o  a body o f  water  i s  made by i n t e g r a t i n g  

t h e  pressure,  over  an area equal  t o  t h e  cask end c r o s s  s e c t i o n a l  area: E.23 

and 

where 

y = Lx, ft, 

2 1 / 2  
q = Z L ( x - x )  , f t ,  

0 B = compliment o f  deadr i se  angle,  , 

p = mass d e n s i t y  o f  water,  l b / f t 3 ,  

L = cask diameter,  ft, 

V = cask impact v e l o c i t y ,  f t / s e c ,  

z = 0 ( i .e . ,  assume t h a t  impact a c c e l e r a t i o n ,  = 1 gt9 i s  
- "  

n e g l i g i b l e ) .  *1 1 '  

1 
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'Using Simpson's Rule f o r  i n t e g r a t i o n ,  t h e  n t e r f a c e  fo rces  were 

calcu1a5tfed f o r  t h e  two g casks w i t h  t h e  same e x t e r n a l  dimensions as 
t h e  r e p r e s e n t a t i v e  casks f o r  f o u r  impact v e l o c i t i e s  and t h r e e  ctask 

o r i e n t a t i o n s .  For  t h e  l a r g e  d iameter  r a i l  cask, t h e  loads  due t o  impact  on 

water  can b e  # q u i t e  'h igh f o r  t h e  87' impact angle.  However these loads  d rop  

o f f  r a p i d l y  f o r  o t h e r  impact  angles.  The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  

summarized i n  Tab le  E..24. The e q u i v a l e n t  ,damage techn ique i s  used t o  e s t i m a t e  

t h e  s t r a i n  response o f  t h e  casks t o  t h e  c a l c u l a t e d  impact fo rces .  

E.7.4 T r a i n  S i l l  Impacts 
--------I 

E.7.4.1 Impact  on Truck Cask 
------___I__ 

Two scenar ios  were eva lua ted  f o r  a locomot ive  s i l l  impact ing  a t r u c k  
cask: t h e  s i l l  impac t ing  t h e  cask s idew ise  head-on; and t h e  s i l l  impac t ing  

t h e  cask s idewise  o f f - c e n t e r .  The c ross -sec t i on  o f  t h e  model used t o  s imu la te  

a locomot ive  s i l l  i s  shown i n  F i g .  E-33 and c o n s i s t s  o f  two p l a t e s  connected 
w i t h  two l a r g e  I-beams. E - 9  The s i l l  was modeled as a s o l i d  o b j e c t  w i t h  

m o d i f i e d  p r o p e r t i e s .  For t h e  s idew ise  head-on impacts t h e  s i l l  was modeled as 

a p l a t e  3.5 irnches t h i c k  t o  approx imate i t s  a x i a l  s t r e n g t h .  For t h e  s idewise  

o f f - c e n t e r  impacts  t h e  s i l l  was modeled as a p l a t e  11.5 inches t h i c k  t o  
approx imate i t s  bending s t r e n g t h .  I n  bo th  cases, t h e  d e n s i t y  o f  t h e  s i l l  was 

c a l c u ' l & = e d  f o r  a locomot ive  we igh t  o f  200 tons .  
, 

The s i l l  was f i r s t  modeled as shown i n  F ig .  E-34 t o  impact a t  a p o i n t  a t  

45' on t h e  t r u c k  cask f rom t h e  s idew ise  head-on p o s i t i o n .  C a l c u l a t i o n s  were 

made w i t h  t h e  locomot ive  s i l l  impact ing  t h e  cask a t  v e l o c i t i e s  o f  30 mph and 

60 mph. * In  b o t h  cases, t h e  csask moved away f rom t h e  s i l l  a t  an ang le  and 

achieved 'a weToc i ty  lower  than  t h e ,  i n i t i a l  s i l l  v e l o c i t y .  Also,  t h e  s i l l  

underwent a s l i g h t  r o t a t i o n  and remained undamaged. However, t h e  cask 

sus ta ined l a r g e  de format ions  where t h e  s i l l  scraped across  i t .  A lso  as 

i l l u s t r a t e d  i n  F i g .  E-35., t h e  sudden a c c e l e r a t i o n  caused t h e  cask t o  f l a t t e n .  

For t h e  30 mph impact,  t h e  cask exper ienced a f o r c e  o f  110 g ' s  and 

sus ta ined a max'imum e f f e c t i v e  s t r e s s  o f  40,100 p s i  and maximum p l a s t i c  s t r a i n  

o f  7.5% i n  t h e  s t e e l  s h e l l s ,  For 60 mph, t h e  f o r c e  inc reased t o  206 g ' s ,  t h e  
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Tab le  E.24 
I n t e r f a c e  Force f o r  Water Impact 

( A l l  Resu l t s  L i s t e d  i n  M u l t i p l e s  o f  Cask Weight, 
No Impact L i m i t e r s  or Cab Crush Inc luded)  

U n y i e l d i n g  Truck Cask U n y i e l d i n g  R a i l  Cask 
Impact O r i e n t a t i o n  Impact O r i e n t a t i o n  

Vel oc i t y  87' 450 O0 87' 4 50 00 
(mph 1 

30 17.7 0.9 12.6 37.8 1.9 10 
60 70.8 3.6 50.4 151.3 7.6 39 
90 159.3 8.5 119 340.5 17.1 88 

120 283.2 14.5 203 605.3 30.4 155 

. .  
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Figure E-33 Locomotive sill cross section. 
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F i g u r e  E-34 Sidewise o f f - c e n t e r  l ocomot i ve  s i l l  impact. 
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Figure E-35 Thi r ty  mph sidewise off-center s i l l  impact. 
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maximum e f f e c t i v e  s t r e s s  inc reased t o  50,000 p s i ,  and t h e  maximum p l a s t i c  
s t r a i n  inc reased t o  12.8%. These r e s u l t s  a r e  summarized i n  Tab le  E.25. The 

l o c a t i o n  o f  t h e  maximum p l a s t i c  s t r a i n  i s  shown i n  F i g .  E-36. 

For t h e  s idew ise  head-on impact,  t h e  complete 2-D s t r a i n  t r u c k  cask model 

was analyzed f o r  impact w i t h  t h e  locomot ive  s i l l .  Th i s  model was used o n l y  

f o r  t h e  impact  a t  30 mph; based on these r e s u l t s ,  symmetry was used f o r  t h e  60 

mph impact t o  reduce t h e  s o l u t i o n  cos t .  The model ing i s  shown i n  F i g .  E-37. 
I n  bo th  cases, t h e  cask achieved a v e l o c i t y  h i g h e r  than t h e  s i l l  v e l o c i t y  and 

t h e  s i l l  was undamaged. However, t h e  cask sus ta ined l a r g e  de format ions  i n  t h e  

impact  zone. Also,  t h e  sudden a c c e l e r a t i o n  caused t h e  cask t o  f l a t t e n  as 

shown i n  F i g .  E-38. 

For t h e  30 mph impact,  t h e  cask exper ienced a f o r c e  o f  138 g ' s ,  a maximum 

e f f e c t i v e  s t r e s s  o f  50,000 p s i ,  and a maximum p l a s t i c  s t r a i n  o f  12.4% i n  t h e  

s t e e l  s h e l l s .  For 60 mph, t h e  f o r c e  inc reased t o  265 g ' s ,  t h e  maximum 
e f f e c t i v e  s t r e s s  inc reased t o  65,000 p s i ,  and t h e  maximum p l a s t i c  s t r a i n  

inc reased t o  20%. These r e s u l t s  a r e  summarized i n  Tab le  E.26. The l o c a t i o n  

of  t h e  maximum p l a s t i c  s t r a i n  i s  shown i n  F ig .  E-39. 

None o f  our  cask models i nc luded  conten ts .  For t h e  t r u c k  cask, t h e  mass 
o f  t h e  con ten ts  i s  n o t  l a r g e  compared t o  t h e  mass o f  t h e  cask. The t r u c k  cask 

i s  ve ry  much l i k e  a t h i c k - w a l l e d  c y l i n d e r  and under t h e  severe impact 

c o n d i t i o n s ,  i t  i s  a b l e  t o  suppor t  i t s e l f .  For t h e  r a i l  cask, t h e  mass o f  t h e  

con ten ts  i s  ve ry  l a r g e  compared t o  t h e  mass o f  t h e  cask. A lso,  t h e  r a i l  cask 
i s  l i k e  a t h i n - w a l l e d  c y l i n d e r .  Under t h e  severe impact  c o n d i t i o n s ,  i t  i s  

unab le  t o  suppor t  i t s e l f .  Thus, con ten ts  a r e  ve ry  impor tan t  t o  t h e  r a i l  cask 
c a l c u l a t i o n s  and shou ld  be modeled t o  p r o v i d e  more accu ra te  impact  f o r c e s  and 

g loads  and t o  suppor t  t h e  cask as i t  co l l apses .  

Our comparison o f  t h e  maximum e f f e c t i v e  s t r e s s e s  and p l a s t i c  s t r a i n s  

sus ta ined by t h e  two casks f o r  t h e  d i f f e r e n t  impact c o n d i t i o n s  shows t h a t  t h e  
s idew ise  s i l l  head-on impact i n t o  t h e  t r u c k  cask i s  t h e  most severe.  The o f f -  
cen te r  impact i s  l e s s  severe because t h e  s i l l  t r a n s f e r s  l e s s  energy as i t  

s t r i k e s  a g l a n c i n g  b low t o  t h e  cask. The t r u c k  cask impac t ing  on t h e  

u n y i e l d i n g  su r face  i s  l e s s  severe than  t h e  s idewise  head-on impact,  However, 

t h e  maximum g loads  occur  i n  t h e  impacts on an u n y i e l d i n g  sur face .  The 
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Table E.25 
Resu l t s  Sidewise o f  Off-Center S i l l  Impact Aga ins t  Truck Cask 

Locomotive s i l l  v e l o c i t y  (mph) 30 60 
Locomotive s i l l  v e l o c i t y  ( i n / s e c )  528 1056 

V e l o c i t y  a t  end of impact ( i n / s e c )  425 637 
Angle o f  d e p a r t u r e  o f  cask ( " )  52 42 
g l o a d  on cask ( 9 )  110 206 

40 , 100 50,800 Maximum e f f e c t i v e  s t r e s s  ( p s i )  
Maximum p l a s t i c  s t r a i n  ( % )  7.5 12.8 
Maximum p l a s t i c  s t r a i n  a t  i n n e r  s h e l l ( % )  2.3 3.8 

D u r a t i o n  o f  impact (sec)  0.012 0.01 1 
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Max(+) = 7.54E-02 

I 

Figure E-36 Thirty mph ;sidewise off-center sill impact-maximum plastic 
strain location. 
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60 mph model 

Figure E-37 Model configurations for sidewise head-on s i l l  impact. 
Note use of symmetry for 60 mph case. 

E-9 2 



F i g u r e  E-38 Sidewise head-on s i l l  impact a t  30 mph. 
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Tab le  E.26 
Resu l t s  o f  S idewise Head-on S i l l  Impact  Aga ins t  Truck Cask 

Locomotive s i l l '  v e l o c i t y  (mph) 30 60 
528 1056 Locomotive s i l l  v e l o c i t y  ( i n / s e c )  

D u r a t i o n  o f  impact (sec)  0.0125 0.0135 
V e l o c i t y  a t  end o f  impact  ( i n / s e c )  575 1130 

138 265 g l o a d  on cask (9 )  
Maximum e f f e c t i v e  s t r e s s  ( p s i )  50,000 65,000 

12.4 20 Maximum p l a s t i c  s t r a i n  ( % )  
Maximum p l a s t i c  s t r a i n  a t  i n n e r  s h e l l  ( % )  3.7 6.0 
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Min(-) = 0 
Max(+) = 1.24E-01 * 

1 

F i g u r e  E-39 T h i r t y  mph s idew ise  head-on s i l l  impact-maximum p l a s t i c  s t r a i n  
l o c a t  ion.  
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sidewisle ,head-$on i,mpact causes severe local deformat ions before the cask i s  
accelesated t o  i t s  f inal  speed. Also, the locomotive s i l l  has some give t o  
i t .  ed effects  soften the impact. The r a i l  cask endures the 
least  severe s t resses ,  s t ra ins ,  a n d  g loads, yet i t  sustains the most severe 
deformations. This i s  because the r a i l  cask i s  more ducti le t h a n  t h e  truck 
cask, causing a very sof t  impact. 

E.7.4.2 I m E t  on Rail Cask - __--_-)___ 

The response of  the representative r a i l  cask was estimated for impacts 
with a t ra in  s i l l  by using the t ruck  cask results.  The response was estimated 
by multiplying the truck cask resul ts  for t h e  t ra in  s i l l  impact times the r a i l  
cask resul ts  for the unyielding surface impact and dividing by the t ruck  cask 
results for the unyielding surface impact. The estimated responses o f  the 
representative r a i l  cask t o  impacts by a t ra in  s i l l  are  summarized i n  

Table E.27. The estimated s t ra ins  are  conservatively high because o f  the 
greater s i ze  and weight of the r a i l  cask compared t o  the t r u c k  cask. 
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Tab le  E.27 
Est imated Response o f  R a i l  Cask t o  Impact by T r a i n  S i l l  

V e l o c i t y  
(mph 1 

S t r a i n  Response 

Impact O r i e n t a t i o n  
(%) 

00 450 

30 
60 

2.3 
3.6 

1.4 
2.3 
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APPENDIX F 
Thermal A n a l y s i s  

F. l  I n t r o d u c t i o n  

T h i s  appendix p rov ides  t h e  thermal  models developed and t h e  analyses 

performed t o  determine t h e  responses o f  t h e  r e p r e s e n t a t i v e  t r u c k  and r a i l  

casks t o  a wide range o f  f i r e  c o n d i t i o n s .  The computer code TACO-2D was used 
t o  pe r fo rm t h e  c a l c u l a t i o n s .  F. 1 

I n  S e c t i o n  F.2, t h e  types o f  thermal  l o a d i n g  c o n d i t i o n s  t h a t  can e f f e c t  

t h e  temperature response of  a cask i n  an a c c i d e n t  a r e  discussed. The h i g h e s t  

l o a d i n g  c o n d i t i o n  i s  caused by l a r g e ,  l o n g - d u r a t i o n  f i r e s  and i s  s e l e c t e d  f o r  

f u r t h e r  e v a l u a t i o n .  I n  S e c t i o n  F.3, t h e  thermal  l o a d i n g  c o n d i t i o n s  on a cask 

caused by r e a l  f i r e  c o n d i t i o n s  a r e  discussed. Referenced f i r e  c o n d i t i o n s  and 
model ing a r e  d e f i n e d  f o r  e v a l u a t i n g  r e a l  f i r e  e f f e c t s  on casks. 

I n  Sec t i on  F.4, t h e  thermal  model and t r a n s i e n t  temperature response o f  
t h e  two r e p r e s e n t a t i v e  casks t o  r e g u l a t o r y  f i r e  c o n d i t i o n s  a r e  d iscussed.  I n  

S e c t i o n  F.5, t h e  t r a n s i e n t  temperature response o f  t h e  two r e p r e s e n t a t i v e  

casks i s  es t ima ted  f o r  d i f f e r e n t  heat  l o a d i n g  c o n d i t i o n s  and a wide spectrum 

o f  r e a l  f i r e  c o n d i t i o n s  d e f i n e d  by f i r e  d u r a t i o n ,  temperature,  and l o c a t i o n .  

F.2 Thermal Loading Cond i t i ons  Caused by Acc idents  

Thermal l o a d i n g  condi , t ions on *a, cask caused,.by an acc iden t  can r e s u l t  i n  

cask temperature increases.  The> thermal  l,oadidng , c o n d i t i o n s  i n c l u d e  f i r e s ,  

t o r c h  f i r e s ,  an.d cask b u - r i a l .  T y p i c a l l y ,  as .  d,iscussed i n  t i o n  F.5, a f i r e  

can heat  a cask a t  *an pver+age hea t  f l u x .  of,, 5,000, , c Btuh  .. t' from- seve ra l  

minutes t o  several,, hour a) h e a t ' a b s o r b e d - i n  a f i r e  can be 1,000 t o  

50,000 BTU/f t2  depend+jng- o mperature,  , l  1 o c a t i o n  I -  ,,and d u r a t i o n .  

% .  

:: "*j ).I 1 . .  

< b " * 2  * - , . I  ) .  

) 2  , A  d I  

.. - I .  

Torch f i r e s t  can ' ,hea t ' a '~ . l oca l - i zed~area .  of'.a';cask .at r a t e s  1.5 t o  2.5 t imes  

h i g h e r  than 'a J. f i r e ,  b u t  n'i idompacison ::to- -.fir'&,, d'o' n o t  d e p o s i t  l a r g e  

q u a n t i t i e s  o f  heat  Anto- t h e  cask.;. As';'de'hon<trated i ' t o r c h  f i r e  t e s t s  a t  

Sandia,F-2 no *significanh?%o+caTizedi'damage::occur~s t o  t h e  cask even a t  t h e  h i g h  

h e a t i n g  f l u x e s  because t h e  hea t  i s  q u i c k l y  d i s s i p a t e d  t o  o t h e r  p o r t i o n s  o f  t h e  

cask thus  l i m i t i n g  t h e  r i s e  i n  t h e  l o c a l  temperature.  
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B u r i a l  o f  t h e  cask can cause t h e  temperature o f  t h e  cask and con ten ts  t o  

r i s e  because o f  t h e  decay heat  f r o m  t h e  f u e l .  B u r i a l  o f  t h e  cask can cause 

thermal i s o l a t i o n ,  where t h e  decay heat  f rom t h e  f u e l  may have t o  be 

t r a n s f e r r e d  th rough  t h e  su r round ing  m a t e r i a l  caus ing t h e  b u r i a l .  The decay 

heat  f l u x  f rom t h e  f u e l  i n  a cask i s  t y p i c a l l y  50-350 B t u l h r - f t 2  depending 

p r i m a r i l y  on t h e  number o f  f u e l  assemblies, t h e i r  burnup, and t h e i r  t i m e  out  

o f  a r e a c t o r .  The decay heat  f l u x  f rom t h e  f u e l  assemblies i s  15-50 t imes 

lower  than  t h a t  which can be t y p i c a l l y  absorbed f rom a f i r e .  The cask, which 

i s  r e l a t i v e l y  l a r g e  and n o t  e a s i l y  b u r i e d ,  would have t o  be b u r i e d  f o r  seve ra l  

days b e f o r e  any s i g n i f i c a n t  damage t o  t h e  cask cou ld  occur t h a t  c o u l d  r e s u l t  

i n  r a d i o a c t i v e  re leases.  

Based on severe a c c i d e n t  data,  t h e  f requency o f  occurrence o f  f i r e s  i s  a t  

l e a s t  10 t imes h i g h e r  than  f o r  t o r c h  f i r e s  o r  complete b u r i a l  o f  a cask. 
Therefore,  s i n c e  f i r e s  can generate h i g h e r  heat  loads and can occur more 

f r e q u e n t l y ,  i t  i s  concluded t h a t  f i r e s  dominate t h e  p o t e n t i a l  thermal  
environment and o n l y  f i r e s  r e q u i r e  f u r t h e r  e v a l u a t i o n .  

F.3 Reference F i r e  C o n d i t i o n s  and Model ing 
---PI-- 

I n  F ig .  F - l ( a ) ,  a three-d imensional  (3-D) model o f  a cask engu l fed  i n  a 

r e a l  f i r e  i s  given. The h e a t  t r a n s f e r  f rom t h e  f i r e  t o  t h e  cask can va ry  w i t h  

t i m e  and p o s i t i o n  a l o n g  t h e  l e n g t h  and around t h e  d iameter  o f  t h e  cask. The 

e f f e c t s  o f  t h e  f i r e  can be s i g n i f i c a n t l y  d i f f e r e n t  on t h e  v a r i o u s  components 

l o c a t e d  on t h e  cask. To s i m p l i f y  t h e  h e a t i n g  a n a l y s i s  o f  t h e  cask and i t s  

components, c u r r e n t l y  l i c e n s e d  cask designs were rev iewed t o  r e l a t e  t h e  

temperatures a t  t h e  m i d d l e  p o r t i o n  o f  t h e  cask t o  t h e  temperatures o f  t h e  

o t h e r  p o s i t i o n s  o f  t h e  cask, p a r t i c u l a r l y  t h e  c l o s u r e  seals .  The l o c a t i o n  o f  

v a l v e  boxes was a l s o  considered because they  c o u l d  be exposed t o  heat  l oads  

and temperatures approaching t h i s  m i d d l e  p o r t i o n  o f  t h e  cask. From t h i s  

review, i t  was concluded t h a t  t h e  temperature response and damage t o  t h e  cask 

and i t s  components c o u l d  be c o n s e r v a t i v e l y  bounded by a n a l y z i n g  t h e  m i d d l e  

p o r t i o n  o f  t h e  cask and u s i n g  t h e  f o u r  temperature response l e v e l s  d e f i n e d  i n  

S e c t i o n  4.0 f o r  t h e  c e n t e r l i n e  o f  t h e  l e a d  s h i e l d i n g .  Us ing  t h i s  approach, 

t h e  3-D model i n  F i g .  F - l ( a )  i s  reduced t o  t h e  two-dimensional  (2-0) model i n  
F ig .  F - l ( b )  f o r  a n a l y s i s .  
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a) Three-dimensional 
cask fire model 

b) Two-dimensional 
cask fire model 

,' ' ' c).One-dimensional 
cask fire model 

r ,  

Figure F-1 Fire modeling o f  casks.  
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I n  a r e a l  e n g u l f i n g  f i r e ,  t h e  spent  f u e l  cask i s  p a r t i a l l y  s h i e l d e d  f rom 
t h e  heat  by e i t h e r  t h e  t r a n s p o r t  v e h i c l e  o r  t h e  ground. I n  r e a l  f i r e s  t h e  

amount o f  heat  t r a n s f e r r e d  t o  t h e  cask d i f f e r s  s i g n i f i c a n t l y  f rom t h a t  f rom a 

h y p o t h e t i c a l  t o t a l l y  e n g u l f i n g  f i r e ,  represented  by  t h e  one-dimensional ( 1 - D )  
model i n  F i g .  F - l ( c ) .  

The r o l e  o f  convec t i on  f rom t h e  f lame may be s i g n i f i c a n t  f o r  cases i n  
which t h e  cask i s  enc losed w i t h i n  o r  very  near  t h e  f lame w h i l e  on e i t h e r  t h e  

ground o r  t h e  v e h i c l e .  There does n o t  appear t o  be s u f f i c i e n t  exper imenta l  

ev idence t o  f o r m u l a t e  any ' g e n e r a l  r u l e  t o  eva lua te  convec t ion  c o e f f i c i e n t s  i n  

t h i s  geometry. A l so  t h e  flame tempera ture  can vary  s i g n i f i c a n t l y  a long  t h e  

d iameter  o f  t h e  cask. A common a n a l y t i c a l  approach i s  t o  cons ider  t h e  f lame 

t o  be i so the rma l ,  w i t h  a s i n g l e  va lue  f o r  e m i s s i v i t y  and a c o n s e r v a t i v e l y  h i g h  

temperature t o  a t tempt  t o  account  f o r  t h e  convec t i ve  e f f e c t s ,  s i n c e  these  a r e  
t h e  m o s t  h i g h l y  v a r i a b l e  and d i f f i c u l t  e f f e c t s  t o  measure and t o  model. 

I n  t h e  case o f  e n g u l f i n g  f i r e s ,  t h e  r a d i a t i v e  heat  l o a d  f rom an 

iso thermal  f i r e  t o  t h e  cask can be c a l c u l a t e d  as  follow^:^*^ 

where 

or = r a d i a n t  heat  l o a d  per  u n i t  l e n g t h  and t ime,  B t u / f t - h r  

u = Stefan-Bo1 tzman cons tan t  , Btu/hr- f t2-OK4 
' ,  

C s - f  = c o n f i g u r a t i o n  f a c t o r ,  u n i t l e s s  

A s  = area  o f  cask exposed t o  f lame, f t2/ f t  

Tf = f lame temperature,  abso lu te ,  O R  
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Ts,O = i n i t i a l  cask s u r f a c e  temperature,  abso lu te ,  O R  

For a r e a l  f i r e  t h e  c o n f i g u r a t i o n  f a c t o r  f o r  t w o  gray,  d i f f u s e  bodies 

exchanging heat  i s  g i v e n  by: 

1 , f t2/ f t  A S  C s - f  = i z E Y  1 1-ES 

&fAf ASFs-f ESAs -t 

where 

A f  = area o f  f lame invo lved ,  f t2/f t  

Fs-f = geometr ic  v iew f a c t o r  f rom cask t o  f i r e ,  u n i t l e s s  

= f l ame e m i s s i v i t y  = 0.9, u n i t l e s s  Ef 

E = cask s u r f a c e  e m i s s i v i t y  = 0.8, u n i t l e s s  
S 

and a l l  o t h e r  terms a r e  a's p r e v i o u s l y  de f i ned .  

I f  i t  i s  assumed as shown i n  Fig.  F - l ( b )  t h a t  no s i g n i f i c a n t  f i r e  e x i s t s  
below t h e  h o r i z o n t a l  c e n t e r l i n e  and w i t h i n  t h e  d i a m e t r a l  d imension o f  t h e  
cask, t h e  geometr ic  v iew f a c t o r  f r o m  t h e  cask t o  t h e  f i r e  below t h e  c e n t e r l i n e  
f o r  one s i d e  o f  t h e  lower  p o r t i o n  o f  t h e  cask i s  g i v e n  by: 

r = r a d i u s  o f  cask, f t  
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f o r  a 2-D i n f i n i t e l y  l o n g  c y l i n d e r .  The a r e a - c o n f i g u r a t i o n  f a c t o r  c a l c u l a t e d  

u s i n g  Equat ion F.2 i s :  

, f t2/ f t  s s - f  B 1-Ef l+ES 
- + (7) 
Ef S 

( A C  2TI 
(F.4) 

Assuming t h a t  t h e  cask i s  comp le te l y  engu l fed  by t h e  f i r e  above t h e  
c e n t e r l i n e ,  t h e  a r e a - c o n f i g u r a t i o n  f a c t o r  above t h e  c e n t e r l i n e  i s  g i v e n  by: 

2 - 
(ASCS-f)A = nrE: , ft / f t  

where 

1 
1 7 E f ; - i 7 ~ 7  

- 
E = e f f e c t i v e  e m i s s i v i t y  = - 

(F.5) 

Adding t h e  r e s u l t s  o f  Equat ions F.4 and F.5 toge the r ,  t h e  t o t a l  area- 

c o n f i g u r a t i o n  f a c t o r  f o r  a r e a l  f i r e  i s :  

TI ' ES I 
&f 

A h y p o t h e t i c a l  r e g u l a t o r y  e n g u l f i n g  f i r e  i s  shown as a 1-D f i r e  i n  

F ig .  F - l ( c ) .  The r e g u l a t o r y  f i r e  i s  de f i ned  as h a v i n g  a f i r e  temperature o f  

1475"F, a f lame e m i s s i v i t y  o f  0.9, and a f i r e  d u r a t i o n  o f  0.5 hour. The area- 

c o n f i g u r a t i o n  f a c t o r  f o r  t h e  r e g u l a t o r y  f i r e  i s :  
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I 

Then t h e  r a t i o  o f  t h e  heat' l o a d  o f  r e a l  f i r e s  t o  a h y p o t h e t i c a l  u n i f o r m  

f i r e  i s  t h e  r a t i o  o f  Equat ions F.6 and F.7: 

i 

I 

I 

l -€f  2 l+ES 
[-t- - 

&f n ( &  S )I 

'h 
- 

r e  

-1 

t 1 /2  = 0.78 

f o r  t h e  same f lame e m i s s i v i t y  o f  0.9, cask su r face  e m i s s i v i t y  o f  0.8, f i r e  
temperature,  and cask s u r f a c e  temperature.  

Based on Equat ion F.8, a h i g h e r  f lame temperature i s  r e q u i r e d  f o r  t h e  

cask t o  absorb t h e  same amount o f  heat  f o r  a r e a l  f i r e  compared t o  a 

h y p o t h e t i c a l  f i r e .  As d e r i v e d  i n  S e c t i o n  F.5, t h e  h y p o t h e t i c a l  r e g u l a t o r y  

f i r e  w i t h  a f i r e  temperature o f  1475°F generates t h e  same heat  l o a d  on a cask 

as a 1700°F r e a l  f i r e .  The r e f e r e n c e  f i r e  c o n d i t i o n s  a r e  d e f i n e d  t o  be t h e  

1700°F r e a l  f i r e  t h a t  generates t h e  same heat  l o a d  as t h e  r e g u l a t o r y  f i r e .  

The 1-D model (F ig .  F - l ( c ) )  can be used t o  approximate t h e  2-0 model 

(F ig .  F - l ( b ) )  p r o v i d e d  t h a t  t h e  heat  l o a d i n g  c o n d i t i o n s  a r e  a p p r o p r i a t e l y  

accounted f o r .  

F.4 Cask Temperature Response t o  - Regu la to ry  and Reference F i r e  Cond i t i ons  

The t r a n s i e n t  r e s p o i i k  6 f  - a  r e i r e s e n t i t i - v  t r u c k  and r a i l  cask t o  

an e n g u l f i n g  r e f e r e n c e  f i r e  was a n a l y i d  u s i n g  TAC0.F.' A 1-D model o f  t h e  

casks engul fed by t h e  $ r e g u l a t o r y  f i r e l s " i m p 1 i f i e s  t h e  c a l c u l a t i o n  and p r e d i c t s  

reasonably  w e l l  t h e  thermal  response #:of t h e  major  volIume o f  t h e  casks. T h i s  

model i s  used t o  es t ima te  t h e  cask resconse t o  t h e  r e f e r e n c e  1700°F r e a l  f i r e  

e n g u l f i n g  a cask. 

- . I  

. -  -, 

F i g u r e  F-2 shows t h e  geometry o f  t h e  modeled casks. 

The i n i t i a l  temperature d i s t r i b u t i o n  w i t h i n  each cask f rom heat  generated 

by  t h e  spent f u e l  was e s t a b l i s h e d  b e f o r e  s u b j e c t i n g  t h e  cask t o  t h e  modeled 
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Y, s 
1 A v 

+ I 

L 
B 
W 

t- 4 

v 

Dimension Truck cask (in.) Rail cask (in.) 

A 6.75 30.00 
B 0.50 1.50 
C 13.75 38.00 
D 1.25 2.50 
E 18.25 42.50 
F 0.25 0.25 

Figure F-2 Modeled cask dimensions f o r  TACO input. 
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f i r e  environment. .  The s teady-s ta te  e v a l u a t i o n  was performed u s i n g  TACO, w i t h  

t h e  assumption t h a t  t h e  n e u t r o n  s h i e l d  tank i s  f i l l e d  w i th  water.  The heat  

t r a n s f e r  through t h e  water i s  by conduct ion  and n a t u r a l  convect ion.  A 

e f f e c t i v e  c o n d u c t i v i t y  f o r  t h e  water.  Holman g ives  a r e l a t i o n s h i p  f o r  

e f f e c t i v e  c o n d u c t i v i t y  o f  a f l u i d  i n  a h o r i z o n t a l  c y l i n d r i c a l  annulus 

i convenient  way t o  model t h e  n a t u r a l  convec t ion  is th rough t h e  use o f  an , 
kc? 

= C(6r6 Pr) r ,  u n i t l e s s  

where 

ke - e f f e c t i v e  thermal  c o n d u c t i v i t y ,  Btu/hr- f t -OF, 

k = thermal  c o n d u c t i v i t y ,  B tu /h r - f t - "F ,  

2 3  
, u n i t l e s s  gp $6 AT G r 6  = Grashof Number = -- 

2 - 
P 

P r  = P r a n d t l  Number, u n i t l e s s  

g = g r a v i t a t i o n a l  constant  , f t / s e c 2  

$ = volume c o e f f i c i e n t  o f  expansion, 1 / "F  

6 = annulus width,  f t  

p = dens i t y ,  l b / f t 3  

p = dynamic v i s c o s i t y ,  l b / s e c - f t  

AT = temperature d i f f e r e n c e r a c r o s s  annulus, O F  

i 

(F.9) 
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r = 0.29 f o r  6 x l o 3  6 G r P r  < l o 6  

106 6 G r P r  4 108 0.20 

C = 0.11 f o r  6 x l o 3  s G r P r  < l o 6  

l o 6  S G r P r  < lo8. 0.40 

Th is  express ion was eva lua ted  over  t h e  expected temperature range, and an 

average v a l u e  o f  e f f e c t i v e  c o n d u c t i v i t y  o f  water as a f u n c t i o n  o f  b u l k  

temperature was used. 

Table F . l  t a b u l a t e s  t h e  m a t e r i a l  thermal p r o p e r t i e s  used i n  t h e  

a n a l y s i s .  Table F.2 l i s t s  t h e  i n t e r n a l  heat  assumed f o r  t h e  f u e l  assemblies 
w i t h i n  t h e  two casks .  A u n i f o r m  va lue  o f  1.0 B t u / h r - f t  -OF was used t o  

r e p r e s e n t  n a t u r a l  c o n v e c t i v e  heat  removal f rom t h e  cask sur face.  

2 

The r e s u l t s  o f  t h e  s teady -s ta te  a n a l y s i s  f o r  t h e  casks show a s u r f a c e  

temperature o f  147°F f o r  t h e  t r u c k  and 2 4 2 O F  f o r  t h e  r a i l  cask. 

For t h e  r e g u l a t o r y  f i r e ,  o n l y  r a d i a t i o n  heat  t r a n s f e r  occurs.  The hea t  

f l u x  f rom a h y p o t h e t i c a l  e n g u l f i n g  f i r e  on t h e  s u r f a c e  o f  t h e  cask due t o  

r a d i a t i o n  heat  t r a n s f e r  i s  g i v e n  by: 

- 4  4 2 q = aE(Tf - Ts) , B t u / h r - f t  (F. 10)  

where 

T, = cask (neu t ron  s h i e l d )  s u r f a c e  temperature,  absolute,  O R  

and a l l  o t h e r  terms a r e  as p r e v i o u s l y  de f i ned .  

I t  i s  nex t  assumed t h a t  b e f o r e  b e i n g  engu l fed  by f i r e ,  t h e  water  l eaks  

o u t  o f  t h e  neu t ron  s h i e l d  tank.  Heat t r a n s f e r  i n  t h e  annulus, i s  now th rough  

t h e  combined modes o f  r a d i a t i o n  across t h e  gap and convec t i on  and conduct ion 
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Table F . l  
M a t e r i a l  Thermal P r o p e r t i e s  

Stainless Steel. 
Dens i t y  

Temperature 
(OF) - 
50 

250 
500 
750 

1000 
1250 
15001 
2372 

Lead 
D e n s i t y  
M e l t  P o i n t  
L a t e n t  Heat 

Temper a t  utr e 
(OF) 
50 

250 
619 

1500 
1832 

Thermal C o n d u c t i v i t y  
-. (B tu /h r - f t -OFI  

7.92 
81.64 
9.72 

10...86 
12.06 
13.5 
14.46 
16.92 

708.5 l b / f t 3  
621.5"F 
10.25 B t u / l b  

Thermal C o n d u c t i v i t y  
( B t  u/ h r - f t  -OF) 

19.97 
19.2 
10.4 
8.64 
8.64 

Water 
Dens i t y  62.43 l b / f t  
S p e c i f i c  Heat 1.0 B tu / lb°F  

Temperature E f f .  Thermal Conduct i v i t t y  
( O F )  ( Btu/  hs- f t - "F)  

104 2-76 .  
140 
176 
212 
284 , 

~- . 

3.01 
3.25 
3.46 
4 ..34 

S p e c i f i c  Neat 
( B t u / l b )  

0.107 
0.11 
0.120' 
0.133 
0.138 
0.14'4 
0.150 
0.170 

S p e c i f i c  Heat 

0.031 
0.032 
0.0332 
0.034 
0.0328 

-- ( B t  UJ 1 b )  -- 
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Tab le  F.2 
I n t e r n a l  'Heat ing f rom Fuel  Assemblies 

Heat Load 
(KBt u /h r  ) 

Truck Cask 
R a i l  Casmk 

6.82 
71.4 



th rough t h e  a i r .  As i n  t h e  case f o r  water ,  t h e  same r e l a t i o n s h i p  ho lds ,  b u t  a 

s i n g l e  va lue  o f  e f f e c t i v e  thermal  c o n d u c t i v i t y  o f  t h e  a i r  as a f u n c t i o n  of 

b u l k  temperature can l e a d  t o  se r ious  e r r o r s .  The equa t ion  f o r  t o t a l  heat  

t r a n s f e r  i n  t h e  annulus i s :  

(F .  11) 

where 

d i  = neu t ron  s h i e l d  i n n e r  d iameter ,  f t  

do = neu t ron  s h i e l d  o u t e r  d iameter ,  f t 

Ke = e f f e c t i v e  a i r  thermal  c o n d u c t i v i t y ,  B t u / h r - f t - " F  

Ti = neu t ron  s h i e l d  i n n e r  d iameter  temperature,  abso lu te ,  "R 

and a l l  o t h e r  terms a r e  as p r e v i o u s l y  de f ined.  

S o l v i n g  t h i s  equa t ion  over  t h e  e n t i r e  expected tempera ture  range f o r  bo th  
sur faces  o f  t h e  ;annulus and then  .us ing  an i n t e r v a l  h a l v i n g  techn ique r e s u l t s  

i n  a cons tan t  va lue  f o r  t h e  e f f e c t i v e - a i r  thermal  c o n d u c t i v i t y ,  w i t h  a maximum 

root-mean-square e r r o r  i n  t h e  t o t a l  heat  t r a n s f e r r e d  o f  l e s s  than 2.5%, f o r  

equal s u r f a c e  e m i s s i v i t i e s  between 0.3 and 0.5. 

The temperature response o f  t h e  r e p r e s e n t a t i v e  t r u c k  cask was c a l c u l a t e d  

f o r  t h e  r e g u l a t o r y  f i r e  w i t h  a f l ame tempera ture  o f  1475"F, a f lame e m i s s i v i t y  

o f  0.9, and a cask s u r f a c e  e m i s s i v i t y  o f  0.8. The tempera ture  a t  t h e  m idd le  

o f  t h e  l e a d  s h i e l d  th i ckness  i s  p l o t t e d  i n  F ig .  F-3. The cask tempera ture  

reaches 500°F (TI) i n  1.08 hours and 600°F (Ti)) i n  1.35 hours. As t h e  l e a d  

mid- th ickness  temperature inc reases  beyond t h e  600°F (T2) l e v e l  , t h e  l e a d  a t  
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Figure F-3 Lead mid-thickness temperatures for truck cask versus 
duration o f  regulatory f i r e .  
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t h e  o u t e r  s h e l l  s t a r t s  t o  m e l t .  The l e a d  m e l t s  a t  t h e  i n n e r  s h e l l  i n  

2.1 hours as t h e  mid- th ickness temperature reaches 650°F (T3).  The 1050" 

temperature (Tq) l e v e l  i s  reached i n  3.3 hours. 

The temperature response o f  t h e  r e p r e s e n t a t i v e  r a i l  cask was a l s o  

c a l c u l a t e d  f o r  t h e  h y p o t h e t i c a l  e n g u l f i n g  f i r e .  The temperature a t  t h e  m i d d l e  
o f  t h e  l e a d  s h i e l d  t h i c k n e s s  i s  p l o t t e d  i n  F ig .  F-4. The cask temperature 

reaches 500°F (TI) i n  1.35 hours,  and 600°F (Tz) i n  1.8 hours.  A s  t h e  l e a d  

mid- th ickness temperature o f  t h e  l ead  inc reases  beyond t h e  600°F (T2) l e v e l ,  
t h e  l e a d  a t  t h e  o u t e r  s h e l l  s t a r t s  t o  m e l t .  The l e a d  m e l t s  a t  t h e  i n n e r  s h e l l  
i n  2.6 hours as t h e  mid- th ickness temperature reaches 650°F (T3) .  The 1050°F 

temperature (T4) l e v e l  i s  reached i n  5.1 hours.  

These temperature response and hea t  f l u x  r e s u l t s  f o r  t h e  r e g u l a t o r y  f i r e  

were used t o  eva lua te  r e a l  f i r e s ,  

F.5 Cask Response t o  a Spectrum o f  Real F i r e  Cond i t i ons  -- 
I n  o r d e r  t o  c a l c u l a t e  t h e  thermal  response o f  a cask t o  a r e a l  e n g u l f i n g  

f i r e ,  c e r t a i n  f i r e  parameters a r e  r e q u i r e d .  The p r i n c i p a l  parameters r e q u i r e d  

a r e  f i r e  temperature,  f lame e m i s s i v i t y ,  convec t i on  v e l o c i t i e s ,  and f i r e  

d u r a t i o n .  These f i r e  parameters depend upon v a r i a b l e s  t h a t  i n c l u d e  t y p e  o f  
f u e l ,  amount o f  f u e l ,  t h e  f u e l - a i r  m i x t u r e ,  f i r e  geometry, l o c a l  temperatures,  

humid i t y ,  and wind c o n d i t i o n s .  Based on t h e  i n f o r m a t i o n  p r o v i d e d ,  t h e  f i r e  

temperatures range from 1400 t o  24OO9".F, f lame e m i s s i v i t i e s  range f r o m  0.4 t o  

1.0, and convec t i on  v e l o c i t i e s  range f rom n e a r l y  0 t o  20 feet/second. F.5-F.10 

The i n i t i a l  heat f l u x  f rom a h y p o t h e t i c a l  e n g u l f i n g  f i r e  on t h e  s u r f a c e  

o f  t h e  cask i s  g i ven  by: 

- 4  2 4 = ae(Tf - T4 ) + h (Tf  - T,,,) , B t u / h r - f t  
s 9 0  

. . i  
where 

F-15 

(F. 12) 



600 1 
500 1 7 400v 300 i 
200 

100 

- 

- 
- 

0 I I I I I I I I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Time, hours 

Figure F-4 Lead mid-thickness temperatures for r a i l  cask versus 
duration o f  regulatory f i r e .  
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h = convective heat  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr-ft2-OF 

and a l l  o the r  terms a r e  as previously def ined.  

Experimentally determined values f o r  t he  convection heat t r a n s f e r  
c o e f f i c i e n t  i n  an engulf ing f i r e  have been  determined.'^^ The values given 
f o r  an 8.53 inch diameter cy l inde r  range from 5.2 t o  15.8 Btu/hr-ft2-"F a s  a 
perimeter mean. These values can be sca led  w i t h i n  t h e  sca led  Reynolds Number 
by t h e  following r e l a t i o n s h i p :  

2 O  h = h r e f ( T )  dref '*lg5 , BTU/hr-ft - F (F. 13) 

where 

href = re ference  convection heat t r a n s f e r  c o e f f i c i e n t  , Btu/hr-ft*-OF 

dref = r e fe rence  diameter = 8.53 inches,  

d = diameter ,  inches 

a s  long a s  t h e  sca led  Reynolds Number is w i t h i n  the range of a p p l i c a b i l i t y .  
The sca led  Reynolds Number is given by: 

' 

Re R e r e f ( G  -' , u n i t l e s s  

. . I '  
where 

' I  f 

Re = scaled Reynolds Number, u n i t l e s s  
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Reref = re fe rence  Reynolds Number = 73,725. 

The sca led  values o f  t h e  convec t ion  heat  t r a n s f e r  c o e f f i c i e n t  a r e  found t o  be: 

3.9 t o  11.9 B tu /h r - f t 2 - "F  f o r  t h e  t r u c k  cask, 

and 

3.3 t o  10.1 Btu/hr - f t2-OF fo r  t h e  r a i l  cask. 

F i g u r e  F-5 g i ves  t h e  i n i t i a l  hea t  f l u x  on t h e  s u r f a c e  o f  t h e  t r u c k  cask 

as a f u n c t i o n  o f  f l a m e  tempera tu re ,  f l a m e  e m i s s i v i t y ,  cask e m i s s i v i t y ,  and 
convec t i on  hea t  t r a n s f e r  c o e f f i c i e n t .  T h i s  f i g u r e  p rov ides  a w ide  spectrum o f  

f i r e  c o n d i t i o n s  which can be r e l a t e d  t o  t h e  r e g u l a t o r y  f i r e  c o n d i t i o n s  i n  

terms o f  i n i t i a l  hea t  f l u x e s .  For  example, f rom Fig.  F-5, i t  i s  determined 

t h a t  an e n g u l f i n g  f i r e  w i t h  a f l ame tempera ture  o f  1300°F, a f lame e m i s s i v i t y  

o f  0.9, a cask e m i s s i v i t y  o f  0.8, and a convec t ion  hea t  t r a n s f e r  c o e f f i c i e n t  

o f  5 B tu /h r - f t2 - "F  generates t h e  same i n i t i a l  heat  f l u x  t o  a cask su r face  as a 

r e g u  a t o r y  f i r e .  For  these s p e c i f i c  c o n d i t i o n s ,  t h e  i n i t i a l  response of t h e  

cask would be e s s e n t i a l l y  t h e  same as i t s  i n i t i a l  response t o  a r e g u l a t o r y  

f i r e  The i n i t i a l  hea t  f l u x e s  f o r  a r a i l  cask a r e  s i m i l a r .  

A s e n s i t i v i t y  s tudy  was per formed t o  compare t h e  response o f  t h e  

r e p r e s e n t a t i v e  cask f o r  d i f f e r e n t  f i r e  c o n d i t i o n s  and i n i t i a l  hea t  f l u x e s  t o  

t h e  responses c a l c u l a t e d  f o r  t h e  r e g u l a t o r y  f i r e .  The i n i t i a l  heat  f l u x  t o  

t h e  cask when engu l fed  by  a r e g u l a t o r y  f i r e  i s :  

q = 17,646 B t u / h r - f t 2  f o r  t h e  t r u c k  cask and 

q = 17,510 B t u / h r - f t 2  f o r  t h e  r a i l  cask. 
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ef = Flame emmissivity 
eS = Cask emmissivity 

h = Convection heat 
transfer coeficient 
(BTU/hr-ft'-' F )  
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F i g u r e  F-15 I n i t i a l  ' h e a t r  f l u x  ons t r u c k  cask '  f o r  v 6 r i o u s  f i r e  
c o n d i t i o n s  ( l - D  model) .  

F-19 



The second f i r e  f o r  comparison was chosen a r b i t r a r i l y ,  b u t  w i t h i n  t h e  

l i m i t s  o f  r e a l  f i r e s .  The f l ame temperature was chosen t o  be 1825"F, f l a m e  

e m i s s i v i t y  o f  0.9, and a s u r f a c e  e m i s s i v i t y  o f  0.8. The i n i t i a l  heat  f l u x  t o  

t h e  cask i s :  

q = 35,260 B t u / h r - f t 2  f o r  t h e  t r u c k  cask and 

q = 34,650 B t u / h r - f t 2  f o r  t h e  r a i l  cask. 

Thus t h e  i n i t i a l  heat  f l u x  i s  about double t h a t  caused by t h e  r e g u l a t o r y  

f i r e  f o r  each o f  t h e  casks. 

The v a r i a t i o n s  o f  t h e  heat  f l u x  f o r  t h e  r e g u l a t o r y  and 1825°F f i r e s  a r e  

p l o t t e d  i n  F ig .  F-6 as a f u n c t i o n  o f  t i m e  f o r  t h e  t r u c k  cask. The hea t  f l u x  
drops r a p i d l y  and then  decreases s l o w l y  because t h e  water j a c k e t  a c t s  as a 

thermal  b a r r i e r .  The h e a t  f l u x e s  a f t e r  about 1 hour a r e  reduced t o  4,500 
B t u / h r - f t 2  f o r  t h e  r e g u l a t o r y  f i r e  and 6,750 BTU/hr- f t2 f o r  t h e  1825°F f i r e .  

The i n t e g r a t e d  hea t  f l u x  absorbed i n t o  t h e  cask i s  p l o t t e d  i n  F ig .  F-7 f o r  t h e  

r e g u l a t o r y  and 1825°F f i r e s .  The i n t e g r a t e d  f l u x  r i s e s  r a p i d l y  a t  f i r s t  u n t i l  

t h e  thermal  b a r r i e r  hea ts  up  and then  l i m i t s  t h e  h e a t  f l u x  t o  t h e  cask. The 

c e n t e r l i n e  temperatures f o r  t h e  l e a d  s h i e l d  a r e  p l o t t e d  i n  F igs .  F-3 and F-8 
f o r  t h e  r e g u l a t o r y  and 1825OF f i r e s ,  r e s p e c t i v e l y .  For  t h e  r e g u l a t o r y  f i r e ,  

l e a d  m e l t  s t a r t s  a f t e r  1.35 hours and takes 0.75 hours t o  complete a l l  t h e  

m e l t i n g .  As would be expected f o r  t h e  1825°F f i r e  w i t h  a hea t  f l u x  1.5 t imes 
h i g h e r  than  lead,  m e l t  s t a r t s  a t  0.9 hours and i s  completed a f t e r  0.5 hours o r  

t imes  which a r e  1.5 t imes  s h o r t e r  t han  t h e  r e g u l a t o r y  f i r e .  The t imes t o  

reach t h e  m e l t i n g  temperatures and t o  m e l t  t h e  l e a d  a re  a c t u a l l y  determined 

when t h e  t o t a l  i n t e g r a t e d  h e a t  f l u x  va lues o f  app rox ima te l y  6,000 B t u / f t 2  and 

9,000 B t u / f t * ,  r e s p e c t i v e l y ,  a r e  reached. 

The cask heat-up r a t e  and temperature a r e  p r i m a r i l y  determined by t h e  

hea t  f l u x  f rom t h e  f i r e  because t h e  h e a t  f rom t h e  f u e l  bundle i s  about 

41  B t u / h r - f t 2 .  Therefore,  i t  i s  concluded t h a t  t h e  t i m e  i t  takes a s p e c i f i c  

f i r e  t o  hea t  t h e  cask t o  a s p e c i f i c  temperature i s  app rox ima te l y  p r o p o r t i o n a l  

t o  t h e  average h e a t  f l u x  o r  heat  l o a d  t o  t h e  cask. 
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Figure F-6 Heat f l u x  on truck cask versus duration o f  1475OF and 
1825°F f i r e s .  
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Figure F-7 Integrated heat flux on truck cask versus duration o f  
1475°F and 1825°F f i r e s .  
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The t r a n s i e n t  ’ thermal a n a l y s i s  f o r  t h e  r a i l  cask was performed i n  a 

manner s i m i l a r  t o  t h a t  used f o r  t h e  t r u c k  cask. The v a r i a t i o n s  o f  t h e  hea t  

f l u x e s  f o r  t h e  r e g u l a t o r y  and 1825°F f i r e s  a r e  p l o t t e d  i n  F i g .  F-9 as 

f u n c t i o n s  o f  t ime. As w i t h  t h e  t r u c k  cask case, t h e  heat  f l u x  drops r a p i d l y  
and l e v e l s  o f f  because t h e  water  j a c k e t  a c t s  as a thermal b a r r i e r .  The hea t  

f l u x e s  a f t e r  about 1 hour a r e  reduced t o  4,500 B t u / h r - f t 2  f o r  t h e  r e g u l a t o r y  
f i r e  and 7,000 BTU/hr- f t2  f o r  t h e  1825°F f i r e .  These r e s u l t s  a r e  s i m i l a r  t o  

those c a l c u l a t e d  f o r  t h e  t r u c k  and i n d i c a t e  t h a t  t hese  hea t  f l u x  va lues app ly  

t o  a wide range o f  cask s i z e s .  The cask w i l l  heat up a t  a r a t e  determined by 

t h e  heat  f l u x  f rom t h e  f i r e .  The t i m e  t o  reach  a p a r t i c u l a r  temperature f o r  

t h e  cask i s  determined by t h e  heat  f l u x .  The c e n t e r l i n e  temperatures f o r  t h e  

l e a d  s h i e l d i n g  a r e  p l o t t e d  i n  F igs .  F-4 and F-10 f o r  t h e  r e g u l a t o r y  and 1825°F 

f i r e s ,  r e s p e c t i v e l y .  For t h e  r e g u l a t o r y  f i r e ,  t h e  l e a d  m e l t i n g  begins about 

1.8 hours a f t e r  t h e  f i r e  i n i t i a t i o n  and i s  complete a t  about 2.6 hours. Fo r  
t h e  1825°F f i r e ,  t h e  l e a d  m e l t  begins a t  1.2 hours and i s  complete w i t h i n  1.8 

hours.  These m e l t i n g  t imes a r e  n e a r l y  p r o p o r t i o n a l  t o  t h e  f i r e  heat  f l u x e s  o r  

heat  loads.  

I n  F ig .  F-11, t h e  heat  f l u x  on t h e  su r faces  o f  t h e  t r u c k  and r a i l  cask i s  

p l o t t e d  as a f u n c t i o n  o f  f l ame  temperature,  f lame e m i s s i v i t y  o f  0.9, and cask 

e m i s s i v i t y  o f  0.8. The i n i t i a l  hea t  f l u x  i s  g iven.  Also,  t h e  average hea t  

f l u x  va lues a r e  g i v e n  a t  1 hour d u r a t i o n s  f o r  t h e  1475°F and 1825°F f i r e s .  

As d e r i v e d  i n  Sec t i on  F.3, t h e  heat  l o a d  r a t i o  o f  a r e a l  f i r e  t o  a 

h y p o t h e t i c a l  f i r e  i s  0.78 f o r  t h e  same f lame temperature.  To absorb t h e  same 

hea t  l o a d  per  u n i t  t i m e  f rom a r e a l  e n g u l f i n g  f i r e  compared t o  a h y p o t h e t i c a l  

e n g u l f i n g  f i r e ,  t h e  average hea t  f l u x  on t h e  cask has t o  be increased.  The 

r e q u i r e d  heat  f l u x  i s  1.28 t imes  h i g h e r  f o r  a r e a l  f i r e ,  From F i g .  F-11 i t  i s  

determined t h a t  a f l ame temperature o f  1700°F i s  r e q u i r e d  t o  p r o v i d e  an 

average f l u x  o f  6,400 B t u / h r - f t 2  which i s  1.28 t imes h i g h e r  than t h e  heat  f l u x  

d e r i v e d  f rom r e g u l a t o r y  c o n d i t i o n s .  There fo re ,  i t  i s  concluded t h a t  a 1700°F 

r e a l  f i r e  p rov ides  a heat  l o a d  t o  t h e  cask and r e s u l t s  i n  temperature 

responses s i m i l a r  t o  those f o r  a 1475°F r e g u l a t o r y  f i r e .  
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The heat  l o a d  t o  t h e  cask a l s o  v a r i e s  w i t h  t h e  l o c a t i o n  o f  t h e  f i r e  w i t h  

r e s p e c t  t o  t h e  cask. For t h e  case i n  which t h e  f lame f r o n t  i s  j u s t  t angen t  t o  

t h e  cask, as shown i n  F ig .  F-12, t h e  geometr ic  v iew f a c t o r  t o  t h e  p a r t  o f  t h e  

cask below t h e  h o r i z o n t a l  c e n t e r l i n e  i s :  F . l l  

(F. 15) 

The geometr ica l  v iew f a c t o r  t o  t h e  upper p o r t i o n  o f  t h e  cask i s  g i v e n  by 

t h e  r e l a t i o n s h i p :  

(F.16) 

where 

-1 r 6 = l~ - 2 t a n  (-), r a d i a n s  h - r  

h = f lame h e i g h t ,  f t  

F i n a l l y ,  f o r  t h e  case i n  which t h e  cask i s  removed a d i s t a n c e  f rom t h e  

f l ame f r o n t  as shown i n  F ig .  F-13, t h e  geometr ic  v iew f a c t o r  f rom t h e  e n t i r e  

cask t o  t h e  f lame i s  g i v e n  by: F . l l  

-1 h-r  -1 r 
A S F S - f  = r [ t a n  + t a n  (;)I , ft2/ft (F. 17) 

where 

x = s e p a r a t i o n  d i s tance ,  f t  
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F i g u r e  F-12 Cask on ground w i t h  tangent . f lame f r o n t .  
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Fjlgure F-13 Cavk 'on g round- -d is tan t  frlom f lame f r o n t .  
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A s  = r ( n  t Q) , f t 2 I f t  

) , r a d i a n s  -1 h-4 r JI = t a n  (-1 - 
h t x2  - 2hr X 

and a l l  o t h e r  terms a r e  as p r e v i o u s l y  de f i ned .  

E v a l u a t i n g  these express ions over a range o f  d i s tances  r e l a t i v e  t o  t h e  

cask d iameter  r e s u l t s  i n  t h e  f a m i l y  o f  curves f o r  t h e  hea t  l o a d  on t h e  cask 

r e l a t i v e  t o  t h e  e n g u l f i n g  f i r e  va lue  versus t h e  s e p a r a t i o n  d i s t a n c e  d i v i d e d  by 

t h e  cask d iameter  as shown i n  F ig .  F-14. The t o t a l  heat  l o a d  drops r a p i d l y  

f rom t h e  r e f e r e n c e  r e g u l a t o r y  va lue  as t h e  d i s t a n c e  f rom t h e  f i r e  increases.  

I n  a d d i t i o n  a t  d i s t a n c e s  removed f rom t h e  f lame, a lower  va lue  o f  e m i s s i v i t y  

f o r  t h e  cask s u r f a c e  i s  l i k e l y  s i n c e  a b lacken ing  o f  t h e  s u r f a c e  f rom soo t  i n  

t h e  f l ame i s  l e s s  probable,  l e a d i n g  t h e r e f o r e  t o  even lower  hea t  l o a d i n g .  I n  

a d d i t i o n  t o  lower  heat  l oad ing ,  t h e  cask i n v o l v e d  i n  a nonengu l f i ng  f i r e  i s  
a t i o n  and n a t u r a l  convec t i on  t o  t h e  environment. a b l e  t o  r e j e c t  heat  by r e r a d  
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APPENDIX G 

P r o b a b i l i t y  E s t i m a t i o n  Techniques 

G . l  I n t r o d u c t i o n  

Assessment o f  t h e  p r o b a b i l i t y  o f  t h e  p o t e n t i a l  responses o f  a cask t o  

v a r i o u s  a c c i d e n t  scenar ios  depends on ( 1 )  t h e  d e s c r i p t i o n  o f  t h e  d i s t r i b u t i o n s  
o f  t h e  acc iden t  parameters g i v e n  an acc iden t ,  and ( 2 )  i n t e g r a t i o n  o f  these 
p r o b a b i l i t y  d i s t r i b u t i o n s  over t h e  a p p r o p r i a t e  subranges o f  va lues o f  t h e  

a c c i d e n t  parameters. An impor tan t  acc iden t  parameter i s  t h e  v e l o c i t y  o f  t h e  

t r a n s p o r t i n g  v e h i c l e ,  e i t h e r  t r u c k  o r  t r a i n ,  a t  t h e  t i m e  o f  t h e  acc iden t .  The 

d i s t r i b u t i o n  o f  \/chicle v e l o c i t i e s  a t  t h e  p o i n t  o f  an a c c i d e n t  i s  unknown; 

however, t h e r e  a r e  d a t a  which can be used t o  e s t i m a t e  t h e  d i s t r i b u t i o n  o f  

v e l o c i t i e s  e i t h e r  s u b j e c t i v e l y ,  as i n  t h e  case o f  t r u c k s ,  o r  recorded, as f o r  

t r a i n s .  I n  S e c t i o n  6.2, a method o f  e s t i m a t i o n ,  c a l l e d  maximum entropy,  i s  

desc r ibed  f o r  deve lop ing  t h e  d i s t r i b u t i o n  o f  v e h i c l e  v e l o c i t i e s  u s i n g  observed 

v e l o c i t i e s  a t  pas t  acc iden ts .  T h i s  method was a p p l i e d  t o  b o t h  t r u c k s  and 

t r a i n s  t o  develop es t ima tes  o f  t h e  a p p r o p r i a t e  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  

v e l o c i t y .  Given d e s c r i p t i o n s  o f  t h e  d i s t r i b u t i o n s  o f  v e h i c l e  v e l o c i t i e s  and 

o t h e r  acc iden t  parameters, assessment o f  t h e  p r o b a b i l i t y  o f  p o t e n t i a l  cask 

responses i n v o l v e s  i n t e g r a t i n g  severa l  p r o b a b i l i t y  f u n c t i o n s .  The i n t e g r a t i o n  

process i s  desc r ibed  i n  S e c t i o n  6.3. S p e c i f i c a l l y ,  Sec t i on  G.3 desc r ibes  an 

approx imat ion,  based on sums o f  d i s c r e t e  p r o b a b i l i t i e s ,  t o  t h e  i n t e g r a t i o n  o f  
t h e  cont inuous d i s t r i b u t i o n s .  

6.2 Maximum Entropy M e t h o d ’ o f  E s t i m a t i o n  

Given t h e  h o r i c a l  d a t a  on ‘ v e l o c i t i e s  o f  v e h i c l e s  i n v o l v e d  i n  
acc idents ,  t h e r e  e seve ra l  method;: such ‘as l e a s t  squares, maximum 

l i k e l i h o o d ,  and‘ d e n s i t y  est imakion,”*which can be used t o  e s t i m a t e  t h e  
p r o b a b i l i t y  d i s t r i b u t i o n  o f  v e l o c i t i e s .  Most methods r e q u i r e  some 

i d e n t i f i c a t i o n  o f  t h e  form ( f a m i l y )  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s .  Severa l  

d i s t r i b u t i o n s  and m i x t u r e s  o f  d i s t r i b u t i o n s ‘  were f i t t e d  t o  t h e  a c c i d e n t  d a t a  

b u t  no one f a m i l y  c o n s i s t e n t l y  f i t  a l l  ’ t he  data.  

( 1 -  < ~ *  , ~ ~ 
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Since a s p e c i f i c  pa ramet r i c  f a m i l y  o f  d i s t r i b u t i o n s  was n o t  r e a d i l y  

i d e n t i f i a b l e ,  a reasonab le  approach i s  t o  eva lua te  a nonparametr ic  es t ima te  o f  

t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  v e l o c i t y .  A l though n o t  as power fu l ,  i.e., i t  
has a g r e a t e r  u n c e r t a i n t y ,  t h e  nonparametr ic  approach a l l o w s  t h e  d a t a  t o  

determine t h e  fo rm o f  t h e  d i s t r i b u t i o n  o f  v e l o c i t i e s  r a t h e r  than  f o r c i n g  t h e  

d i s t r i b u t i o n  t o  be o f  some s p e c i f i c  type,  e.g., normal o r  lognormal. I f  a 

s p e c i f i c  d i s t r i b u t i o n  i s  used and i t  i s  n o t  c o r r e c t ,  t hen  es t imates  of 

p r o b a b i l i t i e s  d e r i v e d  f rom t h e  i n c o r r e c t  d i s t r i b u t i o n  can be b iased 

s i g n i f i c a n t l y .  Thus, we chose t o  es t ima te  t h e  d i s t r i b u t i o n s  o f  v e l o c i t y  

nonparamet r i ca l l y .  

To determine a nonparametr ic  es t ima te  o f  t h e  d i s t r i b u t i o n s  o f  v e l o c i t y ,  

we based t h e  es t imates  on t h e  maximum ent ropy  method o f  es t ima t ion .  T h i s  

approach i s  based on i n f o r m a t i o n  theo ry  and p rov ides  a procedure f o r  
e s t i m a t i n g  a p r o b a b i l i t y  d i s t r i b u t i o n ,  w i t h  maximum ent ropy ,  c o n s i s t e n t  w i t h  

t h e  i n f o r m a t i o n  a v a i l a b l e  about a random v a r i a b l e .  Sub jec t  t o  c e r t a i n  

c o n d i t i o n s  and t h e  a p p r o p r i a t e  i n t e r p r e t a t i o n  o f  i t  can be 
shown t h a t  t h e  en t ropy  f u n c t i o n  

measures t h e  amount o f  " u n c e r t a i n t y "  represented  by a p r o b a b i l i t y  d i s t r i b u t i o n  

(61, ..., PK) f o r  a v a r i a b l e  X (where i t  i s  assumed t h a t  X i s  d i s c r e t e  and has 

range x i ,  ..., X K ) .  Given some i n f o r m a t i o n  about t h e  d i s t r i b u t i o n  o f  X ,  such 

as i t s  expected va lue  and v a r i a t i o n  o r  u n c e r t a i n t y ,  a reasonab le  c r i t e r i o n  f o r  

e s t i m a t i n g  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  p i ,  ..., PK i s  t o  maximize t h e  en t ropy  
2 f u n c t i o n ,  (G. l ) ,  c o n s i s t e n t  w i t h  t h e  i n f o r m a t i o n  a v a i l a b l e ,  i.e., i f  po, oo 

a r e  t h e  expected va lue  and var iance,  t o  es t ima te  pl, ..., pk such t h a t  

K 
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That is, an estimate of the probability distribution pi, ..., PK is the set o f  

values cl, ..., pk such that 

subject to the constraints 

K 

Introducing Lagrangian multipliers . <  X o ,  A1, X 2  associated with the three 

constraints, the estimated p,robabilities ,I are ; ' +  
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where 

and X I ,  X 2  a r e  s o l u t i o n s  t o  t h e  equat ions 

where 

k=l 

Thus, a d i s c r e t e  p r o b a b i l i t y  d i s t r i b u t i o n  can be cons t ruc ted  wh ich  maximizes 

en t ropy  and which equa ls  t h e  s p e c i f i e d  mean and var iance.  I n  our  a p p l i c a t i o n  

o f  t h e  methodology, we used t h e  mean and t h e  va r iance  o f  t h e  h i s t o r i c a l  da ta  

on v e l o c i t i e s  as t h e  a v a i l a b l e  i n fo rma t ion .  

I f  t h e  v a r i a b l e  X i s  cons idered t o  be a cont inuous  v a r i a b l e ,  i.e._, i t s  

p r o b a b i l i t y  d i s t r i b u t i o n  has a d e n s i t y  f u n c t i o n ,  t h e  es t imated  d e n s i t y  

f u n c t i o n  f ( x )  can be approximated, based on max imiz ing  en t ropy ,  u s i n g  t h e  

i d e n t i t y  

dp = f ( x ) d x  

G -4 
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Approx imat ing t h e  d e n s i t y  f u n c t i o n  by a d i s c r e t e  r e l a t i v e  h i s tog ram 
[(Ap,, Axk) : k = l ,  ..., K], 

(G. 10) 

However, i n  ou r  n o t a t i o n  Apk = Pk and, assuming a p a r t i t i o n  o f  t h e  ( f i n i t e )  
range Rx  o f  X i n t o  N equal s u b i n t e r v a l s  o f  l e n g t h  Ax, 

AX = R x / N  

t h e  maximum en t ropy  e s t i m a t e  o f  f ( % k )  i s  

( G .  11) 

( G .  12) 

f o r  s u f f i c i e n t l y  smal l  A. 

The es t ima ted  p r o b a b i l i t y  d i s t r i b u t i o n ,  as desc r ibed  by t h e  es t ima ted  

cumu la t i ve  d i s t r i b u t i o n  f u n c t i o n ,  i s  based o n  cumu la t i ve  sums o f  t h e  i ( x k )  I s ,  

i n t e r p o l a t i n g  f o r  x = Xk. Th is  i s  t h e  method used t o  e s t i m a t e  t h e  p r o b a b i l i t y  

d i s t r i b u t i o n s  f o r  v e h i c l e  v e l o c i t i e s  p r i o r  t o  and a t  t h e  p o i n t  o f  an 

acc iden t .  
2 po and uo was n o t  q u a n t i f i e d ,  n o r  was t h e  s e n s i t i v i t y  i n v e s t i g a t e d  f o r  t h e  

p r e d i c t e d  p r o b a b i l i t i e s  o f  t h e  va r ious  response s t a t e s .  Some pa ramet r i c  

I 2  

The u n c e r t a i n t y  o f  u s i n g  t h e  sample i n f o r m a t i o n  f o r  s p e c i f y i n g  
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est imates  o f  t h e  d i s t r i b u t i o n s  o f  v e l o c i t i e s  were analyzed, and these would 

p r o v i d e  some b a s i s  f o r  .an i n v e s t i g a t i o n  o f  s e n s i t i v i t y .  

6.3 D i s c r e t i z e d  P r o b a b i l i t y  I n t e g r a t i o n  

E s t i m a t i o n  o f  t h e  p r o b a b i l i t y  t h a t  t h e  response o f  a cask t o  an acc iden t  

i s  a s p e c i f i c  response s t a t e ,  e.g., R(2,3), between 0.2% (S1) and 2% ( S 2 )  

s t r a i n  and between 6OO0F ( T 2 )  and 65OoF ( T 3 )  l e a d  mid- th ickness  temperature,  

i s  based on e v a l u a t i n g  a p a i r  o f  doub le  i n t e g r a l s  o f  p r o b a b i l i t y  d i s t r i b u t i o n  

and d e n s i t y  f u n c t i o n s  (see Equat ion  5.23). Some o f  t h e  p r o b a b i l i t y  

d i s t r i b u t i o n  and d e n s i t y  f u n c t i o n s  a r e  known a n a l y t i c a l l y ,  b u t  some, f o r  

example t h e  d i s t r i b u t i o n s  o f  v e l o c i t i e s  es t imated  by t h e  method o f  maximum 

ent ropy ,  a r e  o n l y  known n u m e r i c a l l y .  I n  e i t h e r  case, t h e  i n t e g r a t i o n  i s  

complex and cannot be done a n a l y t i c a l l y .  Ins tead,  e v a l u a t i o n  o f  t h e  es t ima ted  
p r o b a b i l i t i e s  i s  based on t h e  i d e n t i t y ,  g i ven  t h e  a p p r o p r i a t e  c o n d i t i o n s ,  

b K(A) I H ( t ) d t  = l i m  
a A+O k = l  

[ H ( t k  + AU) - H ( t k  - Ak ) ]A tk  (6.13) 

f o r  s u f f i c i e n t l y  sma l l  A . I n  t h i s  a p p l i c a t i o n ,  t h e  f u n c t i o n  H ( t )  i t s e l f  

i n v o l v e s  t h e  i n t e g r a l  o f  p r o b a b i l i t y  d i s t r i b u t i o n s  and d e n s i t y  func t i ons .  

The computer code TASP was developed t o  per form t h e  necessary summations 

t o  approx imate t h e  p r o b a b i l i t y  i n t e g r a l s  ( i n  a d d i t i o n ,  t h e  code con ta ins  a l l  

t h e  a p p r o p r i a t e  p r o b a b i l i t i e s ) .  I n  each case t h e  code p a r t i t i o n s  t h e  range o f  

i n t e g r a t i o n  i n t o  an a p p r o p r i a t e  number o f  s u b i n t e r v a l s  t o  i n t e g r a t e  over  a 

p r o b a b i l i t y  d i s t r i b u t i o n .  When approp r ia te ,  t h e  code c o n s e r v a t i v e l y  eva lua tes  

a f u n c t i o n  a t  t h e  upper ( l o w e r )  l i m i t  o f  a s u b i n t e r v a l  t o  assure t h a t  t h e  

es t imated  p r o b a b i l i t y  i s  conserva t ive .  However, t h e  e s t i m a t e  i s  n o t  o v e r l y  
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conserva t i ve  because a reasonable number o f  s u b i n t e r v a l s  a r e  used f o r  t h e  

approx imat  ion.  Thus, i n  t h e  con tex t  o f  t h e  i npu ts ,  t h e  es t imated  

p r o b a b i l i t i e s  a r e  cons idered good es t imates .  

6.4 References 

6.1 E. T. Jaynes, " I n f o r m a t i o n  Theory and S t a t i s t i c a l  Mechanisms", Phys i ca l  

Review, Vol .  106, No. 4,  May, 1957, pp. 620-630. 
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APPENDIX H 

Benchmarking f o r  Computer Codes Used i n  Impact Analyses 

H . l  I n t r o d u c t i o n  

Several  computer codes were used i n  t h e  s t r u c t u r a l  impact analyses t o  

es t ima te  cask responses f o r  t h e  v a r i o u s  a c c i d e n t a l  impact l o a d i n g  c o n d i t i o n s  

i n  t h i s  study. Impact i s  a govern ing l o a d i n g  c o n d i t i o n  i n  t h e  cask s t r u c t u r a l  

e v a l u a t i o n .  The r e s u l t s  and conc lus ions  s t a t e d  i n  t h i s  r e p o r t  r e l y  on t h e  

adequacy o f  these codes t o  e s t i m a t e  s t r u c t u r a l  response. Impact i s  a l o a d i n g  

c o n d i t i o n  which can generate l a r g e  amounts o f  energy d u r i n g  a ve ry  s h o r t  

d u r a t i o n  o f  impact. D u r i n g  t h e  impact, energy changes form f rom p o t e n t i a l  

i n t o  k i n e t i c ,  ar,d i n t o  s t r a i n  energy. A f t e r  t h e  i n i t i a l  impact,  t h e  cask has 

a p o t e n t i a l  f o r  bouncing back i n t o  t h e  a i r  depending on t h e  t a r g e t  hardness 

and t h e  p r o p e r t y  o f  impact l i m i t e r s ,  R i g i d  body mot ion i s  i n v o l v e d  d u r i n g  

t h i s  process. I n  o r d e r  t o  e s t i m a t e  t h e  s t r u c t u r a l  damage due t o  t h e  second 

impact,  i .e.,  t h e  o t h e r  end o f  t h e  cask h i t t i n g  t h e  t a r g e t  a f t e r  bouncing 

around i n  t h e  a i r ,  t h e  computer code needs t o  have a s p e c i a l  c a p a b i l i t y  o f  

h a n d l i n g  r i g i d  body mot ion.  Most o f  t h e  f i n i t e  element computer codes 

a v a i l a b l e  today cannot handle t h e  r i g i d  body mo t ion  and, t h e r e f o r e ,  were n o t  

s e l e c t e d  f o r  t h i s  s tudy.  To assess cask response t o  t h e  impact o r i e n t a t i o n ,  

i.e., t h e  ang le  between t h e  cask l o n g i t u d i n a l  a x i s  and t h e  t a r g e t  su r face ,  t h e  

s e l e c t e d  computer codes need t o  have t h e  c a p a b i l i t y  o f  h a n d l i n g  impact a t  an 
angle. Impact l i m i t e r s  p l a y  an impor tan t  r o l e  i n  cask response. Dur ing  

impact, t h e  l i m i t e r  w i l l  e n t e r  a n o n l i n e a r  reg ion .  The s e l e c t e d  computer 

codes need t o  be capable o f  h a n d l i n g  n o n l i n e a r  i m p a c t - l i m i t e r  responses. 

The r e p r e s e n t a t i v e  casks s e l e c t e d  i n  t h i s  s tudy  use a l e a d  l a y e r  f o r  

s h i e l d i n g .  I n  o rde r  t o  model t h e  l e a d  behav io r  i n s i d e  t h e  i n n e r  and o u t e r  

s t e e l  s h e l l s ,  t h e  computer codes need t o  be capable o f  h a n d l i n g  s l i d i n g  

between two su r faces  o f  d i f f e r e n t  m a t e r i a l s .  Not every computer code can 

s a t i s f y  a l l  t hese  s p e c i f i e d  requi rements.  C e r t a i n  computer codes may be 

capable o f  meet ing p a r t i a l  requirements.  I t  i s  necessary t h a t  t h e  user 

understands t h e  1 i m i t a t i o n s  o f  t h e  codes se lec ted .  
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Three computer codes were s e l e c t e d  t o  pe r fo rm va r ious  types o f  impact 

a n a l y s i s  i n  t h i s  s tudy.  They a r e  DYNA 2-D/3-D, N I K E  2-D/3-D ( t h e  2D/3D 
d e s i g n a t i o n  i n d i c a t i n g  t h a t  e i t h e r  two-dimensional o r  three-d imensional  

model ing can be performed),  and IMPASC ( p a r t  o f  t h e  SCAN system). A l l  t h r e e  

codes were developed and ma in ta ined  a t  Lawrence L ivermore N a t i o n a l  Labora to ry  

th rough  o t h e r  programs i n  t h e  Labora to ry .  The l i m i t a t i o n s  o f  each code a r e  

understood. Dur ing  t h e  course o f  c a l c u l a t i n g  cask response, t h e  a n a l y t i c a l  

group worked very c l o s e l y  w i t h  t h e  code development group. I n  many cases, t h e  

codes were m o d i f i e d  t o  s u i t  t h e  s p e c i f i c  needs o f  t h i s  study. There i s  h i g h  

conf idence t h a t  these codes were p r o p e r l y  used w i t h i n  code c a p a b i l i t y  i n  

c a l c u l a t i n g  cask response when sub jec ted  t o  impact loads.  The q u a l i f i c a t i o n s  

o f  users i s  o n l y  p a r t  o f  t h e  concerns i n  a s s u r i n g  adequate a n a l y t i c a l  

s o l  u t  i ons .  

The nex t  ques t i on  i s  how can t h e  s e l e c t e d  computer codes s i m u l a t e  t h e  
impact c o n d i t i o n s  and t h e  s t r u c t u r a l  response. To answer t h i s  ques t i on ,  

computer codes a r e  g e n e c a l l y  benchmarked by comparing t h e i r  r e s u l t s  a g a i n s t  

one o r  more o f  t h e  f o l l o w i n g :  (1) r e s u l t s  f rom c losed  f o r m  eng ineer ing  

s o l u t i o n s ,  (2 )  t e s t  data,  and (3 )  o t h e r  computer codes which have been 

benchmarked. Th is  appendix p resen ts  benchmark codes f o r  DYNA 3 4 .  The o t h e r  

codes, DYNA 2-0, N I K E  2D/3-D, and IMPASC have been benchmarked a g a i n s t  DYNA 3- 

0 ,  hence t h i s  benchmark t e s t  a l s o  g e n e r a l l y  a p p l i e s  t o  t h e  o t h e r  codes. 

To date,  t hese  codes have n o t  been benchmarked f o r  p r e d i c t i n g  l e a d  

slump. Al though a t  l e a s t  one f o r e i g n  c o u n t r y  has performed impact t e s t s  w i t h  

l e a d  casks and used DYNA 2-0 f o r  benchmarking, t hese  r e s u l t s  a r e  p r o p r i e t a r y  

and cannot be d i sc losed .  T h e r e f o r e  a l l  o f  t h e  c a l c u l a t i o n s  done i n  t h i s  s tudy  

w i t h  DYNA and N I K E  were performed assuming c o n s e r v a t i v e  l e a d  p r o p e r t i e s  and 

boundary c o n d i t i o n s  t h a t  over  p r e d i c t  l e a d  slump and t h e  s t r a i n  on t h e  i n n e r  

w a l l  o f  t h e  r e p r e s e n t a t i v e  cask models. 

H.2 Benchmark C a l i b r a t i o n s  f o r  DYNA 3-0 
------I- 
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H.2.1 Impact o f  C y l i n d e r  i n t o  R a i l  

The. s tee l ,  cy13inlder shown in Fig.  If-I is impacted into a l o n g  r i g i d  r a i l  

a t  1676 cmrsec. R t tached  t o  t h e  ends o f  t h i s  c y l i n d e r  a r e  we igh ts  o f  62.3 M 
dyne. An exper imenta l  t e s t  was conducted and t h e  f . i n a l  c o n f i g u r a t i o n  was 

measured. 

One q u a r t e r  o f  t h e  cyT inder  was modeled by u s i n g  DYNA 3-D w i th  two planes 

o f  symmetry using the mesh i l l u s t r a t e d  i n  F ig .  H-2. T h i s  mesh con ta ins  3432 

elements. E l a s t i c - p e r f e c t l y  p l a s t i c  behav io r  was assumed f o r  t h e  s t e e l  w i t h  a 

y i e l d  s t r e n g t h  of  0.0231 Mbar. 

Deformed shapes a t  app rox ima te l y  m i l l i s e c o n d  increments a r e  shown i n  F i g .  

H-3. A t  6.4 ms t h e  c y l i n d e r  can be seen t o  have comp le te l y  rebounded w i t h  i t s  

f i n a l  deformed shape. A maximum r e s i d u a l  den t  o f  1.53 inches was 

c a l c u l a t e d .  A maximum d e n t  o f  1.44 inches was measured a t  t h e  same l o c a t i o n  

i n  an exper imen ta l  t e s t .  

H.2.2 Nose Cone A n a l y s i s  

F i g u r e  H-4 shows t h e  DYNA 3-D mesh (6074 nodes, 4356 elements) used t o  

model a s t e e l  ( y i e l d  s t r e n g t h  = 0.0048 Mbar, Et = 0.0138 Mbar) nose cone t h a t ,  

on impact, has been designed by Sandia L a b o r a t o r i e s  i n  L i ve rmore  t o  l i m i t  t h e  

r e s u l t a n t  f o r c e  t r a n s m i t t e d  t o  t h e  a f t  The mass o f  t h e  a f t  

s e c t i o n  i s  mocked w i t h  a h igh -dens i t y  m a t e r i a l ,  131,477 gm/cm3, i n  t h e  t o p  

rows o f  elements. 

T h i s  problem i s  i n t e r e s t i n g  f rom a code development v iewpo in t  because i t  
e x e r c i s e s  t h e  s l i d i n g  i n t e r f a c e  l o g i c .  F i v e  i n t e r f a c e s  a r e  d e f i n e d  o f  which 

two a r e  t i e d .  The l o c a t i o n s  o f  these i n t e r f a c e s  a r e  d e p i c t e d  i n  F i g .  H-5. 

Deformed shapes a t  3,000 ps i n t e r v a l s  a r e  shown i n  Fig.  H-6. A t  

15,000 ps t h e  peak de fo rma t ion  i s  reached and t h e  nose cone begins t o  rebound. 

Comparisons w i t h  exper imenta l  d a t a  f rom a s t a t i c  t e s t  showed e x c e l l e n t  

agreement w i t h  t h e  c a l c u l a t i o n .  H * l  The f i n a l  shape o b t a i n i n g  i n  t h e  

exper iment was ve ry  c l o s e  t o  t h e  f i n a l  computed shape. I n  F ig .  H-7, t h e  

computed f o r c e  d e f l e c t i o n  cu rve  f rom DYNAP i s  compared t o  t h e  exper iment.  

Only  minor  d i sc repanc ies  e x i s t .  
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H.2.3 Oblique Impact of Rod -_______ 
An aluminum rod 30.5 cm long and 0.638 cm in diameter impacts a rigid 

wall oriented at 10' at a velocity of 20,170 cm/sec. The material behavior is 
simulated with material model 11 using the properties defined in UCRL- 
80465."*' Fig, H-8 shows the D Y N A  3-D calculational mesh. 

The computed results showed good agreement with the experimental profiles 
up to 600 ps.  At later times the experiments showed more curvature in the 
rod. Four factors probably contributed to these late time discrepancies. 

o coarse zoning, 
o inaccurate material properties, 
o rigid wall approximation to armor plate, 
o lack of interface friction. 

Figure H-9 shows a sequence of deformed configurations. Figure. H-10 

shows a view of 300 ps to illustrate the cross-sectional zoning. Figure H-11 
shows the residual experimental profile for comparison to the computed result 
at 3,000 ps.  
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22.9 c m  (Dia.) 

Figure H - 1  Impact o f  weighted s teel  cylinder into a rigid r a i l .  
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I I  1 

F i g u r e  H-2 F i n i t e  element mesh f o r  one-quar ter  o f  t h e  c y l i n d e r s .  

H-6 
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t - 3.0 m 

t '  1.0 mi 

w 
t - 4.0 nu 

t = 2.0 rnr 

t - 6.4 mr 

F i g u r e  H-3 Deformed shapes o f  t h e  cy1,inder impac t ing  a r a i l  (DYNA 3-0 
a n a l y t i c a l  s o l u t i o n s ) .  
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Figure H-4 Mesh of s t e e l  nose cone. 
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F i g u r e  H-5 L o c a t i o n  o f  t i e d  and s l i d i n g  i n t e r f a c e s .  
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t =6000 ps 

t = 3000 ps 

t = 9000 ps 

It = '12000 p s  t = 150OOGps 

*Figure 'H-'6 .Sequence of defmmed conf igura t ions .  
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F i g u r e  H-7 Computed and exper imenta l  f o r c e - d i s p l  acement curve. The 
s teps  i n  t h e  curves correspond, t,o v o i d  c losu res .  
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F i g u r e  H-8 C a l c u l a t i o n a l  mesh f o r  the o b l i q u e  rod  impact problem. 
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. 
t = 0.0 ps t = 400 ps t = 800 js t = 1200 js 

t = 1600 ps t = 2000 /ls t = 2400 ps t = 2800 ps 

F i g u r e  H-9 Deformed shapes 0.f a r o d  i m p a c t i n g  an o b l i q u e  r i g i d  w a l l .  

H- 13 



Figure H-10 Another  v i e w  o f  a rod  a t  300 ps. 
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Figure H-11 Final p r o f i l e s  a t  3000 ps ( a )  experiment and (b)  computed. 
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previously estimated in the NuRExrOl7O document. 
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The responses of the representative casks a r e  

The cask responses are compared with those responses calculated 
By comparing the responses it is 
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