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Approximate Conversions from Metric Measures 

Symbol When You Know Multiply by To Find Symbol 

Approximate Convenionr to Metric Measures 

Symbol When You Know Multiply by To Find Symbol 
LENGTH 

LENGTH mm millimetors 
un mntimotorr 
m mrtrrr 
m mrtrrr 
km kilomotrr 

0.04 inchrr 
0.4 Lnchrr 
3.3 f n t  
1.1 yards 
0.6 milor 

'1.6 antimrtrr  an 
JO CMtimlua an 
0.0 m t r r  m 
1 .b kl lomtm km 

AREA 
AREA 

an2 quaro wntimetrrr 0.16 quare inches 
m2 qurrr motrrr 1.2 quarr yards 
k d  qurrr kilornrtrrr 0.4 cquaro mikr 
ha Mares (10,000 d 1 2.6 .UOI 

in2 cquerr inchoa 6.6 aqurrr wntimotrr un) 
fir qurrr foot 0.09 aqurrr mrtrrr d 
V& aquwr yards 0 8  aqurr mrtora d 
mi2 qurrr mikr 2.6 qurrr kilonwtrrr k d  

.QI 0.4 h.cum hm 
MASS (weight) 

MASS (weight) 
grams 0.036 ounws 
kilogramr 2.2 pounds 
tonnos (1000 kg) 1.1 short tons 

o u m  28 Warn 
pounds 0.46 kilogrwnr 
hti tons 0.0 t onm 
(1000 Ib) 

VOLUME VOLUME 

millilitrrr 0.03 fluid ounws 
literr 2.1 pints 
litrrr 1.06 quarts 
liters 0.26 glflons 
cubic metern 36 cubic feet 
cubic motrrr 1.3 cubic yards 

millilitrrr ml 
millilltorr ml 
millilitrt ml 
l i t r r  1 
litarr I 
literr I 
liters I 
cubic motrrr d 
mbic motor8 tnl 

teacpoonr 
toblespoonr 
fluid ounm 
cuw 
pintr 
quart1 
Wllonr 
cubic foot 
cubic yard8 TEMPERATURE (exact) 

TEMPERATURE (exact) OC Colriur 915 (than Fahrenheit OF 

twnporaturr add 32) tomporrturr 

OF Frhrmheit 6tB (aftor Colriur OC 
trnporrturr urbtrrcting tmp.raturr 

' 32) 

-1 In - 2.64 cm (erectly). For o m r  uut convwalonr and mom demll ub la  m 
NBS MIw Publ. 186. UnIU ot Wel@ht and Monura ?rko$l26 OD Cotolg 
Na C13 10 286. 
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P r o b a b i l i t y  t h a t  a t  l e a s t  one c a r  i s  d e r a i l e d  o r  damaged i n  
a c o l l i s i o n  

P r o b a b i l i t y  t h a t  a t r a i n  c a r r i e s  hazardous  m a t e r i a l  

P r o b a b i l i t y  o f  a r e l e a s e  g iven  an a c c i d e n t  

P r o b a b i l i t y  t h a t  a d e r a i l e d  hazardous  m a t e r i a l  c a r  w i l l  r e l e a s e  
i t s  c o n t e n t s  

P r o b a b i l i t y  of a secondary  r e l e a s e ,  caused by f i r e  from a p r imary  
r e l e a s e  impinging on o t h e r  c a r s  

Time of  exposure  

Time of  a r r i v a l  of b l a s t  wave 

Time of passage  of b l a s t  wave 

Track t y p e  

Track  class 

T r a i n  speed  a t  t i m e  o f  a c c i d e n t  (mph) 

Var iance  of x = a2 
X 

X random v a r i a b l e  

v 

Var (x )  

x g i v e n  y 

A random v a r i a b l e  

Accident  r a t e  



1 
INJ 
1 IXR 

Yeaning 

2 
Xrea w i t h i n  which i n j u r i e s  occu r  (km ) 

2 
Area w i t h i n  which s s v e r e  i r r i t a t i o n  occu r s  (km ) 

2 
Xrea w i t h i n  which l e t h a l  e f f e c t s  occu r  (km ) 

2 
Area w i t h i n  which p rope r ty  damage occurs  (km ) 

Parameter  f o r  d i s c r s t i z i n g  t h e  con t inuous  gamma d i s t r i b u t i o n  

Constant  of  p r o p o r t i o n a l i t y  i n  c o l l i s i o n  a n a l y s i s  

Parameter  of t h e  gamma d i s t  r i b u t  ion 

Parameter  of t h e  gamma d i s t r i b u t i o n  

Expected va lue  of t h e  r a t i o  of N t o  NT 
H 

Standard  d e v i a t i o n  of x 





T h i s  r e p o r t  p r e s e n t s  ne thods  f o r  t h e  q u a n t i t a t i v e  e s t i m a t i o n  of t h e  

r i s k  a s s o c i a t e d  w i t h  t h e  t r a n s p o r t a t i o n  o f  hazardous  m a t e r i a l s  by r a i l .  

Acc iden t  r a t e s  a r e  developed s e p a r a t e l y  f o r  y a r d  and m a i n l i n e  

a c c i d e n t s .  For each  of t h e s e ,  d e r a i l m e n t s  and c o l l i s i o n s  a r e  t r e a t e d  

s e p a r a t e l y .  For d e r a i l m e n t s ,  t r ack-caus  ed a c c i d e n t s  a r e  a l s o  a n a l y z e d  

s e p a r a t e l y .  Fur the rmore ,  f o r  m a i n l i n e  a c c i d e n t s ,  t h e  e f f e c t  of t r a c k  

c l a s s  on a c c i d e n t  rate i s  developed.  T h i s  e f f e c t  i s  found t o  b e  e x t r e m e l y  

i m p o r t a n t ,  a s  c a n  be  seen  from t h e  f o l l o w i n g  t a b u l a t i o n .  

The e m p i r i c a l l y  developed rate f o r  Classes 5 and 6 (which were 

combined because  of a l a c k  of d a t a  f o r  Class 6) is c o n s i d e r e d  t o  b e  a n  

anomaly, r e s u l t i n g  from e i t h e r  a  small sarcple s i z e ,  o r  m i s - r e p o r t i n g  of 

t r a c k  c l a s s ,  o r  e r r o r s  i n  t h e  e s t i m a t i o n  of t h e  number of g r o s s  ton-miles  

f o r  t h e s e  two classes of t r a c k .  The t r u e  r a t e  f o r  Classes 5 and 6  is  

a lmos t  c e r t a i n l y  less t h a n  t h e  r a t e  f o r  C l a s s  4 .  

... :he s e v e r i t y  of a n  a c c i d e n t ,  a s  d e f i n e d  by t h e  number of c a r s  d e r a i l -  

i 

i n g  o r  damaged, is found t o  be  s t r o n g l y  dependen t  on t h e  speed a t  v h i c h  

Track  C l a s s  

? la in l ine  d e r a i l m e n t  
r a t e  ( a c c i d e n t s  p e r  
m i l l i o n  g r o s s  ton-  
m i l e s )  

! 

t h e  a c c i d e n t  t a k e s  p l a c e .  For d e r a i l m e n t s ,  t h e  mean number of d e r a i l i n g  

2  

1 7 . 3  

1 

53.2 

c a r s ,  n is found t o  be:  
N '  D 

3 

5.59 

4 

0.589 

5 &6 

1 

0.840 



where v i s  t h e  t r a i n  speed i n  m i l e s  p e r  h o u r .  The v a r i a n c e  of t h e  

n m b e r  of c a r s  d e r a i l i n g  i s  found t o  be: 

The d i s t r i b u t i o n  of t r a i n  speed  v a r i e s  s i g n i f i c a n t l y  from one  t r a c k  c l a s s  

t o  a n o t h e r .  The mean s p e e d s  f o r  m a i n l i n e  d e r a i l m e n t s  a r e  g i v e n  i n  t h e  

f o l l o w i n g  t a b u l a t i o n :  

Thus,  t h e  a v e r a g e  a c c i d e n t  s e v e r i t y  i n c r e a s e s  a s  t r a c k  c l a s s  i n c r e a s e s .  

Track Class 

Average t r a i n  speed 
b p h )  

A s i m i l a r l y  s t r o n g  dependence on speed  i s  found f o r  t h e  p r o b a b i l i t y  

o f  r e l e a s e ,  q ,  which i s  t h e  p r o b a b i l i t y  t h a t  a d e r a i l e d  hazardous  m a t e r i a l  

c a r  w i l l  release a l l  o r  p a r t  o f  i t s  c o n t e n t s .  For a l l  a c c i d e n t s ,  t h e  

f o l l o w i n g  e x p r e s s  i o n  p r o v i d e s  a good approx imat ion  t o  q: ... ... 

Furthermore,  t h e  mean amount of m a t e r i a l  r e l e a s e d  from a c a r  t h a t  

does r e l e a s e  a l s o  depends on t h e  speed :  

1 

8.0 

where m is t h e  mean v a l u e  of t h e  amount r e l e a s e d  per  c a r  ( i n  g a l l o n s ) .  
a 

R 

Thus, s p e e d  i s  s e e n  t o  have  a t h r e e - f o l d  e f f e c t  on t h e  hazardous  

impact of a n  a c c i d e n t .  A s  speed i n c r e a s e s :  

1. The number o f  c a r s  d e r a i l i n g  i n c r e a s e s ,  t h u s  i n c r e a s i n g  
t h e  p r o b a b i l i t y  t h a t  hazardous  m a t e r i a l  c a r s  p r e s e n t  in 
t h e  t r a i n  w i l l  d e r a i l .  

2 

14 .9  

3 

21.3  

4 

29.7 

566 

37.6 



2. The p r o b a b i l i t y  t h a t  a  d e r a i l e d  hazardous  m a t e r i a l  
c a r  w i l l  r e l e a s e  i t s  c o n t e n t s  i n c r e a s e s .  

3 .  The amount r e l e a s e d  from a r e l e a s i n g  c a r  i n c r e a s e s .  

The r e p o r t  p r o v i d e s  r i g o r o u s  a n a l y t i c a l  models f o r  a n a l y z i n g  t h e s e  

e f f e c t s ,  a s  w e l l  as q u a n t i t a t i v e  r e s u l t s ,  l e a d i n g  t o  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 h e  t o t a l  amount r e l e a s e d  in an a c c i d e n t ,  .AR. These  

a r e  p r e s e n t e d  i n  Chapter  10.  

The f i n a l  s t e p  i n  t h e  a n a l y s i s  p rocedure  i s  t o  e s t i m a t e  t h e  impac t s  

on people  and p r o p e r t y  of t h e  a c c i d e n t a l  r e l e a s e  of hazardous  m a t e r i a l .  

These impacts  a r e  e s t i n a t c d  i n  t e rms  o f  t h e  a r e a  s u r r o u n d i n g  t h e  s i t s  of 

t h e  a c c i d e n t  w i t h i n  which one o r  n o r e  of t h e  f o l l o w i n g  impacts  may be  

exp ec t ed : 

f a t a l i t i e s ,  

i n j u r i e s ,  

s e v e r e  i r r i t a t i o n ,  o r  

p r o p e r t y  damage. 

The impacts  a r e  found t o  b e  s t r o n g l y  dependent on t h e  t o t a l  amount 

r e l e a s e d ,  A as w e l l  a s  on t h e  type  of hazardous  m a t e r i a l  t h a t  i s  
R' 

r e l e a s e d .  E s t i m a t e s  of t h e s e  impacts  are p r e s e n t e d  in Chapter  1 2 .  

Among t h e  major c o n t r i b u t i o n s  of t n i s  r e p o r t  a r e  t h e  r i g o r  w i t h  which 

d a t a  w a s  a n a l y z e d ;  t h e  i n n o v a t i v e  models t h a t  were developed of t h e  

b e h a v i o r  o f  a t r a i n  i n  a n  a c c i d e n t ;  t h e  q u a n t i t a t i v e  a n a l y s i s  of t h e  

e f f e c t s  of t r a c k  c l a s s  and o f  t r a i n  speed;  t h e  q u a n t i t a t i v e  a n a l y s i s  of 

t h e  e f f e c t s  of t r ack-caused  a c c i d e n t s ;  and t h e  development of c o n f i d e n c e  

bounds o r  e r r o r  e s t i m a t e s  f o r  t h e  v a r i o u s  p r o b a b i l i t i e s .  



2 .  INTRODUCTION 

A .  OBJECTIVES 

T h i s  repor:  p r e s e n t s  t h e  r e s u l t s  o f  work performed by Ar thur  D. 

L i t t l e ,  I n c . ,  f o r  t h e  T r a n s p o r t a t i o n  Systems C e n t e r  (TSC) of t h e  U.S. 

Department o f  T r a n s p o r t a t i o n  (DOT) under  C o n t r a c t  Number DOT-TSC-1607. 

The o b j e c t i v e  of t h i s  work was t o  d e v e l o p  a n a l y t i c a l  t e c h n i q u e s  f o r  

a s s e s s i n g  t h e  r i s k  invo lved  i n  t h e  t r a n s p o r t a t i o n  of hazardous  m a t e r i a l s  

(HM) on t h e  network of U.S. r a i l r o a d s .  S p e c i f i c a l l y ,  t h e  c o n t r a c t  

c a l l e d  f o r  t h r e e  t a s k s  t o  be p e r f o r s e d :  

1. The development of 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 h e  
s e v e r i t y  of h a z a r d o u s - m a t e r i a l  a c c i d e n t s  i n  r a i l  
t r a n s p o r t a t i o n ,  a g g r e g a t e d  o v e r  a l l  p o s s i b l e  c a u s e s  
of a c c i d e n t s .  

Due c o n s i d e r a t i o n  was t o  be  g i v e n  t o  t h e  b a s i s  f o r  
measur ing a c c i d e n t  r a t e s  ( e . g . ,  ton-mi les ,  c a r - m i l e s ,  
o r  t r a i n - m i l e s ) ;  t h e  d e f i n i t i o n  of s e v e r i t y ;  impor tan t  
f a c t o r s  c o n t r o l l i n g  t h e  d e s i r e d  p r o b a b i l i t y  d i s t r i b u -  
t i o n ;  i n t e n d e d  u s e  o f  t h e s e  d i s t r i b u t i o n s  by TSC; and 
a l s o  t h e  methods by which t r a f f i c  f low e s t i m a t e s  were 
t o  be  developed by TSC. 

S p e c i f i c  thought  w a s  t o  be g i v e n  t o  t h e  u s e  of s t a t i s -  
t i c a l  t e c h n i q u e s  and a n a l y t i c a l  models f o r  e n r i c h i n g  
what was expec ted  t o  be a  r e l a t i v e l y  s p a r s e  h i s t o r i c a l  
r e c o r d  and which would n o t ,  t h e r e f o r e ,  be a f i r m  b a s i s  
f o r  d i r e c t  e x t r a p o l a t i o n  i n t o  t h e  f u t u r e .  

2 .  The development of p r o b a b i l i t y  d i s t r i b u t i o n s  s i m i l a r  t o  
t h o s e  developed i n  Task 1 w i t h  a t t e n t i o n ,  i n  t h i s  c a s e ,  

. .-.a c o n f i n e d  t o  t rack-caused a c c i d e n t s .  

3 .  The development o f  a c c i d e n t  impact models which,  g iven  
t h a t  a n  a c c i d e n t  of s p e c i f i e d  s e v e r i t y  had o c c u r r e d ,  
cou ld  be used t o  e s t i m a t e  t h e  magnitude of t h e  impact 
on t h e  p e o p l e  and t h e i r  p r o p e r t y  i n  t h e  v i c i n i t y  of t h e  
a c c i d e n t .  



I n  t h i s  t a s k ,  c o n s i d e r a t i o n  was t o  b e  s i v e n  t o  t h e  n a t u r s  
of t h e  hazardous  m a t e r i a l  being r e l z a s e d ;  methods by which 
t r a f f i c  f low e s t i m a t e s  were  t o  b e  o b t a i n e d ;  and t o  t h e  need 
f o r  g roup ing  hazardous  m a t e r i a l s  (when a p p r o p r i a t e )  t o  
s i m p l i f y  t h e  a p p l i c a t i o n  o f  t h e  models.  

I n  p l a n n i n g  t h e  s t u d y ,  c e r t a i n  o b j e c t i v e s  were  d e f i n e d ;  v i z . ,  t h a t  

t h e  e f f e c t s  on r i s k  of a t  l e a s t  t h e  f o l l o w i n g  v a r i a b l e s  ought  t o  be 

q u a n t i f i e d  : 

1. The c o n d i t i o n  o f  t h e  t r a c k  o v e r  which t h e  hazardous  
m a t e r i a l s  a r e  b e i n g  t r a n s p o r t e d ;  

2 .  The speed a t  which t h e  t r a n s p o r t  o c c u r s ;  

3 .  The n a t u r e  o f  t h e  hazardous  m a t e r i a l  be ing  t r a n s p o r t e d ;  

4 .  The q u a n t i t y  of hazardous  m a t e r i a l  b e i n g  t r a n s p o r t e d  
i n  a  t y p i c a l  t r a i n ;  and 

5 .  The p r e s e n c e  of c l a s s i f i c a t i o n  y a r d s  en  r o u t e ,  th rough  
which t h e  hazardous  m a t e r i a l s  s u s t  pass .  

The e f f e c t  of route-dependent  c h a r a c t e r i s t i c s ,  such  a s  p o p u l a t i o n  

d e n s i t y  and 7 r o p e r t y  d e n s i t y ,  were t o  be accounted  f o r  s e p a r a t e l y ,  by 

superpos ing  demographic s t a t i s t i c s  on t h e  F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n  * 
(FRA) Network Model [ I ] .  

With t h e  achievement  of t h e s e  o b j e c t i v e s ,  as r e p o r t e d  h e r e i n ,  i t  

i s  p o s s i b l e  t o  examine s e v e r a l  a s p e c t s  of r i s k - i d e n t i f i c a t i o n  and 

r e d u c t i o n ,  of which t h e  f o l l o w i n g  a r e  r e p r e s e n t a t i v e :  

1. I d e n t i f i c a t i o n  of h i g h - r i s k  a r e a s  i n  t h e  c o u n t r y ;  

2 .  Speed r e d u c t i o n  f o r  t r a i n s  c a r r y i n g  hazardous  m a t e r i a l s ;  

3 .  Improvements i n  t r a c k  q u a l i t y ;  

4. Re-routing of t r a i n s  t o  avo id  p o o r - q u a l i t y  t r a c k ;  

5. Re-routing of t r a i n s  t o  avo id  a r e a s  of d e n s e  p o p u l a t i o n ;  

6 .  Use of through t r a i n s  t o  avo id  c l a s s i f i c a t i o n  y a r d s ;  and 

7 .  Changes i n  t r a i n  c o n s i s t s ,  such a s  t h e  u s e  of u n i t  
t r a i n s  of hazardous  m a t e r i a l s .  

* 
See Refe rences  a t  t h e  end of t h i s  Chap te r .  



I t  i s  a l s o  concep tua l ly  s t r a i g h t f o r w a r d ,  u s ing  t h e  methods 

presen ted  h e r e i n ,  t o  f o r e c a s t  f u t u r e  r L s k ( s ) ,  t a k i n g  i n t o  account  

p o s s i b l e  changes i n  t h e  f low of hazardous m a t e r i a l s ,  demographic s h i f t s ,  

t r a c k  d e t e r i o r a t i o n  o r  upgrading,  a s  w e l l  a s  changes such a s  l i m i t s  t o  

t ank  c a p a c i t y  o r  t h e  i n s t a l l a t i o n  of head o r  thermal  s h i e l d s  on tank  

c a r s .  

The c a p a b i l i t i e s  of  t h e  a n a l y t i c a l  models presen ted  h e r e i n  may be  

compared wi th  t h e  r e s u l t s  of r e c e n t  p a r a l l e l  work conducted elsewhere.  

Work sponsored by t h e  Department of Energy (DOE) a t  B a t t e l l e  [2 ,3]  ha s  con- 

c e n t r a t e d  on t h e  broad i s s u e  of t h e  t r a n s p o r t a t i o n  r i s k  a r i s i n g  from 

t h e  consumption of m a t e r i a l s  impor tan t  i n  energy product ion.  The r a i l  

t r a n s p o r t a t i o n  p o r t i o n  of t h e s e  s t u d i e s  [3 ]  has  concent ra ted  h e a v i l y  on 

r i sk - r educ t ion  measures a s s o c i a t e d  wi th  tank-car r edes ign ,  whereas i n  

t h e  s t u d y  documented i n  t h i s  r e p o r t ,  t h e s e  p o s s i b i l i t i e s  were i n t en -  

t i o n a l l y  ignored .  

On t h e  o t h e r  hand, t h e  B a t t e l l e  work does n o t  add re s s  t h e  a n a l y s i s  

of r i sk - r educ t ion  o p t i o n s  i nvo lv ing  changes i n  t r a i n  make-up, speed ,  

t r a c k  upgrading,  o r  r o u t i n g ,  which a r e  t h e  focus  of t h e  Arthur  3. L i t t l e  

s tudy.  I t  is worth no t ing  t h a t  t h e  r e s u l t s  of t h e  a n a l y s i s  of r i s k -  

r educ t ion  r edes ign  obta ined  by B a t t e l l e  [ 3 ]  can be  in t roduced  i n t o  

t h e  Arthur  D. L i t t l e  approach v i a  a  change i n  c e r t a i n  e m p i r i c a l ' p a r a -  

meters .  A f u r t h e r  i n t e r e s t i n g  a s p e c t  of t h e  B a t t e l l e  work is t h e  

a n a l y s i s  of evacua t ion  subsequent  t o  a  r e l e a s e  of hazardous m a t e r i a l .  

This  is c e r t a i n l y  an impor tan t  f a c t o r  i n  r i s k  a n a l y s i s ,  and is a  u s e f u l  

complement t o  t h e  work i n  t h e  p re sen t  r e p o r t .  

This  s t u d y  a l s o  sought  t o  overcome c e r t a i n  d e f i c i e n c i e s  i n  o t h e r  

e a r l i e r  ana lyses  of t h e  t r a n s p o r t  of hazardous m a t e r i a l s  by r a i l ,  a  

r e p r e s e n t a t i v e  sample of which i s  c i t e d  i n  t h e  Bibl iography i n  

Appendix A. The d i f f e r e n c e s :  

1. These s t u d i e s  a r e  o f t e n  concerned wi th  q u a l i t a t i v e  
methodology r a t h e r  than  wi th  q u a n t i t a t i v e  a n a l y s i s  
of  r i s k .  



2 .  The models t hey  u se  a r e  g e n e r a l l y  a p p l i c a b l e  t o  one 
s p e c i f i c  hazardous m a t e r i a l  o r  a n o t h e r .  

3 .  The t e chn iques  were no t  s u i t e d  t o  a  na t ionwide  a n a l y s i s  
of r i s k ,  t h i s  be ing  an  impor tan t  o b j e c t i v e  f o r  t h e  
T r a n s p o r t a t i o n  Systems Cen t e r ,  s i n c e  i t  was, and i s ,  
i t s  i n t e n t i o n  t o  u s e  t h e  FU'S Rai l road  Network Yodel 
t o  conduct  a  computer ized,  na t ionwide  r i s k  a n a l y s i s .  

B . CONCEPTUAL BXCKGROL'ND 

Any a n a l y s i s ,  whether  s t a t i s t i c a l  o r  t h e o r e t i c a l ,  must be  based 

on a  concep tua l  model, which t h e n  d e f i n e s  t h e  k inds  of q u e s t i o n s  t h a t  

a r e  t o  be asked and t h e  types  of a n a l y s e s  t o  be  made. Within  any g i v e n  

concep tua l  a n a l y s i s ,  one  approach t o  t h e  a n a l y s i s  v a r i e s  from a n o t h e r ,  

n o t  i n  any fundamental  s e n s e ,  5 u t  i n  t h e  e x t e n t  t o  which i t  r e l i e s  on 

h i s t o r i c a l  d a t a  a s  opposed t o  a  t h e o r e t i c a l  model. 

The concep tua l  node1 unde r ly ing  t h e  a n a l y s e s  p r e sen t ed  i n  t h i s  

r e p o r t  i s  based on c e r t a i n  o b s e r v a t i o n s  and g o a l s :  

1. The harmful  exposure  of people  o r  p rope r ty  t o  a  hazardous 
m a t e r i a l  r e q u i r e s  a s e r i e s  of e v e n t s  i n  an  even t  cha in .  
Each even t  is  p r o b a b i l i s t i c ,  i n  t h e  s e n s e  t h a t  i t s  occu r r ence  
i s  n o t  c e r t a i n ,  g iven t h a t  t h e  p r i o r  even t  i n  t h e  c h a i n  ha s  
t aken  p l ace :  one can on ly  a s s i g n  a  p r o b a b i l i t y  t o  i t s  
occur rence .  Th is  i s  a l s o  t r u e  of t h e  f i r s t  even t  i n  t h e  
cha in ,  t h e  occur rence  of a  t r a i n  a c c i d e n t .  

2. Yany f a c t o r s  de te rmine  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  of an  . 
even t ,  which is  t h e  p r o b a b i l i t y  t h a t  it w i l l  occur ;  
g iven t h e  c o n d i t i o n  t h a t  t h e  p r i o r  even t  in t h e  cha in  
has. occur red .  These f a c t o r s  must be t aken  i n t o  

- account .  

3. S e v e r a l  a s p e c t s  of t h e  even t  c h a i n  a r e  common t o  a c c i d e n t s  
t h a t  do and do no t  i nvo lve  hazardous m a t e r i a l s .  For 
example, i t  is  l i k e l y  t h a t  on a g iven  c l a s s  of t r a c k  and 
i n  t h e  absence of any s p e c i a l  r u l e s ,  t h e  speeds  a t  which 
t r a i n s  t r a v e l  on a  g iven  segment of t r a c k  a r e  independent  
of whether t hey  c a r r y  hazardous m a t e r i a l s  o r  n o t .  (Desp i t e  - 
t h e  recommendation by t h e  Assoc i a t i on  of American Ra i l r oads  
(M) t h a t  t r a i n s  c a r r y i n g  DOT 112 and DOT 114 t ank  c a r s  
be slowed down by 10 m i l e s  per  hour (mph), t h e  h i s t o r i c a l  
r e co rd  of a c c i d e n t s  does  n o t  i n d i c a t e  t h a t  t r a i n s  c a r r y i n g  
t ank  c a r s  o p e r a t e  a t  lower speeds  t han  o t h e r  t r a i n s . )  

.:: *. .. 
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A s  a n o t h e r  example,  t h e  number of c a r s  t h a t  d e r a i l  when 
a t r a i n  d e r a i l s  may depend on such  f a c t o r s  a s  t h e  speed 
of d e r a i l m e n t  o r  t h e  number of c a r s  i n  t h e  t r a i n ,  b u t  t h e  
number i s  n o t  l i k e l y  t o  depend on  whether  o r  n o t  t h e  c a r s  
c a r r y  hazardous  materials. T h i s  o b s e r v a t i o n  is  p a r t i -  
c u l a r l y  i m p o r t a n t ,  s i n c e  i t  j u s t i f i e s  t h e  u s e  of a much 
l a r g e r  s e t  o f  d a t a - - a l l  a c c i d e n t s - - i n  modeling t h o s e  
p o r t i o n s  of t h e  e v e n t  c h a i n  t h a t  a r e  n o t  i n f l u e n c e d  by t h e  
p r e s e n c e  of hazardous  m a t e r i a l s .  

4 .  The model must do more t h a n  f i t  p a s t  e x p e r i e n c e  a c c u r a t e l y ;  
i t  must p r o v i d e  a b a s i s  f o r  a n a l y z i n g  f u t u r e  c o n d i t i o n s  
t h a t  have n o t  o c c u r r e d  i n  t h e  p a s t ,  and a l s o  f o r  e s t i m a t i n g  
t h e  p r o b a b i l i t y  o f  o c c u r r e n c e  o f  u n u s u a l l y  s e v e r e  i n c i d e n t s .  
Such c a t a s t r o p h i c  e v e n t s  may n o t  have o c c u r r e d  i n  t h e  p a s t ,  
p a r t l y  because  t h e i r  p r o b a b i l i t y  of o c c u r r e n c e  is  low, and 
p a r t l y  because  t h e  h i s t o r y  of l a r g e  movements of hazardous  
m a t e r i a l s  i s  a r e l a t i v e l y  r e c e n t  one.  

APPROACH 

Overview 

F i g u r e  2-1 shows t h e  approach  t o  model ing t h a t  was used.  The 

e v e n t s  i n  t h e  c h a i n  are most e a s i l y  d e s c r i b e d  by g roup ing  them i n t o  

t h r e e  major  c a t e g o r i e s :  

1. The o c c u r r e n c e  of a t r a i n  a c c i d e n t ;  

2. The o c c u r r e n c e  of a hazardous-mate r ia l  r e l s a s e ,  
c o n d i t i o n a l  upon a t r a i n  a c c i d e n t  having o c c u r r e d ;  and 

3 .  The impact upon p e o p l e  and p r o p e r t y  o f  hazardous  
materials, c o n d i t i o n a l  upon a release hav ing  o c c u r r e d .  

Each of t h e s e  segments is d i s c u s s e d  s e p a r a t e l y  i n  t h e  f o l l o w i n g  

paragraphs .  

2 .  T r a i n  Accident  R a t e s  and Frequenc ies  

A t r a i n  a c c i d e n t  ( o r  " ra i l  equipment a c c i d e n t / i n c i d e n t t ' )  is  

d e f i n e d  [ 4 ]  as "any c o l l i s i o n ,  d e r a i l m e n t ,  f i r e ,  e x p l o s i o n ,  act of God, 

o r  o t h e r  e v e n t  i n v o l v i n g  o p e r a t i o n  of r a i l r o a d  on- t rack  equipment 

( s t a n d i n g  o r  moving),  which r e s u l t s  i n  more t h a n  $1,750 i n  damages 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 ,  t r a c k  s t r u c t u r e ,  and roadbed."  
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The t h r e s h o l d  of S1,750 has  5een  g r a d u a l l y  i n c r e a s e d  s i n c e  1 9 7 7  t a  

account  f o r  t h e  e f f s c t s  of i n f l a t i o n .  

The a c c i d e n t  f requency  f o r  a  l i n k  i n  a  r a i l r o a d  network i s  s t a t e d  

i n  terms o f  t h e  e x p e c t e d  number of a c c i d e n t s  p e r  y e a r .  T h i s  f r e q u e n c y  

depends on t h e  e x p o s u r e  on t h a t  l i n k  and on t h e  a c c i d e n t  r a t e .  For 

example,  t h e  r a t e  f o r  d e r a i l m e n t s  might b e  s t a t e d  i n  t h e  expec ted  number 

of a c c i d e n t s  pe r  g r o s s  ton-mile  ( G T M ) ;  t h e  complementary measure o f  

exposure  on a l i n k  is t h e n  t h e  GTY p e r  y e a r .  

The r a t e  of t r a i n  a c c i d e n t s  depends  on c e r t a i n  s i g n i f i c a n t  f a c t o r s ,  

each  of which is  d e s c r i b e d  below. 

The t y p e  of t r a c k  d e t e r m i n e s  t h e  a p p r o p r i a t e  measure of 
exposure  and ,  t h e r e f o r e ,  t h e  a c c i d e n t  rats .  There  a r 2  
f o u r  g e n e r i c  t r a c k  t y p e s  used by t h e  FRA [ 4 ]  i n  i t s  
a c c i d e n t  r e p o r t i n g  sys tem;  v i z . ,  m a i n l i n e ,  y a r d ,  s i d i n g ,  
and i n d u s t r y .  T h i s  r e p o r t  is c o n f i n e d  t o  a n  a n a l y s i s  of 
m a i n l i n e  and p a r d  a c c i d e n t s .  The i n c l u s i o n  of s i d i n g  and 
i n d u s t r y  t r a c k  a c c i d e n t s  would have s u b s t a n t i a l l y  compli-  
c a t e d  t h e  models w i t h o u t  s i g n i f i c a n t l y  improving t h e  
a c c u r a c y  of t h e  a n a l y s i s  of r i s k .  

2 .  For m a i n l i n e  a c c i d e n t s ,  t h e  c l a s s  of t r a c k  [ 5 ]  i s  shown 
t o  b e  a n  i m p o r t a n t  d e t e r m i n a n t  of a c c i d e n t  r a t e s .  ' f i i l e  
t h e  t r u e  u n d e r l y i n g  v a r i a b l e  is t r a c k  q u a l i t y ,  i t  is n o t  
y e t  known how q u a l i t y  i s  t o  b e  d e f i n e d  and measured.  Track 
class was t h e r e f o r e  used as a s u r r o g a t e  f o r  t r a c k  q u a l i t y .  
I n  making t h i s  approx imat ion ,  i t  is i m p o r t a n t  t o  n o t e  t h a t  
t r u e  t r a c k  q u a l i t y  may v a r y  wide ly  w i t h i n  a  g i v e n  t r a c ~  . 
c l a s s .  See  Chapter  11, S e c t i o n  B. 

3 .  The t y p e  of a c c i d e n t  o b v i o u s l y  a f f e c t s  t h e  a c c i d e n t  r a t e .  
- The measure of exposure  f o r  d e r a i l m e n t s  is d i f f e r e n t  from 

t h a t  f o r  c o l l i s i o n s ,  and t h e  rates a r e  t h e r e f o r e  d i f f e r e n t .  
The FRA [ 4 ]  c l a s s i f i e s  a c c i d e n t s  i n t o  11 d i f f e r e n t  t y p e s ,  
o f  which o n l y  t h e  most i m p o r t a n t  t y p e s  are i n c l u d e d  i n  
t h i s  r e p o r t :  d e r a i l m e n t s  and c o l l i s i o n s  o f  a l l  t y p e s .  
These two a c c i d e n t  t y p e s  account  f o r  more t h a n  90 p e r c e n t  
o f  a l l  a c c i d e n t s ,  and f o r  a similar p r o p o r t i o n  of t h e  
r i s k  from hazardous  materials t r a n s p o r t a t i o n .  

4 .  A c c i d e n t s  c a n  b e  grouped a c c o r d i n g  t o  t h e i r  c a u s e ;  r a t e s  
t h e n  depend on t h e  cause .  For  t h i s  s t u d y ,  two broad 
groups  o f  c a u s e s  were used:  " a l l  causes"  and " t r a c k  
c a u s e s .  " 



The r a t e  of a c c i d e n t s  xay a l s o  depend on o t h e r  f a c t o r s ,  such a s  

t r a i n  speed and sake-up,  v a r i a t i o n s  of t r u e  t r a c k  q u a l i t y  w i t h i n  a  

s i v e n  t r a c k  c l a s s  ( s u c n  a s  might r e f l e c t  v a r i a t i o n s  from one r a i l r o a d  

t o  a n o t h e r ) ,  o r  wea ther  c o n d i t i o n s .  Although t h e s e  o t h e r  f a c t o r s  were  

examined i n  d e t a i l ,  i t  was n o t  found t o  be  f e a s i b l e  t o  i n c l u d e  them i n  

t h e  n o d e l  e i t h e r  because  s u p p o r t i n g  d a t a  were u n a v a i l a b l e ,  o r  because  

f u t u r e  u s e r s  of t h e  model would n o t  have a c c e s s  t o  i n f o r m a t i o n  r e g a r d i n g  

t h e s e  f a c t o r s .  

E s t i m a t e s  of a c c i d e n t  r a t e s  were  made p u r e l y  on t h e  b a s i s  of 

h i s t o r i c a l  s t a t i s t i c s ,  w i t h  t h e  e x c e p t i o n  t h a t  i n  t h e  c h o i c e  of a  b a s i s  

f o r  measur ing  a c c i d e n t  r a t e s  ( t h e  g r o s s  ton-mile  was e v e n t u a l l y  chosen 

f o r  d e r a i l m e n t s ) ,  a n a l y t i c a l  r e a s o n i n g  was employed. The b a s i s  o f  t h i s  

c h o i c e  of a measure o f  "exposure ,"  as w e l l  as t h e  a c c i d e n t  r a t e s  

determined from h i s t o r i c a l  d a t a ,  a r e  p r e s e n t e d  i n  Chapter  3 .  

Once t h e  a c c i d e n t  r a t e  is known and t h e  exposure  on a  r a i l  l i n k  

i s  s p e c i f i e d ,  t h e  expec ted  f requency  of a c c i d e n t s  c a n  be de te rmined  by 

n u l t i p l y i n g  t h e  two t o g e t h e r .  The f requency  can  e i t h e r  be  s t a t e d  on a  

t empora l  b a s i s  ( p e r  y e a r )  o r  on a t r a f f i c  b a s i s  ( p e r  m i l l i o n  g r o s s  t o n s  

o r  YGT) . 
I n  summary, t h e  f i r s t  s t e p  d e t e r m i n e s  t h e  expec ted  f requency  of 

a c c i d e n t s :  

m, = Z(TT, TC, AT, AC). E (2-1) 

where 

m = mean v a l u e  of F, 
F 

F  = f requency  o f  a c c i d e n t s ,  

- .*.a 
Z = a c c i d e n t  r a t e ,  

TT = t y p e  of t r a c k ,  

TC = t r a c k  c l a s s ,  

AT = a c c i d e n t  t y p e ,  

AC = a c c i d e n t  cause ,  and 

E = exposure .  



Note t h a t  t h e  a p p r o p r i a t e  measure  o f  t h e  e x p o s u r e  E, and t h e r e f o r e  of 

t h e  a c c i d e n t  r a t e  Z ,  depends  on b o t h  t h e  " t y p e  of  t r a c k "  v a r i a b l e ,  TT, 

and t h e  " t y p e  of a c c i d e n t  v a r i a b l e , "  AT, a s  shown a t  g r s a t e r  l e n g t h  i n  

Chap te r  3 .  

3 .  Hazardous Y a t e r i a l s  B e l e a s e  Given a n  Acc iden t  

I f  a n  a c c i d e n t  o c c u r s  and i t s  c h a r a c t e r i s t i c s  ( such  a s  t r a c k  

c l a s s ,  t r a c k  t y p e ,  e t c . )  a r e  known, one  may d e r i v 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  of  t h e  amount o f  haza rdous  m a t e r i a l  r e l e a s e d  i n  t h e  

a c c i d e n t  a s  f o l l o w s .  

The c o n d i t i o n a l  p r o b a b i l i t y  t h a t  t h e  t r a i n  c o n t a i n s  haza rdous  

m a t e r i a l  i s  f i r s t  o b t a i n e d .  It i s  deno ted  by: 

PH(TT, TC, AT, AC). 

Then 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  d i s t r i b u t i o n  f o r  t h e  number of c a r s  

d e r a i l i n g  i s  o b t a i n e d .  It i s  r e p r e s e n t e d  by: 

where N i s  t h e  number of c a r s  d e r a i l i n g  and v  i s  t h e  speed a t  which D 
t h e  a c c i d e n t  o c c u r s .  *.. ,, 

Next t h e  ? r o b a b i l i t y  d i s t r i b u t i o n  of  t h e  nunber  of  hazardous-  

material c a r s  d e r a i l i n g ,  N which i s  c o n d i t i o n a l  on t h e  number of c a r s  
HD ' 

d e r a i l i n g ,  Is o b t a i n e d .  It h a s  a n  a d d i t i o n a l  p a r a m e t e r ,  7. t h e  
;I ' 

p r o p o r t i o n  of h a z a r d o u s - m a t e r i a l  c a r s  t o  a l l  c a r s .  The c c n d i t i o n a l  

d i s t r i b u t i o n  i s  deno ted  by: 

Then, t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  number of c a r s  r e l e a s i n g  

t h e i r  c o n t e n t s ,  c o n d i t i o n a l  on t h e  number of haza rdous -mate r i a l  c a r s  

d e r a i l i n g ,  i s  o b t a i n e d :  



I n  t h i s  e x p r e s s i o n ,  q i s  t h e  r e l e a s e  p r o b a b i l i t y ,  which i s  a f u n c t i o n  

of t h e  speed a t  which t h e  a c c i d e n t  o c c u r s  and i s  t h u s  w r i t t e n  q ( v ) .  

The p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  t o t a l  amount of hazardous  

n a t e r i a l  r e l e a s e d ,  .\, is t h e n  found. I t  is d e n o t e d  by: 

4 .  Impact Given a Hazardous M a t e r i a l  R e l e a s e  

F i n a l l y ,  t h e  a r e a  w i t h i n  which l e t h a l  e f f e c t s  w i l l  b e  f e l t  by 

human b e i n g s ,  deno ted  by u i s  shown as a d e t e r m i n i s t i c  f u n c t i o n  of L ' 
t h e  amount of hazardous  m a t e r i a l  r e l e a s e d ,  c o n d i t i o n a l  on t h e  t y p e  of 

m a t e r i a l  t h a t  is r e l e a s e d :  

where FIM d e s i g n a t e s  t h e  hazardous  m a t e r i a l .  S i m i l a r  impact a r e a s  e x i s t  

f o r  i n j u r i o u s  o r  i r r i t a t i n g  e f f e c t s  on p e o p l e  and f o r  p r o p e r t y  damage, 

and a r e  deno ted  by: 

The expec ted  impact a r e a  i s  e s t i m a t e d  f o r  s e v e r a l  g roups  of 

chemica l s  and f o r  each  of t h e  t y p e s  of impac t s  l i s t e d  above.  The 

development of t h e s e  e s t i m a t e s  p r e s e n t e d  a c o n s i d e r a b l e  c h a l l e n g e ,  s i n c e  

t h e  need f o r  r e l a t i v e l y  s i m p l e  r e s u l t s  t h a t  cou ld  be  used i n  a n a t i o n -  

wide r i s k  a n a l y s i s  c o n f l i c t e d  w i t h  t h e  known complex i ty  of t h e  phenomena 

t h a t  can  o c c u r  a f t e r  t h e  r e l e a s e  of c e r t a i n  hazardous  m a t e r i a l s .  T h i s  

c o n f l i c t  was r e s o l v e d  by t a k i n g  t h e  f o l l o w i n g  s t e p s :  

The v a r i o u s  hazardous  m a t e r i a l s  were  grouped i n t o  a 
r e l a t i v e l y  small s e t  of c a t e g o r i e s ,  based on t h e i r  
p h y s i c a l  and chemica l  p r o p e r t i e s ,  i n c l u d i n g  t h e  t y p e s  
of phenomena t h a t  have been observed  t o  o c c u r  upon 
t h e i r  r e l e a s e .  

Two s p e c i f i c  c h e m i c a l s  were chosen t o  r e p r e s e n t  e a c h  
c a t e g o r y :  a " r e p r e s e n t a t i v e "  one and a "worst-case" 
one.  



Khen n e c e s s a r y ,  r e a s o n a b l e  assumpt ions  were made 
r e g a r d i n g  t h e  p r o b a b i l i t y  of o c c u r r e n c e  of competing 
p o s t - r e l e a s e  s c e n a r i o s .  Examples o f  competing 
s c e n a r i o s ,  f o r  a compressed flammable g a s ,  i n c l u d e :  
a  t o r c h  f i r e ;  a  p o o l  f i r e ;  a  b o i l i n g  l i q u i d  sxpanding  
vapor  e x p l o s i o n  (BLEVE) combined w i t h  one  of t h e  
above two; a v a p o r  c loud  f i r e ;  a  vapor  c loud  d e t o -  
n a t i o n ;  and a  v a p o r  c loud  t h a t  d i s p e r s e s  w i t h o u t  
i g n i t i n g .  

Reasonable  e s t i m a t e s  were made o f  t h e  i n p u t  p a r a m e t e r s  
r e q u i r e d  by many of t h e  impact  models f o r  t h e  v a r i o u s  
s c e n a r i o s .  Examples o f  t h e s e  p a r a m e t e r s  are t h e  
s t a b i l i t y  c o n d i t i o n  o f  t h e  a tmosphere ,  t h e  wind v e l o c i t y ,  
and t h e  d e n s i t y  of i g n i t i o n  s o u r c e s .  

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

i n  subsequen t  c h a p t e r s ,  as a r e  t h e  r e s u l t s .  The u n d e r l y i n g  a o d e l s  a r e  

d e s c r i b e d  i n  Appendix C. 

5. S y n t h e s i s  

A l l  of  t h e 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  a r e  s y n t h e s i z e d  a s  f o l l o w s :  

1. Given an  a c c i d e n t  c h a r a c t e r i z e d  by TT, TC, AT, and XC, 
t h e  p r o b a b i l i t y  t h a t  t h e  t r a i n  c a r r i e s  hazardous  
m a t e r i a l  is pH. 

2 .  Given a n  a c c i d e n t  of a  t r a i n  c a r r y i n g  hazardous  m a t e r i a l ,  
a s  w e l l  a s  TT, TC, AT, and AC, 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  
f o r  t h e  l e t h a l  a r e a  is:  

P ( ~ ~ I T T ,  TCy AT. AC, NH > 0, HM) = 

I n  t h i s  e x p r e s s i o n ,  Y is t h e  number o f  hazardous-mate r ia l  c a r s  i n  t h e  H 
t r a i n ,  and 



is  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  d i s t r i b u t i o n  f o r  t h e  speed a t  which an  

a c c i d e n t  o c c u r s ,  g iven  t h e  v a r i o u s  a c c i d e n t  c h a r a c t e r i s t i c s  of  TT, T C ,  

AT, and ;\C. 

A n  e q u a t i o n  similar t o  (2-2) ho ld s  f o r  t h e  a r e a s  of i n j u r y  o r  

p rope r ty  damage a and zpD. I 

Equat ion (2-2) is  t h e  c e n t r a l  r e s u l t  of t h i s  r e p o r t ;  t h e  r e s t  of 

t h e  r e p o r t  is  concerned w i th  e i t h e r  deve lop ing  a p p r o x i n a t e  v e r s i o n s  o f  

i t  o r  w i th  e s t i m a t i n g  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  d i s t r i b u t i o n s  t h a t  

occur  w i t h i n  i t .  

The subsequent  ana ly se s  in t h i s  r e p o r t  f i r s t  show: 

Yext,  bo th  

and 

a r e  shown, t h e  l a t t e r  be ing  de r i ved  by combining t h e  former wi th  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  d i s t r i b u t i o n  f o r  a c c i d e n t  speed ,  

~ ( v ~ T T ,  TC, AT, AC). 

Here ,  i n  a d d i t i o n  t o  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  speeds ,  t h e  h i s t o r i c a i  

dependence of  lr on TT, TC, AT, and XC i s  t aken  i n t o  accoun t .  
H 

F i n a l l y ,  bo th  

P ( ~ ~ ) N ~ ~ ,  q) 

and 

~ ( N ~ I T T ,  TC, AT, AC, N~ > O) 



a r e  p re sen t ed ,  a s  a r e :  

and 

AT,  A C ,  N > 0 ) .  H 

I n  each c a s e ,  t h e  second d i s t r i b u t i o n ,  which i s  condi t ioned  by 

t h e  t r a c k  type ,  t r a c k  c l a s s ,  a c c i d e n t  t ype ,  and acc iden t  cause ,  

assumes h i s t o r i c a l  v a l u e s  f o r  important  parameters .  The o t h e r  l e s s  

r e s t r i c t i v e  v e r s i o n s  of t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  a l low t h e  u s e r  

t o  i n s e r t  a r b i t r a r y  va lues  of t h e s e  parameters .  

6 .  App l i ca t i on  

Equation ( 2 - 2 )  uas  a p p l i e d  i n  t h r e e  d i f f e r e n t  ways. One approach 

was aimed a t  de te rmin ing  t h e  mean and v a r i a n c e  of t h e  ? r o b a b i l i t y  

d i s t r i b u t i o n  o f  B and ga in ing  an approximate i d e a  of t h e  shape of R' 
t h e  o v e r a l l  d i s t r i b u t i o n .  I n  t h i s  approach,  many of t h e  i n t e rmed ia 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  desc r ibed  above a r e  no t  e x p l i c i t l y  d e r i v e d ,  

nor  a r e  they  necessary .  Only t h e  mean and v a r i a n c e  of each d i s t r i -  

bu t ion  a r e  necessarv .  

The second approach involved t h e  u s e  of a c t u a l  h i s t o r i c a l  d i s t r i -  

bu t ions  of t h e  amount r e l e a s e d  per  c a r  i n  combination wi th  t h e  means 

and v a r i a n c e s  of t h e  number of  c a r s  r e l e a s i n g ,  t o  o b t a i n  e x p l i c i t  

d i s t r i b u t i o n s  f o r  t h e  t o t a l  amount r e l e a s e d .  The advantages of t h i s  

approach a r e  t h a t  t h e  d i s t r i b u t i o n s  themselves a r e  ob ta ined  r a t h e r  than 

j u s t  t h e i r  parameters .  

The t h i r d  approach involved t h e  development of a mathematical  

r e p r e s e n t a t i o n  of a t r a i n  c o n s i s t ,  aimed a t  developing a n a l y t i c a l  

e s t i m a t e s  of t h e  number of hazardous-mater ia l  c a r s  d e r a i l i n g  (?Irn), 

given t h e  t o t a l  number of c a r s  d e r a i l i n g  (N ) .  The approach then u s e s  
D 

h i s t o r i c a l  d a t a  t o  o b t a i n  d i s t r i b u t i o n s  of t h e  number of c a r s  r e l e a s i n g  

( N  ), given Nrn and t h e  amount r e l ea sed  (%), given  Ng. This  approach R 
a l lows  one t o  examine s p e c i f i c  p o l i c y  a l t e r n a t i v e s  n o t  o therwise  



a n e n a b l e  t o  a n a l y s i s .  An sxample of such  a 7 o l i c y  i s  a r u l e  s p e c i f y i n g  

a l i m i t  t o  t h e  number of h a z a r d o u s - m a t e r i a l  c a r s  t h a t  may be c a r r i e d  

i n  a t r a i n .  The d i s a d v a n t a g e  o f  t h i s  approach is  t h a t  t h e  a s s o c i a t e d  

c o m p u t a t i o n a l  t e c h n i q u e s  a r e  complex and i l l - s u i t e d  t o  t h e  r e q u i r e m e n t s  

of a n a t i o n w i d e  o r  r e g i o n a l  r i s k  a n a l y s i s .  For t h i s  r e a s o n ,  t h i s  

approach w a s  n o t  e x e r c i s e d  t o  any g r e a t  e x t e n t ,  e x c e p t  t o  make a b r i e f  

comparison of i t s  r e s u l t s  w i t h  t h o s e  of t h e  o t h e r  a p p r o a c h e s  d e s c r i b e d  

above.  

For t h e  s a k e  of b r e v i t y ,  t h e  a n a l y s i s  approach  t h a t  e s t i m a t e s  

n e a n s  and v a r i a n c e s  ( p a r a m e t e r s  of p r o b a b i l i t y  d i s t r i b u t i o n s )  i s  

d e s c r i b e d  as be ing  based on "parameter  models." The second a p p r o a c h  

i s  d e s c r i b e d  a s  b e i n g  based on " d i s t r i b u t i o n  models."  The t h i r d  

approach is  d e s c r i b e d  a s  computer-based s i n c e  t h e  u s e  of a computer i s  

2 s s e n t i a l  i n  i t s  a p p l i c a t i o n .  

D .  DATA SOURCES: THEIR USES, AND LIYITATIONS 

To deve lop  and c a l i b r a t e  t h e  models d e s c r i b e d  i n  S e c t i o n  C ,  

s e v e r a l  s o u r c e s  o f  i n f o r m a t i o n  had t o  be  u t i l i z e d :  

1. The FRA R a i l r o a d  ~ c c i d e n t / I n c i d e n t  Repor t  
System (RAIRS) ; 

2.  The N a t e r i a l s  T r a n s p o r t a t i o n  Bureau (MTB) i n c i d e n t  
r e p o r t s ;  

3 .  The N a t i o n a l  T r a n s p o r t a t i o n  S a f e t y  Board (NTSB) 
i n v e s t i g a t i o n s ;  

4: The A s s o c i a t i o n  of American R a i l r o a d s  ( M R )  and 
Railway P r o g r e s s  I n s t i t u t e  (RPI) Tank Car S a f e t y  
Research and T e s t  P r o j e c t  r e p o r t s ;  

5. I n f o r n a t i o n  c o n t a i n e d  i n  s t a t e  r a i l  p l a n s ;  and 

6.  'dork on e s t i m a t i n g  f lows  of commodities,  i n c l u d i n g  
hazardous  m a t e r i a l s ,  on t h e  l i n k s  of t h e  FRA Network 
Hodel,  b e i n g  done a t  P r i n c e t o n  U n i v e r s i t y  [ I ] .  



The u s e s  t o  which t h e  FX.4 and XTB daca  s o u r c e s  were put  a r 2  

summarized i n  Tab le  2-1, and shown somewhat n o r e  e x p l i c i t l y  i n  

T a b l e  2-2. S e v e r a l  problems were e n c o u n t e r e d  i n  t h e  q u a n t i t a t i v e  

a n a l y s i s  of  t h e  FRX/RAIRS and YTB d a t a ,  examples of which a r e  shown 

i n  T a b l e  2-3 and F i g u r e  2-2. X c o n s i d e r a b l e  amount o f  e f f o r t  was 

expended i n  overcoming t h e s e  problems and l i m i t a t i o n s .  However, i n  c h e  

i n t e r e s t  o f  b r e v i t y ,  t h e  t e c h n i q u e s  used a r e  n o t  d e s c r i b e d  i n  t h i s  

r e p o r t .  

With r e f e r e n c e  t o  F i g u r e  2-2, i t  i s  p a r t i c u l a r l y  wor th  n o t i n g  

t h a t  even when FRA and NTB r e c o r d s  can  b e  found f o r  t h e  same a c c i d e n t ,  

t h e  e s t i m a t e s  o f  impac t  a r e  n o t  comparable .  The FRA e s t i m a c s s  i n c l u d e  

t h e  number o f  c a r s  r e l e a s i n g  ( b u t  n o t  t h e  amount of haza rdous  matsrial 

r e l e a s e d ) ,  as w e l l  as t h e  number of p e o p l e  k i l l e d  o r  i n j u r e d  o r  t h e  

d o i l a r  damage t o  p r o p e r t y  due t o  a l l  c a u s e s .  The X B  e s t i m a t e s  i n c l u d e  

t h e  amount r e l e a s e d ,  as  w e l l  as  t h e  impac t s  on p e o p l e  and p roper ty - -bu t  

o n l y  i f  t h e y  were  c a u s e d  s p e c i f i c a l l y  by t h e  r e l e a s e  o f  haza rdous  

m a t e r i a l s ,  and n o t  by o t h e r  consequences  o f  t h e  t r a i n  wreck.  
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TABLE 2 - 1 .  USES OF DATA SOURCES 

1. Determining 'Exposure ' by Track Class  : 

~ ~ A l N e t w o r b  

P r ince ton  

S t a t e  R a i l  P l a n s  

2 .  Nodeling Tra in  Accidents  

FM/RAIRS 

3 .  Modeling Hazmat T ra in  Accidents  

FEUIRXIRS 
MTB 

NTSB 

AAIR/RPI 

4 .  Xodeling Impacts 

HTB 

P r i o r  I n v e s t i g a t i o n s  



TABLE 2 - 2 .  SOURCES OF INFORUTION FOR VARIOUS 
INDEPENDENT VARIABLES 41EXSLRES 
OF SEVERITY 

h 

INDEPENDENT VARIABLES 

I 

Flows 

Acc iden t  Type 

Commodity 

T r a c k  C l a s s  

Speed 

Track Type 

Cause 

SEVERITY MEASURES 

$ Damages 

No. K i l l e d  

No. I n j u r e d  

No. Evacuated 

No. Hazmat Cars D e r a i l i n g  

Xo. Hazmat Cars Re leas ing  

Q u a n t i t y  of Hazmat R e l e a s e d  

DATA SOURCES 

FRA 

J 

J 

J 

J 

J 

DATA SaURCES 

XTB 

J 

A 

FRA 

J 

J 

J 

J 

J 

J 

MTB 

J 

J 

J 

J 

J 



TABLE 2 - 3 .  PROBLLYS I N  FEDERAL RAILROAD XDMINISTTWTION 3BT.A 

Occas iona l ly  Yiss ing  Inf  ormation 

--Speed 

--Track c l a s s  

--Track d e n s i t y  

--Track d a t a  

-No. of c a r s  
-240. of c a r s  d e r a i l i n g  
-1st c a r  p o s i t i o n  

F lu l t i p l e  Reports  

--Up t o  seven 

- -Di f f i cu l t  t o  au toma t i ca l ly  i d e n t i f y  j o i n t  code 
d a t e l t i m e  sea rches  

--Duplication of 

-Damages 
- K i l  l e d  
- In jured  
-Cars on t r a i n  
-Cars d e r a i l i n g  

Hazardous N a t e r i a l  Not I d e n t i f i e d  

L 



$ DAMAGE 

$ Damage > Threshold $ Damage > Threshold 
N o  Release H a z m a t  Release 

4 4 

\\\\\\\\\\\\\\\\\\\ F R A  REPORTING 

////////////\\\\\\\\\\\\\\\\ \\\ FOR D A M A G E  

$ Damage < Threshold $ Damage < Threshold 

N o  Release H a z m a t  Release 

4 4 
..* ... 

QUANTITY O F  
\\\\\\\\\\\\\\\\ HA Z AR DOU S 

0 M A T E R I A L  
R E L E A S E D  

FIGURE 2-2. DATA SOURCES 



3.  ACCIDENT FREQCEXCIES .L!D RATES 

T h i s  c h a p t e r  p r e s e n t s  h i s t o r i c a l  d a t a  on a c c i d e n t  r a t e s  and 

f r e q u e n c i e s .  Analyses  t h a t  p r o v i d e  a  u s e f u l  p e r s p e c t i v e  of t h e  problem 

of r a i l r o a d  s a f e t y  i n  g e n e r a l  and of h a z a r d o u s - m a t e r i a l  t r a n s p o r t  i n  

p a r t i c u l a r  a r e  a l s o  p r e s e n t e d .  

Three  n a j o r  s o u r c e s  of i n f o r m a t i o n  were used i n  d e v e l o p i n g  t h e  d a t a  

p r e s e n t e d  h e r e .  Accident  d a t a  were o b t a i n e d  l a r g e l y  from t h e  F e d e r a l  

R a i l r o a d  ~ d m i n i s t r a t i o n ' s  (FRA's) R a i l r o a d  ~ c c i d e n t / I n c i d e n t  Repor t ing  

System (uIRS) .  Data f o r  1975,  1976, and 1977 a r e  used.  Data p r i o r  t o  

1975 c o n t a i n e d  l e s s  i n f o r m a t i o n  on hazardous-mate r ia l  (KX) a c c i d e n t s ;  

d a t a  f o r  1978 and subsequen t  y e a r s  were n o t  a v a i l a b l e  a t  t h 2  s tar t  of 

t h i s  work. 

I n f o r m a t i o n  on t h e  t o t a l  number of r e l e a s e s  of hazardous  m a t e r i a l ,  

t h e  n a t u r e  of t h e  m a t e r i a l  r e l e a s e d ,  and t h e  q u a n t i t y  r e l e a s e d  per  c a r  

and per  a c c i d e n t  were o b t a i n e d  from t h e  > l a t e r i a l s  T r a n s p o r t a t i o n  B u r s a u ' s  

(>1TB1s) d a t a  f o r  t h e  y e a r s  1971  th rough  1977. Data on f l o w s ,  such  a s  c a r -  

m i l e s  and ton-miles ,  were e s t i m a t s d  by t h e  T r a n s p o r t a t i o n  Systems Cante r  

(TSC) and provided t o  Ar thur  D .  L i t t l e ,  I n c .  

S e v e r a l  o t h e r  minor s o u r c e s  of i n f o r m a t i o n  v e r e  a l s o  used ,  and 

t h e s e  a r e  c i t e d  where a p p r o p r i a t e .  

B.  CHOICE OF EXPLANATORY VARIABLES 

X "model" f o r  r a i l r o a d  a c c i d e n t s  c o n s i s t s  of a  c h o i c e  of exp la -  

n a t o r y  v a r i a b l e s  t h a t  a r e  thought  t o  i n f l u e n c e  o r  d e t e r m i n e  t h e  r a t e  

a t  which a c c i d e n t s  happen, as w e l l  a s  t h e i r  s e v e r i t y ,  and of a n  

e x p l i c i t  r e l a t i o n s h i p  between v a r i a b l e s  t o  be p r e d i c t e d  ( such  a s  

a c c i d e n t  f r e q u e n c i s s  and s e v e r i t i e s )  and t h e  e x p l a n a t o r y  v a r i a b l e s .  

The r e l a t i o n s h i p  might  be o b t a i n e d  p u r e l y  by c u r v e - f i t t i n g  of h i s t o r i c a l  

d a t a ,  by t h e o r e t i c a l  model ing,  o r  by a  combinat ion of t h e  two. 



A s  o n e ' s  knowledge of r a i l r o a d  o p e r a t i o n s  i n c r e a s e s ,  i t  kecomes 

e v i d e n t  t h a t  t h e r e  a r e  a  h o s t  of f a c t o r s  t h a t  a r e  i m p o r t a n t  i n  a c c i d e n t  

a n a l y s e s .  However, t h e  r e q u i r e m e n t s  of a  l a r g e - s c a l e  s a f e t y  s t u d y  c a n  

be  such  t h a t  many of t h e s e  f a c t o r s  have t o  be  i g n o r e d ,  f o r  one o r  more 

of t h e  f o l l o w i n g  r e a s o n s :  

1. Data r e g a r d i n g  t h e  f a c t o r s  a r e  n o t  a v a i l a b l e ;  

2 .  The a d d i t i o n a l  a c c u r a c y  g a i n e d  by i n c l u d i n g  a  f a c t o r  
does  n o t  j u s t i f y  i t s  i n c l u s i o n ;  o r  

3 .  The f a c t o r  i s  i m p o r t a n t  o n l y  f o r  a  small p o r t i o n  of 
a l l  a c c i d e n t s .  

On t h e  b a s i s  o f  t h e s e  q u a l i t a t i v e  c r i t e r i a ,  s e v e r a l  i m p o r t a n t  

c h o i c e s  were  made i n  t h i s  s t u d y  concern ing  v a r i a b l e s  t o  be  inc luded  i n  

t h e  s t u d y  of a c c i d e n t  r a t e s .  These  c h o i c e s  a r e  b r i e f l y  d i s c u s s e d  

below. 

Acc iden t  Loca t ion :  A c c i d e n t s  a r e  ana lyzed  a c c o r d i n g  
t o  whether  they occur  on a  m a i n l i n e  o r  i n  y a r d s .  
A c c i d e n t s  o c c u r i n g  on s i d i n g s  o r  on i n d u s t r y  t r a c k  a r z  
n o t  i n c l u d e d ,  a s  d i s c u s s e d  i n  Chapter  11. 

Acciden t  Types: Two key a c c i d e n t  groups  a r e  c o l l i s i o n s  
(head-on and rear-end o n l y )  and d e r a i l m e n t s .  

Acc iden t  Causes:  Track-caused a c c i d e n t s  a r e  ana lyzed  
Q s e p a r a t e l y ;  o th 'erwise ,  t h e r e  is no d x s a g g r e g a t i o n  of 

a c c i d e n t s  a c c o r d i n g  t o  t h e i r  cause .  

Track C o n d i t i o n s :  Track c l a s s i f i c a t i o n  is accounted f o r  
i n  t h e  a n a l y s i s  of m a i n l i n e  a c c i d e n t s ;  t r a c k  q u a l i t y  
v a r i a t i o n s  w i t h i n  a t r a c k  c l a s s  a r e  n o t .  

- w . 4  

C .  CHOICE OF MEASURES OF ACCIDENT RATES 

I n  any i n d u s t r i a l  a c t i v i t y ,  i t  i s  t o  be  expec ted  t h a t  t h e  number 

of a c c i d e n t s  t h a t  occur  i n  a  f i x e d  p e r i o d  of t ime  w i l l  i n c r e a s e  a s  t h e  

l e v e l  of a c t i v i t y  i n c r e a s e s .  It is  commonplace, t h e r e f o r e ,  t o  measure 

s a f e t y  n o t  by t h e  number of a c c i d e n t s  t h a t  occur  i n  a year  ( i . e . ,  by a  

f r e q u e n c y ) ,  b u t  by a n  a c c i d e n t  r a t e .  An a c c i d e n t  r a t e  is s imply t h e  number 

of a c c i d e n t s  d i v i d e d  by a n  a p p r o p r i a t e  q u a n t i t a t i v e  measure of t h e  l e v e l  of 



i n d u s t r i a l  a c t i v i t y  . For xany i n d u s t r i a l  a c c i d e n t s ,  r a t e s  a r e  d e f i n e d  a s  

a c c i d e n t s  pe r  man-hour. I n  a n o t h e r  example--passenger t r a n s p o r t a t i o n - - t h e  

r a t 2  most o f t z n  used i s  t h e  number of a c c i d e n t s  p e r  passenger -mi le .  

The u s e  of such r a t e s  i s  e s s e n t i a l ,  f o r  t h e  purposes  of b o t h  comparison 

and p r e d i c t i o n .  A s  a n  example,  no u s e f u l  comparison c a n  be  made on t h e  

b a s i s  of t h e  f o l l o w i n g  h y p o t h e t i c a l  s t a t e m e n t :  

RaiZ'rcad A had 5 00 acciiielzt.3 i n  7 3 7 5 ,  : u k i eo .  Rait,'road 8 had 50.  

I t  i s  n e c e s s a r y  t o  know how "big" t h e  r a i l r o a d s  a r e .  A s  a n o t h e r  

example, i f  a new segment of t r a c k  is b e i n g  c o n s t r u c t e d ,  i t  i s  

L n p o s s i b l e  t o  p r e d i c t  how many a c c i d e n t s  w i l l  o c c u r  on i t ,  u n l e s s  p a s t  

a c c i d e n t  r a t e s  a r e  e s t i m a t e d  and t h e n  e x t r a p o l a t e d .  

I n  t h e  conteixt of r a i l r o a d  a c c i d e n t s ,  s e v e r a l  measures  of 

i n d u s t r i a l  a c t i v i t y  o f f e r  themse lves :  

. Ton-miles, and 

5 .  Number of c l a s s i f i c a t i o n s  i n  y a r d s .  

The c h o i c e  must depend on r e a s o n a b l e  ev idence  t h a t  a c c i d e n t  

numbers a r e ,  i n  f a c t ,  p r o p o r t i o n a l  t o  t h e  chosen measure .  I n  t h i s  

s e n s e ,  c a r l o a d i n g s  a r e  a n  i n a p p r o p r i a t e  measure.  A c a r  t h a t  i s  loadsd  

and t r a v e l s  1 m i l e  t o  i t s  d e s t i n a t i o n  c e r t a i n l y  h a s  a  much lower 

p r o b a b i l i t y  of an  a c c i d e n t  t h a n  a n o t h e r  t h a t  t r a v e l s  1000 m i l e s  t o  i t s  

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

I n  t h e  f o l l o w i n g  p a r a g r a p h s ,  t h e  v a r i o u s  a l t e r n a t i v e  measures  a r e  

d i s c u s s e d , a n d  t h e  most s u i t a b l e  ones  chosen  f o r  t h e  f o l l o w i n g  g roups  of 

a c c i d e n t s :  

X a i n l i n e  c o l l i s i o n s  ; 

X a i n l i n e  d s r a i l m e n t s  and a l l  o t h e r  t y p e s  of a c c i d e n t s ;  and 

Yard a c c i d e n t s  ( d e r a i l m e n t s  and c o l l i s i o n s ) .  



1. X a i n l i n e  C o l l i s i o n s  

.+proximately 75 head-on c o l l i s i o n s  occu r  on m a i n l i n e  t r a c k  each 

y e a r .  To e s t i m a t e  how much t h i s  number might i n c r e a s e  i f  t h e  r a i l r o a d s  

were t o  suddenly  i n c r e a s e  t h e  amount of f r e i g h t  t h e y  t r a n s p o r t  by  a 

l a r g e  amount, i t  i s  n e c e s s a r y  t o  d sve lop  a t h e o r e t i c a l  model of what 

l e a d s  t o  a head-on c o l l i s i o n .  The model developed f o r  t h i s  Lnves t i -  

g a t i o n  is d e s c r i b e d  below. 

Consider  a s i n g l e - t r a c k  r o u t e  segment t h a t  i s  L m i l e s  l o n g ,  and 

c a r r i e s  t r a f f i c  bo th  eas tbound and westbound. T r a i n s  t r a v e l i n g  i n  

o p p o s i t e  d i r e c t i o n s  c r o s s  each  o t h e r  by t h e  u se  of  pa s s ing  s i d i n g s .  

Once i n  a r a r e  occa s ion ,  t h i s  does  n o t  happen a s  planned and a head- 

on c o l l i s i o n  occu r s .  It is assumed t h a t  each "c ross ing"  of t r a i n s  i s  

an even t  t h a t  is a p o t e n t i a l  c a n d i d a t e  f o r  a head-on c o l l i s i o n .  There 

i s  a s m a l l  p r o b a b i l i t y ,  denoted by K ,  t h a t  any even t  w i l l  l e a d  t o  a 

head-on c o l l i s i o n .  I f  

E = number of e v e n t s  ( c r o s s i n g s )  ? e r  y e a r ,  

K = p r o b a b i l i t y  of a c o l l i s i o n  p e r  e v e n t ,  and 

F = number of c o l l i s i o n s  pe r  y e a r ,  

then  t h e  expected v a l u e  of n i s :  

- 
F = KE. 

The v a l u e  of E can be  approx imate ly  determined a s  f o l l ows .  Assume t h a t  

t h e r e  a r e  N eas tbound t r a i n s  p e r  y e a r  t r a v e l i n g  a t  an  average  speed v 

mph, and a similar number westbound. The number of e v e n t s  exper ienced  

by any eastbound t r a i n  can  be  computed a s  fo l lows .  From t h e  moment i t  

s t a r t s  i t s  t r i p  t o  t h e  moment i t  r e a c h e s  i t s  d e s t i n a t i o n ,  a c e r t a i n  

number of westbound t r a i n s  w i l l  e n t e r  t h e  r o u t e  segment; i t  must pass  

every  one of them. It  must a l s o  pa s s  eve ry  westbound t r a i n  t h a t  was e n .  

r o u t e  a t  t h e  moment it s t a r t e d  i t s  t r i p .  



Each eas tbound t r a i n  s p e n d s  (L/v)  h o u r s  en  r o u t s .  The number of 

westbound t r a i c s  o r i g i n a t i n g  p e r  hour  i s  X/8760, where 8760 i s  t h e  

number of h o u r s  i n  a y e a r .  Thus,  t h e  number of new westbound t r a i n s  

t h a t  e n t e r  t h e  segment i s :  

(L/v)  (N18760) t r a i n s .  

The a v e r a g e  t i m e  between westbound t r a i n s  i s  (87601X) h o u r s .  

T h e i r  a v e r a g e  s p a c i n g  o r  headway i s :  

~ ( 8 7 6 0 1 ~ )  m i l e s .  

On t h e  a v e r a g e ,  t h e r e f o r e ,  t h e  number of westbound t r a i n s  t h a t  a r e  on 

t h e  segment a t  any g i v e n  moment is:  

(L/v) (918760) t r a i n s .  

Thus,  t h e  number of e n c o u n t e r s  p e r  eas tbound t r a i n  is:  

2LN/8760v. 

S i n c e  t h e r e  a r e  N eas tbound  t r a i n s  p e r  y e a r ,  t h e  t o t a l  number of 

e n c o u n t e r s  p e r  y e a r  is :  

and t h e  number of head-on c o l l i s i o n s  p e r  y e a r  w i l l  b e  p r o p o r t i o n a l  t o  

t h i s  number. 

I f  each  t r a i n  weighs G g r o s s  t o n s ,  t h e  a n n u a l  t r a f f i c  d e n s i t y  i s :  

D = 2 NG t o n s  pe r  y e a r .  

T h i s  l e a d s  t o  an  e x p r e s s i o n  f o r  N: 

N = D / ~ G .  

Equat ion (3-1) may now be r e w r i t t e n  i n  t h e  form: 

I f  one now groups  t h o s e  r o u t e  segments which have similar v a l u e s  f o r  

G and v ,  t h e n  t h e s e  two f a c t o r s  can  b e  t r e a t e d  as c o n s t a n t s  w i t h i n  



t h a t  g roup ,  and one h a s ,  w i t h i n  a  group of t r a c k  sesments :  

2  
where  ' j ' d e n o t e s  t h e  v a r i o u s  g r o u p s ,  and C = 1/ (2  x 87606 v.) . 

j J 

Wi th in  a group,  t h e r e  w i l l  b e  s e v e r a l  s e g n e n t s  w i t h  pa ramete rs  

(L1, D ) and s o  on. The t o t a l  exposure  w i t h i n  t h e  group i s :  1 

where i d e n o t e s  each  i n d i v i d u a l  l i n k .  

Wi th in  a  g roup ,  t h e  expec ted  number of a c c i d e n t s  pe r  y e a r  is :  

which nay be r e w r i t t e n  i n  t h e  form: 

w i t h  3 be ing  a  g roup-cons tan t ,  e q u a l  t o  K . C  . 
j J j 

The groups  used i n  t h i s  r e p o r t  a r e  t h e  t r a c k  c l a s s e s .  I f  one 

o b t a i n s  h i s t o r i c a l  d a t a  f o r :  

The a n n u a l  number of m a i n l i n e  head-on c o l l i s i o n s  
w i t h i n  each  t r a c k  c l a s s ;  and 

The v a l u e s  o f  L  and Di f o r  a l l  m a i n l i n e  segments 
i 

w i t h i n  each t r a c k  c l a s s ;  

t h e n  Equa t ion  (3-3) can  be- s o l v e d  t o  o b t a i n  t h e  c o n s t a n t s  g : 
j 



One can  now p r e d i c t  t h e  expec ted  number of head-on c o l l i s i o n s  on 

any segment,  i f  91-12 h a s :  

I t s  t r a c k  c l a s s ,  j ;  

Its l e n g t h ,  L ;  and 

I ts  t r a f f i c  d e n s i t y ,  D .  

For  then :  

- 7 
F = 3 L Db. 

segment j 

Thus, a c c i d e n t  f r e q u e n c i e s  (number of a c c i d e n t s  per  y e a r )  w i l l  
2 

v a r y  w i t h  a measure t h a t  can  on ly  be w r i t t e n  as ( t o n )  -mi les .  On 

segments of  t h e  same t r a c k  c l a s s  and of e q u a l  l e n g t h ,  t h e  a c c i d e n t  

f requency  w i l l  v a r y  w i t h  t h e  s q u a r e  of t h e  t r a f f i c  d e n s i t y .  There  

i s  no s imp le r  measure of a c c i d e n t  r a t e  t h a t  is u s e f u l  f o r  head-on 

c o l l i s i o n s .  

S i m i l a r  c o n s i d e r a t i o n s  app ly  t o  o t h e r  t ypes  of c o l l i s i o n s ,  

i n c l u d i n g  : 

Rear end, 

S ide ,  

Raking, and 

s i n c e  they  a l s o  depend on  "encounters"  between t r a i n s .  Each w i l l  show 

an  approximate  p r o p o r t i o n a l i t y  between t h e  number of a c c i d e n t s  per  

yea r  on a segment and t h e  s q u a r e  of t h e  t r a f f i c  d e n s i t y  on t h a t  segment. 

It  is t h e r e f o r e  proposed t h a t  a l l  t ype s  of ma in l i ne  c o l l i s i o n s  

be grouped t o g e t h e r ,  s o r t e d  acco rd ing  t o  t r a c k  c l a s s ,  and analyzed 

u s i n g  Equat ion (3-4) . P r e d i c t i o n s  can  t hen  be  made u s ing  Equa t ion  (3-5) . 



2 .  3 a i n l i n e  D e r a i l m e n t s  

There  a r e  t h r e e  p o s s i b l e  c a n d i d a t e s  f o r  e x p o s u r e  measures  f o r  

m a i n l i n e  d e r a i l m e n t s :  t r a i n - m i l e s ,  c a r - n i l e s ,  and ton-mi les .  Trad i -  

t i o n a l l y  t r a i n - m i l e s  i s  u s e d ,  b u t  i t  was e l i m i n a t e d  from c o n s i d e r a t i o n  

i n  t h i s  s t u d y  because  of i t s  obv ious  shor tcomings ,  i n c l u d i n g  t h e  s t r o n g  

l i k e l i h o o d  [ l ]  t h a t ,  p e r  n i l e  of t r a v e l ,  a l o n g e r  and h e a v i e r  t r a i n  h a s  

a  h i g h e r  p r o b a b i l i t y  o f  s u f f e r i n g  a n  a c c i d e n t  t h a n  a  s h o r t e r  one.  The 

r e a s o n s  a r e  c l e a r :  

a Coupler  f a i l u r e s  become more l i k e l y  as d r a f t  f o r c e s  
i n c r e a s e ;  

a Equipment d e f e c t s  become more l i k e l y  as t h e  number 
o f  c a r s  i n  t h e  t r a i n  i n c r e a s e s ;  and 

D e r a i l m e n t s  caused  by t r a i n  a c t i o n  o r  c o l l i s i o n s  
caused  by a n  e x c e s s i v e  s t o p p i n g  d i s t a n c e  i n c r e a s e  i n  
p r o b a b i l i t y  as t r a i n s  become l o n g e r  and h e a v i e r .  

X r e c e n t  s t u d y  [ 2 ]  i n c l u d e d  a thorough  e v a l u a t i o n  of t h e  two 

remain ing  a l t e r n a t i v e s :  c a r - m i l e s  and ton-mi les .  It was concluded t h a t  

e a c h  had d e s i r a b l e  c h a r a c t e r i s t i c s ,  and t h a t  n e i t h e r  was e v i d e n t l y  

p r e f e r a b l e .  T h e r e f o r e  b o t h  w i l l  b e  used  i n  t h i s  r e p o r t .  

I n  s u m a r y ,  n a i n l i n e  d e r a i l m e n t  f r e q u e n c i e s  f o r  a segment 

(numbers p e r  y e a r )  a r e  expec ted  t o  v a r y  w i t h  t h e  l e n g t h  of t h e  segment,  

and w i t h  e i t h e r  t h e  number of c a r s  (empty and l o a d e d )  t r a v e r s i n g  i t .  

pe r  y e a r  o r  t h e  g r o s s  tonnage  of a l l  t r a f f i c  t r a v e r s i n g  i t  p e r  y e a r .  

3 .  Yard A c c i d e n t s  

The 3 n l y  measure o f  y a r d  a c t i v i t y  t h a t  is r e a d i l y  a v a i l a b l e  is t h e  

number o f  c a r s  c l a s s i f i e d  p e r  y e a r .  T h e r e f o r e ,  t h i s  measure  is used i n  

t h i s  r e p o r t  f o r  y a r d  a c c i d e n t s  whe ther  d e r a i l m e n t s  o r  c o l l i s i o n s .  For 

each  c a r  t r a v e r s i n g  a y a r d ,  t h e r e  is a c e r t a i n  p r o b a b i l i t y  o f  a n  

a c c i d e n t .  T h i s  p r o b a b i l i t y  i s  d e r i v e d  s e p a r a t e l y  f o r  c o l l i s i o n s  and f o r  

d e r a i l m e n t s  . 



D.  HISTORICAL -1CCIDENT STATISTICS 

Accident  d a t a  main ta ined  by t h e  FIW and by t h e  YT3 were  ana lyzed  

t o  o b t a i n  a q u a n t i t a t i v e  u n d e r s t a n d i n g  of how many a c c i d e n t s  o c c u r  

a n n u a l l y ,  of what t y p e s ,  on what c l a s s e s  o f  t r a c k ,  on what t y p e s  of 

t r a c k ,  d u e  t o  what c a u s e s ,  i n v o l v i n g  what k i n d s  of hazardous  m a t e r i a l s ,  

and w i t h  r h a t  consequences .  A r e p r e s e n t a t i v e  s e l e c t i o n  of t h e s e  

a n a l y s e s  i s  p r e s e n t e d  h e r e .  

Acc iden t s  c l a s s i f i e d  a c c o r d i n g  t o  a c c i d e n t  t y p e ,  t r a c k  c l a s s ,  and 

t r a c k  t y p e  a r e  enumerated i n  Tab les  3-1 through 3-6, each  of which 

i s  f o r  one t r a c k  c l a s s .  The f o l l o w i n g  i m p o r t a n t  o b s e r v a t i o n s  may be 

made from t h e s e  t a b u l a t i o n s :  

Y a i n l i n e  and yard  a c c i d e n t s  account  f o r  92% of a l l  
a c c i d e n t s ;  

Dera i lments  account  f o r  73% of a l l  a c c i d e n t s ,  w h i l e  
c o l l i s i o n s  of a l l  k i n d s  account  f o r  a n o t h e r  20%; 

Acc iden t s  on Class 1 t r a c k  a c c o u n t  f o r  51% of a l l  
a c c i d e n t s ;  of t h e s e ,  a lmos t  70% o c c u r  i n  y a r d s ;  and 

Some 73% of a l l  c o l l i s i o n s  o c c u r  i n  y a r d s ,  i n  c o n t r a s t  
t o  o n l y  36% of a l l  d e r a i l m e n t s .  

Then t h e  d a t a  a r e  regrouped a c c o r d i n g  t o  t h e  c h o i c e  of a c c i d e n t  

t y p e s  and t r a c k  t y p e s  made i n  S e c t i o n  B ,  one o b t a i n s  T a b l e  3-7, which 

summarizes a c c i d e n t  d a t a .  An impor tan t  o b s e r v a t i o n  h e r e  i s  t h e  

s p a r s e n e s s  of t h e  a c c i d e n t  d a t a  f o r  Class 6 t r a c k .  S t a t i s t i c a l  tssts 

r e v e a l e d  t h a t  a c c i d e n t  r a t e s  de te rmined  from t h e s e  d a t a  would have a 

l a r g e  s t a n d a r d  e r r o r .  Moreover, e x p e r i e n c e  h a s  shown t h a t  Class 6 

tr& is n o t ,  by and l a r g e ,  a major  c a u s e  o f  concern  f o r  s a f e t y .  For 

t h e s e  r e a s o n s ,  Classes 5 and 6 t r a c k  a r e  combined i n  a l l  subsequen t  

a n a l y s e s .  

Next,  m a i n l i n e  a c c i d e n t s  were  grouped a c c o r d i n g  t o  t h e i r  c a u s e s .  

The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  3-8. On t h e  b a s i s  of t h e  d a t a  

p r e s e n t e d  in T a b l e  3-8, it w a s  concluded t h a t  t rack-caused c o l l i s i o n s  

can b e  i g n o r e d ;  t h e r e f o r e ,  a c c i d e n t  r a t e s  a r e  n o t  e s t i m a t e d  f o r  them. 
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TABLE 3-8. MAINLINE ACCIDENT CAUSES (1975-1977) 

S o u r c e :  PRA/RAIRS 

T r a c k  Class 

1 

3 - 

3 

ACC I IXN'T TY 1'E 

320 

9  6  

4  5 

1,237 

DEKAIl.MEN1'S 
T r a c k - C a u s e d  O t l ~ e r  C a u s e s  

4  

5  and 6  

U n k n o w n  

TO'TALS 

7 

COI.1.I S TONS 
T r a c k  C a u s e d  O t l ~ e r  C a u s e s  

1 , 5 4 8  

1 , 6 2 8  

1 ,507 

6  

7  

11 

941 

1 ,624 

2 , 5 3 1  

6  39 

4  5  

- 

5 ,367  

200  

2 1 8  

- 
358 

1 , 3 7 6  

426 

37 

6 , 9 3 5  

11 

3 

- 

38 



I n v e s t i g a t i o n s  were made of t h e  f r e q u e n c y  w i t h  which hazardous-  

m a t e r i a l  r e l e a s e s  o c c u r  i n  r a i l  t r a n s p o r t a t i o n ;  t h e s e  d a t a  a r e  shown 

i n  Tab le  3-9, a s  a  f u n c t i o n  of t h e  amount of p r o p e r t y  damage caused 

by  t h e  hazardous  m a t e r i a l .  Two f a c t s  a r e  e v i d e n t  from t h i s  t a b u l a t i o n :  

1. X l a r g e  m a j o r i t y  of hazardous-mate r ia l  r e l e a s e s  a r e  
n o t  of major  consequence;  i n  f a c t ,  76% c a u s e  p r o p e r t y  
damage of less t h a n  $100 p e r  i n c i d e n t ;  and 

2 .  Among t h e  more s e v e r e  i n c i d e n t s ,  t h e  v a s t  m a j o r i t y  
( 3 1  o u t  of 38,  o r  82%) a r e  caused by j u s t  t h r e e  c h e m i c a l  
groups:  flammable g a s e s ,  flammable l i q u i d s ,  and 
c o r r o s i v e s .  

These  c o n c l u s i o n s  a r e  b o l s t e r e d  by t h e  d a t a  shown i n  F i g u r e  3-1, 

f o r  t h e  number of i n j u r i e s  a t t r i b u t a b l e  t o  each chemica l  group o v e r  

t h e  y e a r s  from 1 9 7 1  th rough  1977. 

E .  HISTORICAL DATA ON EXPOSURE 

1. N a i n l i n e  O p e r a t i o n s  

The d a t a  shown i n  T a b l e  3-10 were provided by t h e  T r a n s p o r t a t i o n  

Systems C e n t e r .  The d a t a  a r e  based on e s t i m a t e d  f l o w s  on t h e  FRA 

Network Hodel,  developed by u s i n g  a r o u t i n g  a l g o r i t h m  and d a t a  from t h e  

FRA 1% w a y b i l l  sample f o r  1976, a l o n g  w i t h  s t a t i s t i c a l  t e c h n i q u e s  f o r  

s c a l i n g  up t h e  w a y b i l l  sample.  

It i s  u s e f u l  t o  know how t o  r e l a t e  t r a i n - m i l e s ,  c a r - m i l e s ,  and 

ton-mi les  w i t h  one  a n o t h e r .  F i r s t  however, i t  is n e c e s s a r y  t o  know 

t h e  r e l a t i o n s h i p  between: 

Empty and loaded  c a r - m i l e s ;  and 

Revenue and g r o s s  ton-miles .  

I n  1976,  55.5% of a l l  c a r - m i l e s  were  g e n e r a t e d  by c a r s  c a r r y i n g  c a r g o ;  

t h e  remain ing  ca r -mi les  were g e n e r a t e d  by empty c a r s  be ing  r e t u r n e d  t o  

a  p o i n t  where t h e y  cou ld  p i c k  up a n o t h e r  l o a d  [ 3 ] .  C a r - m i l e  d a t a  



# * 
4 TABLE 3-9. COMPARISON OF DOLLAR DAMACE RANCES FOR 
b IIAZARLHUS-MATERIAL COMMODITY CKOUPS 

No. Fraction w i t h  d o l l a r  damage of Crea Lcr 
Releasing 500- 1,000 t t ~ a u  
(1971-1977) 0 0-1 1-10 10-30 50-100 100-500 500,000 2,000 2,000 

Explosives 4 2 0.29 0.36 0.05 0.10 0.14 0.05 0.02 0.02 0.02 
Non-flammable Cas 378 0.50 0.43 0.05 0.02 
Flammable Gas 562 0.45 0.42 0.04 0.04 0.02 0.02 ~0 -0 2.0 
Flammable Liquid 1043 0.31 0.54 0.09 0.06 0.01 0.01 
Flammable Solid 86 0.33 0.54 0.11 0.02 -0 
Oxidizer 32 5 0.10 0.80 0.08 0.03 
Organic Peroxide 1 1.00 
Toxic 190 0.21 0.63 0.10 0.05 0.01 0.01 
Radioactive 6 0.50 0.33 0.17 
Corrosive 1749 0.4 1 0.51 0.06 0.02 %O %O 

TOTAL 4382 

* 
Includes damage due to tlre hazardous mater ia l  only. 

Source: MTB. 



Source: MTB 

FIGURE 3-1. INJURIES BY COMMODITY GROUP 
BASED ON RELEASES, 1971 -1977 
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developed from an a n a l y s i s  of t h e  1:: FRA waybi l l  sample i nc lude  only 

loaded car -mi les ,  s i n c e  w a y b i l l s  a r e  n o t  r equ i r ed  f o r  empty c a r s .  

These d a t a  n u s t  be m u l t i p l i e d  by t h e  f a c t o r  (110.555) t o  o b t a i n  t o t a l  

c a r - n i l e s .  

S i m i l a r l y ,  ton-miles ob ta ined  from t h e  wayb i l l  sample a r e  revenue 

ton-miles;  i . e . ,  t h e  tonnage of t h e  f r e i g h t  m u l t i p l i e d  by t h e  d i s t a n c e  

it t r a v e l s .  What i s  r e q u i r e d ,  however, i s  an e s t i m a t e  of g r o s s  ton- 

n i l e s .  To o b t a i n  t h i s  v a l u e ,  one assumes t h e  average t a r s  (empty) 

weight of f r e i g h t  c a r s  t o  be 30 t o n s .  ?is weight i s  t r anspo r t ed  by 

every c a r  f o r  every mi l e  i t  t r a v e l s ,  whether loaded o r  empty. Therefore ,  

t h e  "dead" ton-miles a r e :  

( loaded car-miles)  x (30/G.555). 

When t h i s  number is added t o  t h e  revenue ton-miles ,  one o b t a i n s  an 

e s t i m a t e  of g r o s s  ton-miles.  

2 
To o b t a i n  t h e  gross- ton -miles  e s t i m a t e s ,  on2 has  t o  square  t h e  

r a t i o  of g r o s s  ton-miles t o  revenue ton-miles and n u l t i p l y  i t  by t h e  
2 

n e t  ton  -miles .  

I f  one wishes t o  p e r f o m  a r i s k  a n a l y s i s  of e i t h e r  a s p e c i f i c  

t r a i n  o r  a " typ i ca l "  t r a i n ,  one has  t o  know how may c a r s  a r e  i n  i t  

(FIT), o r  what i t s  g r o s s  tonnage i s  (G). Then, per  t r a in -mi l e ,  one has  

N car-miles  and G g r o s s  ton-miles.  For t h e  t y p i c a l  U.S. t r a i n ,  
T 

N = 67 car 's  (31,  and G i s  es t imated  t o  be about 4500 tons .  However, 
T 

N can va ry  from a t h e o r e t i c a l  lower l i m i t  of i t o  a p r a c t i c a l  upper 
T 

l i m i t  of about  200. Gross tonnages may va ry  from a low of a few 100 

toqs,t40 a maximum of perhaps 15,000 tons .  

Some of t h e  exposure d a t a  shown i n  Table  3-10 may be compared 

wi th  d a t a  publ ished by t h e  AAR [3]  and t h e  I n t e r s t a t e  Commerce 

Commission [4 ] .  For example, t h e  t o t a l  car-miles  shown i n  Table 3-10 
9 

f o r  a l l  t r a c k  c l a s s e s  is 27.7 x 10 . For 1976, t h e  comparable AAR 
9 

number is 28.5 x 10 . The revenue ton-miles shown i n  Table 3-10 add 
9 9 

up t o  801 x 10 . The comparable A4R number is 791 x 1 0  ; t he  I C C  f i g u r e  



9 (Eor Class  I and C l a s s  11 r a i l r o a d s )  i s  800x10 . The a g r e e n e n t  

between t h e  v a r i o u s  s o u r c e s  i s  s a t i s f a c t o r y .  N e i t h e r  t h e  , M R  nor  t h e  
2 

I C C  c i t e s  g r o s s  ton-mile f i g u r e s .  I n  a d d i t i o n ,  t h e  t o n  -mile  measure 

is  a p p a r e n t l y  be ing  used f o r  t h e  f i r s t  t ime .  E s t i m a t e s  do n o t  a p p e a r  

i n  any s o u r c e  o u t s i d e  of t h i s  r e p o r t .  D e s p i t e  t h e  good agreement on 

t h e  t o t a l s ,  t h e  exposure  d a t a  by t r a c k  c l a s s  may c o n t a i n  i n a c c u r a c i e s  

d u e  t o  an assumpt ion ;  v i z . ,  t h a t  t h e  r a t i o  of revenue ton-miles  t o  

loaded  ca r -mi les  a s  w e l l  a s  t h e  r a t i o  o f  l o a d e d  c a r - m i l e s  t o  t o t a l  c a r -  

m i l e s ,  i s  independent  of t r a c k  c l a s s .  S i n c e  d a t a  on t h e  v a r i a t i o n  of 

t h e s e  p a r a m e t e r s  w i t h  t r a c k  c l a s s  a r e  n o t  a v a i l a b l e ,  t h e  t r a c k  c l a s s  

exposure  d a t a  i n  T a b l e  3-10 r e p r e s e n t  t h e  b e s t  e s t i m a t e s  possib1.e a t  

p r e s e n t .  

2. Yard O p e r a t i o n s  

X r e c e n t  FRA s t u d y  [ 5 ]  p r o v i d e s  e s t i m a t e s  o f  t h e  number of c a r s  

c l a s s i f i e d  each y e a r  i n  y a r d s  of a l l  t y p e s .  Although i t  is c l e a r  t h a t  

yard  c l a s s i f i c a t i o n  r i s k  w i l l  v a r y ,  depending on whether  one i s  

zxamining f l a t  o r  hump y a r d s ,  t h i s  v a r i a b l e  was excluded s i n c e  informa- 

t i o n  concern ing  i t  is  n o t  a v a i l a b l e  on t h e  FRA Network Yodel ,  which is  

t o  b e  t h e  b a s i s  f o r  f u t u r e  r i s k  a n a l y s e s .  The t o t a l  number of c a r s  

c l a s s i f i e d  p e r  y e a r  i n  a l l  c l a s s i f i c a t i o n  y a r d s  i n  t h e  U.S. i s  
8 

approx imate ly  3 . 9 ~ 1 0  . 

F. HISTORICAL ACCIDENT UTES 

Data on h i s t o r i c a l  a c c i d e n t  f r e q u e n c i e s  (numbers p e r  y e a r )  a r e  

p r e s e n t e d  i n  S e c t i o n  D .  The a p p r o p r i a t e  measures  of exposure  f o r  

d e f i n i n g  a c c i d e n t  r a t e s  a r e  p r e s e n t e d  i n  S e c t i o n  C.  H i s t o r i c a l  d a t a  on 

exposure  are p r e s e n t e d  i n  S e c t i o n  E. T h i s  s e c t i o n  combines i n f o r m a t i o n  

from a l l  t h r e e  o f  t h e s e  s e c t i o n s  t o  deve lop  e s t i m a t e s  o f  h i s t o r i c a l  

a c c i d e n t  r a t e s .  

1. Y a i n l i n e  Dera i lments  

When t h e  numbers i n  Tab le  3-8 a r e  combined w i t h  t h e  numbers i n  

T a b l e  3-10, one o b t a i n s  t h e  m a i n l i n e  d e r a i l m e n t  r a t e s  shown i n  

Tabl%.3.-11. (Note t h a t  T a b l e  3-8 c o n t a i n s  t h r e e  y e a r s '  d a t a ,  v h e r e a s  



TABLE 3-11. HISTORICAL MAINLINE DERAILMENT RATES 

Source :  A r t h u r  D. L i t t l e ,  I n c .  

* 
I n c l u d e s  a c c i d e n t s  w i t h  unknown T r a c k  C l a s s .  

* 
ALL 

2 .49  

1 . 0 8  

2 

1 7 . 3  

8 .64  

3 

5.59 

2 .08  

C l a s s  of T r a c k '  

D e r a i l m e n t  Rate--All Causes  

( A c c i d e n t s  p e r  lo9  G r o s s  
Ton-Mil es) 

1 

53.2 

P 

4 

0.589 

0 .187 

5 and 6 

0 .840 

0.080 D e r a i l m e n t  Rate of  Track-  
Caused A c c i d e n t s  

9 
( A c c i d e n t s  p e r  10 C r o s s  

Ton-Miles) 

33.1 



Table  3-10 c o n ~ a i n s  e s t i m a t e s  of on ly  one y e a r ' s  exposurs .  For t h e  

two t o  be  on t h e  same b a s i s ,  t h e  numbers i n  Tab le  3-8 must b e  

d i v i d e d  by  3.  ) 

The q u i r k  t h a t  is  observed  i n  Tab l e  3-11 i n  t h e  r a t e  f o r  C l a s s  5 & 

6 t r a c k  (which i s  h i g h e r  t han  t h a t  f o r  C l a s s  4 t r a c k )  i s  probably 

anomalous, a l though  no s p e c i f i c  sou rce  of e r r o r  ha s  been found s o  f a r .  

The p o s s i b l e  e r r o r s  a r i s i n g  from any anomalies  are n o t  l a r g e ,  however, 

s i n c e  Classes 5 and 6 t r a c k  account  f o r  o n l y  8% of  a l l  g r o s s  ton-miles ,  

a s  can be seen  from Tab l e  3-10, and f o r  only 4% of a l l  a c c i d e n t s ,  a s  

can be seen from Tab l e  3-8. 

2 .  ? l a i n l i n e  C o l l i s i o n s  

A s  f o r  ma in l i ne  d e r a i l m e n t s ,  t h e  d a t a  i n  Tables  3-8 and 3-10 can 

be  a p p r o p r i a t e l y  combined t o  o b t a i n  r a t e s  f o r  m a i n l i n e  c o l l i s i o n s .  

These a r e  shown i n  Tab l e  3-12. Ra t e s  a r e  no t  e s t i m a t e d  s e ~ a r a t e l j r  f o r  

t rack-caused  c o l l i s i o n s  s i n c e  they  a r e  low, a s  can b e  seen from 

Table  3-8. 

3 .  Yard Acc iden ts  

Yard a c c i d e n t  f r e q u e n c i e s  ( t h r e e  y e a r s '  d a t a )  a r e  p rov ided  i n  
* ' *  8' 

Tab le  3-7. I n  S e c t i o n  E ,  i t  w a s  e s t i m a t e d  t h a t  approx imate ly  3 . 9 ~ 1 0  

c a r s  a r e  c l a s s i f i e d  each year .  One can t h u s  o b t a i n  t h e  fo l lowing  

e s t i m a t e s  of yard a c c i d e n t  r a t e s :  

Yard c o l l i s i o n s  : 4.5 pe r  m i l l i o n  c l a s s i f i c a t i o n s ;  and 

Yard d e r a i l m e n t s  : 7.9 p e r  m i l l i o n  c l a s s i f i c a t i o n s .  

G .  TRAIN ACCIDENT FREQUENCIES .4ND PROBABILITIES 

It i s  important  t o  make a d i s t i n c t i o n  between t h e  a c c i d e n t  rates 

e s t ima t ed  i n  S e c t i o n  F and a c c i d e n t  f r equenc i e s  and p r o b a b i l i t i e s .  

Suppose one  is  ana lyz ing  a s i t u a t i o n  i n  which t h e  exposure  per y e a r  

( g r o s s  ton-miles pe r  yea r ,  f o r  example) is  E, and t h e  a c c i d e n t  r a t e  

is Z ( a c c i d e n t s  per  g r o s s  ton-mile,  f o r  example).  Then t h e  expec ted  

f requency of a c c i d e n t s  annua l l y  is :  





5 = EZ. (3-5) 

I f  i t  i s  assumed t h a t  a c c i d e n t s  o c c u r  a s  a P o i s s o n  p r o c e s s ,  t h e n  t h e  

p r o b a b i l i t y  t h a t  t h e r e  w i l l  be  p r e c i s e l y  F a c c i d e n t s  i n  a y e a r  i s :  

The p r o b a b i l i t y  t h a t  t h e r e  w i l l  be  a t  l e a s t  one  a c c i d e n t  i s  " t h e  

p r o b a b i l i t y  o f  a n  a c c i d e n t , "  

!hen m is s m a l l ,  ? - rn and P - P ( 1 ) ;  t h e n  mF i s  l a r g e ,  P approaches  
A '  F A - A 

unit1.l. 

The same argument can  b e  extended t o  examine t h e  f requency  of 

a c c i d e n t s  t o  t r a i n s  c a r r y i n g  hazardous  m a t e r i a l s .  Le t  P r e p r e s e n t  t h e  
H 

p r o b a b i l i t y  t h a t  a t r a i n  i n v o l v e d  i n  a n  a c c i d e n t  i s  c a r r y i n g  hazardous  

m a t e r i a l s .  Then t h e  expec ted  f r e q u e n c y  of a c c i d e n t s  t o  hazardous-  

m a t e r i a l  t r a i n s  is: 

Fur thermore,  t h e  p r o b a b i l i t y  t h a t  a t  l e a s t  one h a z a r d o u s - m a t e r i a l  

t r a i n  w i l l  s u f f e r  a t  l e a s t  one  a c c i d e n t  is: 

I f  % PH is s m a l l ,  t h e n  P - m P 
A H -  F H' 

The expec ted  f requency  of a c c i d e n t s  c a n  be  shown a s  a f u n c t i o n  o f  

t h e  p r o b a b i l i t y  of a n  a c c i d e n t :  



Thus, t h e  frequency of hazardous-mater ia l  a c c i d e n t s  i s :  

One p e r t i n e n t  o b s e r v a t i o n  t h a t  may be made i s  t h a t  when t h e  

expected frequency (number of a c c i d e n t s  i n  a  yea r )  i s  sma l l ,  then  t h e  

p r o b a b i l i t y  of an acc iden t  ( p e r  yea r )  is numer ica l ly  equa l  t o  t h e  

frequency.  When t h e  expected frequency i n c r e a s e s ,  however, t h e  proba- 

b i l i t y  t ends  a s y m p t o t i c a l l y  t o  a  v a l u e  of u n i t y .  This  d i f f e r e n c e  i s  

r e l e v a n t  t o  a n a l y s e s  of r i s k  i n  s i t u a t i o n s  where m u l t i p l e  a c c i d e n t s  

a r e  expected t o  occur .  
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h .  ?EMBER OF CARS DERAILING 

A .  INTRODUCTION 

One of t h e  i n p u t s  r e q u i r e d  by t h e  model p r e s e n t e d  i n  Chapter  2  

i s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  number of c a r s  t h a t  d e r a i l  o r  

a r e  damaged i n  a  t y p i c a l  a c c i d e n t .  It is  assumed n o t  o n l y  t h a t  t h i s  

number i s  a random v a r i a b l e ,  b u t  a l s o  t h a t  t h e  number is  s t r o n g l y  

dependent  on t r a i n  speed and n o t  on t r a i n  l e n g t h .  The l a t t e r  assumption 

i s  more o r  l e s s  j u s t i f i e d  f o r  t r a i n s  t h a t  a r e  more t h a n  25 c a r s  l o n g ,  

a s  may be  s e e n  from t h e  d a t a  i n  Appendix B. 

The f o l l o w i n g  paragraphs  p r o v i d e  h i s t o r i c a l  d a t a  on t h e  number of 

c a r s  d e r a i l e d  o r  damaged, a l o n g  w i t h  b e s t - f i t  e s t i m a t e s  of t h e  mean and 

v a r i a n c e  o f  t h i s  random v a r i a b l e ,  a s  f u n c t i o n s  of speed.  

B. YARD AND WINLINE DERAILMENTS--ALL CAUSES 

F e d e r a l  Xai l road A d m i n i s t r a t i o n  (FRA) a c c i d e n t  d a t a  were ana lyzed  t o  

o b t a i n  t h e  v a l u e s  o f  means and s t a n d a r d  d e v i a t i o n s  f o r  ND ( t h e  number 

o f  c a r s  t h a t  d e r a i l  i n  a n  a c c i d e n t )  d i s p l a y e d  i n  T a b l e  4-1. 

Upon examining t h e  d a t a ,  t h r e e  i s s u e s  of concern  become a p p a r e n t .  

The f i r s t  is  t h e  d i p  i n  a v e r a g e  d e r a i l m e n t  s i z e s  i n  t h e  55- t o  60- mph 

range.  From a s t a t i s t i c a l  v i e w p o i n t ,  t h e  t - s t a t i s t i c  based on t h e  

d i f f e r e n c e  i n  a v e r a g e  d e r a i l m e n t  s i z e  between 56- t o  60- mph d e r a i l m e n t s  

and 31- t o  55- mph d e r a i l m e n t s  ( f o r  ya rd  and m a i n l i n e  combined) i s :  

On t h e  b a s i s  of t h e s e  two numbers a l o n e ,  t h e  d rop  i s  s i g n i f i c a n t  

a t  t h e  1 p e r c e n t  l e v e l ,  b u t  t h e  d rop  cou ld  be s t a t i s t i c a l .  On examin- 

i n g  t h e  d a t a ,  t h e  d i f f e r e n c e  a p p e a r s  t o  be due mainly  t o  t h e  low 



TABLE 4-1. MEANS . U D  STXUDARD V X R I A T I O N S  O F  THE 
N W E R  OF CARS D E R A I L I N G  ( D E F U I L X E N T S  
DUE TO ALL CAUSES)  

Speed 

0- 5 
5-10 

11-15 
. 16 -20  
21-25 
26-30 
31-35 
36-40 
41-45 
46-50 
5 1-5 5  
56-60 
61-65 
66-70 
71-75 
76-80 

>80 

MA INL I 3 E  
D a t a  

%D 
c 

P o i n t s  *D 

164 3  4 .80  4 .30  
3 1  7  7  5 . 5 1  4 .72  
1193  5 .69  5 .04  
1398 6 .35  5 .48  
1546 7 .74  6 .94  
1056  9 .65  8 .54  

522 11.30 9 .86  
662 11 .36  11 .07  
34 3  11 .05  11 .16  
38 7  11 .04  12 .45  
16  9  10 .93  12 .17  
1 2 8  8 .13  10 .09  

3  7  14 .49  1 5 . 6 8  
38 12 .42  12.37 
1 4.0  - 
- - - 
1 2.0 - 

YARD 
D a t a  

%o 
0 

P o  i n  ts N 
D 

7263 4 . 2 1  3.78 
1765 4 .75  3 .04  

1 8  7  4 . 8 3  3 .61  
40  5.22 3.65 
1 2  7 .58  3.99 

8  7 .13  7 .43  
6  12 .17  10 .98  
5  6 .0  2 .74  
5  5 .0  4.06 
1 27.0  0 .0  - - - 
2 2.5 2.12 - - - 
- - - 
- - - 
1 4 . 0  0 .0  - - - 



i n c i d e n c e  of  d e r a i l m e n t s  of more t h a n  30 c a r s  f o r  55- t o  60-rnph 

d e r a i l m e n t s  ( 5  o u t  o f  128 compared w i t h  t h e  49 o u t  o f  557 i n c i d e n t s  

f o r  d e r a i l m e n t s  i n  t h e  45- t o  55-mph r a n g e ) .  The s i g n i f i c a n c e  o f  t h i s  

d i f f e r e n c e  i s  abou t  7 p e r c e n t .  One n i g h t  have expec ted  11 d e r a i l m e n t s  

w i t h  fewer  t h a n  30 c a r s  d e r a i l i n g  i n  t h e  55- to-60-mph r a n g e ,  and t h i s  

might  have i n c r e a s e d  t h e  mean v a l u e  t o  1 0  o r  11. Consequen t ly ,  a  

s t a t i s t i c a l  e x p l a n a t i o n  is  n o t  c o m p l e t e l y  u n r e a s o n a b l e .  

The second i s s u e  i s  t h e  p o s s i b l e  e x i s t e n c e  of b i a s  i n  t h e  e s t i -  

ma t ion  of s p e e d s .  F i g u r e  4-1 p r e s e n t s -  a compar ison of  s t a t i s t i c s  f o r  
* 

t h o s e  d e r a i l m e n t s  i n  which t h e  speed was r e c o r d e d  and t h o s e  f o r  which 

t h e  speed was e s t i m a t e d .  None o f  t h e  d i f f e r e n c e s  i s  e x t r e m e l y  s i g n i f i -  

c a n t ,  t h e  ma~imum t - v a l u e  b e i n g  2.12.  However, t h e  a g g r e g a t e d  d i f f e r -  

e n c e  o v e r  a l l  speed c l a s s e s ,  which i s  e q u a l  t o  t h e  sum o f  t - v a l u e s  

d i v i d e d  by t h e  s q u a r e  r o o t  o f  t h e  number of  speed c l a s s e s ,  i s  3.05.  

Although t h i s  d o e s  n o t  a l t e r  t h e  e s t i m a t e d  c u r v e  a g r e a t  d e a l ,  i t  shou ld  

b e  n o t e d  t h a t  t h e r e  is  a n  e f f e c t  t h a t  may b e  caused  by b i a s i n g  toward 

lower  v a l u e s  i n  t h e  e s t i m a t i o n  o f  speeds .  

T h i s  d i f f e r e n c e  may a l s o  e x p l a i n  t h e  d i p  i n  d e r a i l m e n t  l e n g t h s  i n  

t h e  55- to-60-mph range .  (Many o f  t h e  l a r g e  d e r a i l m e n t  a c c i d e n t s  may 

have been r e c o r d e d  a t  d i f f e r e n t  s p e e d s . )  Because r e c o r d e d  speed d a t a  

a r e  l i m i t e d  and t h e  magni tudes  of  d i f f e r e n c e s  in F i g u r e  4-1 a r e  n o t  

l a r g e ,  b o t h  r e c o r d e d  and e s t i m a t e d  s p e k d s  were used i n  subsequen t  

a n a l y s e s .  

The f i n a l  i s s u e  i s  t h e  compar ison of  means and v a r i a n c e s  f o r  ya rd  

and m a i n l i n e  d e r a i l m e n t  i n  e a c h  speed range .  The s t a t i s t i c a l  t e s t s  o f  

s i g n i f i c a n c e  a r e  p r e s e n t e d  i n  T a b l e  4-2. A s  shown i n  t h i s  t a b l e ,  

t h e r e  a r e  s t a t i s t i c a l  d i f f e r e n c e s ,  e s p e c i a l l y  a t  low speed v a l u e s ,  f o r  

which t h e r e  a r e  a g r e a t  d e a l  o f  d a t a .  However, t h e  development of  

s e p a r a t e  b e s t - f i t  c u r v e s  f o r  ya rd  and m a i n l i n e  a c c i d e n t s  i s  u n n e c e s s a r y  

* 
F o r s o r n e d e r a i l m e n t s ,  t h e  a p p r o p r i a t e  d a t a  f i e l d  was b l a n k ,  and i t  
was n o t  known whether  t h e  speed w a s  r e c o r d e d  o r  e s t i m a t e d .  These 
a r e  o m i t t e d .  



Speed Range 

FIGURE 4-1. NUMBER OF CARS DERAILING: COMPARISON OF 
RECORDED AND ESTIMATED SPEED 
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because t h e  d i f f e r e n c e s  a r e  n o t  l a r g e  i n  magnitude, even though they  

a r e  s t a t i s t i c a l l y  s i g n i f i c a n t :  speed e x p l a i n s  most of t h e  v a r i a n c e  i n  

t h e  number of c a r s  d e r a i l i n g .  For t h i s  reason ,  curves  were f i t t e d  t o  

t h e  combined d a t a .  

The mean v a l u e  of N is denoted by (v)  and i t s  v a r i a n c e  by 
D '=No 

o2 ( v ) .  A comprehensive r e g r e s s i o n  a n a l y s i s  was made t o  de te rmine  a ND s lmple  curve  t h a t  b e s t  f i t  t h e  d a t a .  

Both weighted r e g r e s s i o n  and unweighted r e g r e s s i o n s  were used t o  

determine t h e  b e s t  f i t .  Table  4-3 d i s p l a y s  t h e  r e s  . - t s  of t h e  

a n a l y s i s .  

* 
The s t a t i s t i c  F is g iven  by: 

where 
A 

f ( v )  = empi r i ca l  f u n c t i o n ,  

f ( v )  = es t ima ted  f u n c t i o n ,  

I 1 f o r  unweighted scheme, 

Wi n ~ ~ / l  Ni f o r  weighted scheme, which a l lows  f o r  a 
1 d i r e c t  comparison of t h e  schemes. 

Based on Table  4-3, t h e  fo l lowing  f u n c t i o n a l  forms a r e  u t i l i z e d :  

'=N = 1 . 7 ~  , D 
O w 5  1 Mainl ine and Yard Derai lments  

u = 2 . 7 ~  . ) (A l l  Causes) 
N~ 

The raw d a t a  as w e l l  a s  t h e s e  r e g r e s s i o n s  are shown i n  F igure  4 - 2 .  

For mND, t h e  b e s t  one-parameter f i t  i s  n e a r l y  op t imal  f o r  t h e  

unweighted f i t  and moderate f o r  t h e  weighted f i t  (a l though t h e  percen- 

t age  of t h e  v a r i a n c e  expla ined  i n  t h e  l a t t e r  c a s e  i s  s t i l l  78% and 

t h e  percentage  of t h e  t o t a l  sum of  squa re s  expla ined  is 97.3%). The 







one-parameter shape i s  f a r  z a s i e r  t o  use  i n  f u r t h e r  ana lyses ,  however, 

and was chosen f o r  t h i s  reason.  For t h e  c a s e  of b ( v ) ,  t he  one-parameter 

f i t  i s  n e a r l y  opt imal .  

C.  YARD AVD ?lAIXLI?IE DER4ILXENTS DUE TO TRACK CAUSES 

Track-caused dera i lments  a r e  longer  than t h e  s e t  of a l l  d e r a i l a e n t s .  

The d a t a  a r e  presented  i n  Table 4-4. The gene ra l  f u n c t i o n a l  forms a r e  

assumed t o  be the  same, but  with a  d i f f e r e n t  parameter va lue  f o r  a (v )  

only.  The f u n c t i o n a l  equat ions  est imated t o  g ive  t h e  b e s t  f i t  a r e :  

0.5 
%D = 2 . lv  , .... Track-caused Yard and Nain l ine  

~ e r a i l m e n t s  

D. COLLISIONS 

The major d i f f e r e n c e s  between c o l l i s i o n s  and dera i lments  a r e  i n  

t he  func t ions  of 
%D 

and a . Table 4-5 p re sen t s  t h e  aggregated 
?ID 

s t a t i s t i c s  f o r  t h e  number of c a r s  d e r a i l e d  ( o r  damaged) i n  those  

c o l l i s i o n s  f o r  which ac l e a s t  one d e r a i l i n g  c a r  was repor ted .  Based 

on these  s t a t i s t i c s ,  t he  fol lowing f u n c t i o n a l  forms were determined t o  

be the  most a p p r o p r i a t e  f o r  c o l l i s i o n s .  

0.5 

%D 
= 1 . 2 5 ~  , .... Pard and Yain l ine  C o l l i s i o n s  

- ...a 

E.  COLLISIONS WITHOUT DAMAGED CARS 

A r e l a t i v e l y  l a r g e  number of c o l l i s i o n s  i n  which no c a r s  a r e  

descr ibed  a s  e i t h e r  d e r a i l i n g  o r  being damaged have been recorded by 

t h e  FRA. It i s  important ,  i n  t h e  context  of t h e  model of Chapter 2 ,  

t o  determine what propor t ion  of c o l l i s i o n s  f a l l  i n t o  t h i s  ca tegory ,  

and e l imina te  them from f u r t h e r  cons ide ra t ion .  



TABLE 4-4. =AN$ AND STANDARD DEVIATIONS OF 
THE XUMBER OF CARS DERAILING 
(TRACK-CAUS ED DERAILMENTS) 

Speed 
(mph) 

0-10 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

71-80 

A 

Ma i n 1  i n  e 
Data G 

%D P o i n t s  N~ 

2875 5.624 4.737 

1153 6.867 5.131 

1162 10.219 7.626 

368 15.554 11.074 

128  17.867 12.704 

4 3 16.674 11.767 

6 15.333 12.867 

- - - 

Yard 
Data 

mN 
u 

P o i n t s  D D 
x 

5 322 4.447 3.244 

100 4.960 3.124 

8 7.5 5 .1  

2 5.0 - 
4 9.75 10.305 

- - - 
- - - 
1 4 - 



I n  t h e  f o l l o w i n g ,  i t  i s  assumed t h a t  P i s  t h e  f r a c t i o n  of 
C 3  

c o l l i s i o n s  i n  which a t  l e a s t  one c a r  i s  damaged o r  d s r a i l s d .  The 

s p e c i f i c  number of i n t e r e s t  i s  c o n t a i n e d  i n  T a b l e  4-5:  PCD = 0 . 5 4 .  

We t h u s  have t h e  f o l l o w i n g  r e s u l t  f o r  ya rd  and s a i n l i n e  c o l l i s i o n s :  

'CD 
= 0 .54  ( f r a c t i o n  of c o l l i s i o n s  i n  which a t  

l e a s t  one  c a r  i s  d e r a i l e d  o r  damaged), 

1 - ? = 0.46  ( f r a c t i o n  of c o l l i s i o n s  i n  which no 
CD 

c a r s  a r e  d e r a i l e d  o r  damaged). 



TABLE 4-5. STATISTICS FOR THE YUMBER OF CARS 
DERAILED OR DAUGED I N  COLLISIONS 

. - 
I n s u f f i c i e n t  d a t a .  

S p e e d  
(mph) 

0-5 
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 
7 1- 75 
76-80 

>SO 

O v e r a l l  

1 

Numb er 
o f  P o i n t s  

3223 
383 
1 0 0  

53 
3 9 
3 2 
1 3  
26 
1 4  
11 

4 
7 
1 
1 
1 
1 
1 

3910 

%D 

2 . 1  
2 .7  
3.7 
4 .7  
5 . 3  
6 . 8  
9 . 4  
8 . 0  
7 . 1  

1 5 . 1  
* 
* 
rt 

* 
* 
* 
* 

2.5  

a 
N~ 

2 . 0  
2 .3  
3 .8  
8 .0  
6 . 5  
6 . 3  
9 . 0  
9 . 0  
5 .3  

1 4 . 3  
rt 

* 
* 
* 
* 
* 
* 

3.0 

CD 

.56 

.53 

.46 

.52 

.57 

.47 

.35 

.43 

.47 

.48 * 
rt 

* 
* 
* 
rt 

* 

.54 



3 .  PRESENCE OF HAZARDOUS-HATERIAL CARS IY TMINS 

A .  IXTRODUCTION 

.4n i n p u t  needed f o r  t h e  model p r e s e n t e d  i n  Chapter  2 i s  t h e  

p r o b a b i l i t y  t h a t  a  t r a i n  s u f f e r i n g  an  a c c i d e n t  c a r r i e s  hazardous-  

m a t e r i a l  c a r s .  T h i s  p r o b a b i l i t y ,  deno ted  by PH,may be a s s i g n e d  a  v a l u e  

of u n i t y  i f  one  i s  examining t h e  r i s k  a s s o c i a t e d  w i t h  t r a i n s  known t o  

be c a r r y i n g  hazardous  m a t e r i a l s .  On t h e  o t h e r  hand, i f  one i s  a n a l y z i n g  

a o r e  a g g r e g a t e d  r i s k s ,  h i s t o r i c a l l y  based e s t i m a t e s  of P  a r e  u s e f u l .  
H 

These e s t i m a t e s  a r e  p r e s e n t e d  i n  t h i s  c h a p t e r .  

The v a l u e  o f  P f o r  a g i v e n  l a r g e  c o l l e c t i o n  of t r a f f i c  is d e t e r -  
H 

abed by a n o t h e r  c h a r a c t e r i s t i c  p a r m e t e r ,  t h e  r a t i o  of hazardous-  

m a t e r i a l  c a r s  t o  a l l  c a r s .  T h i s  parameter  i s  deno ted  by T Its 
H ' 

h i s t o r i c a l l y  observed  v a l u e s  a r e  p r e s e n t e d .  The r e l a t i o n s h i p  between 

P and rrH i s  e x p l o r e d ,  and fo rmulas  a r c  p r e s e n t e d  f o r  e s t i m a t i n g  P 
H H 

v a l u e s  from g i v e n  v a l u e s  of T H ' 

B.  UTE OF OCCURRENCE OF HAZAXDOUS-UTERIAL CXRS 

The p r o p o r t i o n  of hazardous-mate r ia l  c a r s  t o  a l l  c a r s  i n  a  t y p i c a l  

t r a i n  i s  denoted by T Thus, i f :  H 

N = hazardous-mate r ia l  c a r s  p e r  t r a i n ,  and 
H 

N = t o t a l  number of c a r s  p e r  t r a i n ,  
T 

t h e n  

One e s t i m a t e  of T c a n  be  o b t a i n e d  by d i v i d i n g  t h e  loaded  ca r -mi le  
H 

e s t i m a t e s  f o r  hazardous  m a t e r i a l s  w i t h  t h o s e  f o r  a l l  commodities 

( d a t a  p rov ided  by TSC): 



An a l t e r n a t i v e  e s t i m a t e  of a can be ob ta ined  by assuming t h a t  a  
H 

hazardous-mater ia l  c a r  has  t h e  same p r o b a b i l i t y  of being involved i n  

an a c c i d e n t  ( i . e . ,  being d e r a i l e d  o r  damaged) a s  any o t h e r  c a r .  

Then : 

where 

N 
HD 

= number of hazardous-mater ia l  c a r s  d e r a i l e d  or  
damaged, and 

N~ 
= t o t a l  number of c a r s  d e r a i l e d  o r  damaged. 

Data r ega rd ing  t h e  v a l u e  of a e s t ima ted  i n  t h i s  f a sh ion  f o r  
H 

de ra i lmen t s  a r e  shown i n  Table  5-1. 

For c o l l i s i o n s ,  t h e  h i s t o r i c a l  v a l u e s  of a were found t o  be a s  
H 

fo l l ows  : 

T~ 
= 0.020 f o r  a l l  main l ine  c o l l i s i o n s ;  and 

= 0.025 f o r  a l l  yard c o l l i s i o n s .  

C.  PROBABILITY THAT A RAXDOM TFL4IN CONTAINS X4ZARDOUS-MATERIAL CARS 

Given an aggrega t ion  of t r a f f i c  i n  which a  f r a c t i o n  ir. of 
rI 

a l l  c a r s  c o n s i s t s  of hazardous-mater ia l  c a r s ,  t h e r e  w i l l  be a 

f r a c t i o n  P of a l l  t r a i n s  t h a t  c o n t a i n s  one o r  more hazardous-mater ia l  
H 

c a r s .  There is no d i r e c t  obse rva t ion  a v a i l a b l e  of t h i s  parameter.  

However-, i t  may be approxinated a s  fo l lows:  

- No. of Accidents  t o  T ra in s  Carrying Hazardous-Platerial Cars (5-3) PH = T o t a l  So. of Accidents  

When one a t t empt s  t o  e s t i m a t e  PH i n  t h i s  manner f o r  t h e  v a r i o u s  combi- 

n a t i o n s  of t r a c k  type ,  acc iden t  type ,  t r a c k  c l a s s ,  and acc iden t  cause,  

t h e  d a t a  a r e  found t o  be  s p a r s e ,  and t h e  e s t i m a t e s  a r e  s u b j e c t  t o  l a r g e  

e r r o r s .  A way t o  circuutvent t h i s  d i f f i c u l t y  is t o  e s t i m a t e  the.  r e l a -  

t i o n s h i p  between P and t r a i n  speed,  aggrega t ing  over a l l  o t h e r  H 



TABLE 5-1. FRACTION OF DERAILING CARS THAT 
CONTAIN HAZARDOUS YATERIAL 

Tr = N  /v 
H H D A D  

,018 

.017 

.022 

.024 

.020 

.018 

.0137 

.018 7 

.0210 

.0169 

0.0144 

Loca t ion  

Yain 

Yard 

S i d i n g  

I n d u s t r y  

Other  

TOTAL 

>fain--Class 1 

Yain--Class 2 

*in--Class 3 

%in--Class 4 

Main-- 
C l a s s e s  5 2 6 

'HD 

1635 

706 

11 7 

84 

1 2  

2554 

190 

400 

6 70 

2 80 

5 4 

N 
D 

89066 

41578 

5287 

3545 

615 

140091 

13883 

21396 

31873 

16560 

3754 



f a c t o r s .  An approx imate  v a l u e  of P i s  t h e n  o b t a i n e d  f o r  each s u b s e t  
H 

o l  a c c i d e n t s  by e s t i m a t i n g  t h e  a v e r a g e  t r a i n  speed f o r  t h a t  s u b s 2 t  and 

o b t a i n i n g  t h e  c o r r e s p o n d i n g  v a l u e  of P H ' 

The h i s t o r i c a l  r e l a t i o n s h i p  between P and t r a i n  speed is  shown H 
i n  Tab le  5-2. The d e r i v e d  v a l u e s  of P f o r  v a r i o u s  a c c i d e n t  s u b s e t s  

H 
a r e  shown i n  Tab le  5-3. 

D. EXTRAPOLATION OF ?rH and PH VALUES 

The v a l u e s  of P a r e  based on a n  u n d e r l y i n g  grand a v e r a g e  v a l u e  of H 
which c a n  be  s e e n  from T a b l e  5-1 t o  be 0.018. I f  t h i s  v a l u e  were 

H ' 
t o  change--due t o  a change i n  t h e  l e v e l  of hazardous  m a t e r i a l  be ing  

t ranspor ted- -50 th  t h e  T v a l u e s  i n  T a b l e  5-1 and t h e  P v a l u e s  i n  -a H 
T a b l e  5-3 would change as w e l l .  

A r e a s o n a b l e  assumpt ion  f o r  t h e  a v a l u e s  f o r  t h e  a c c i d e n t  
H 

s u b s e t s  is  t h a t  t h e y  would a l l  change i n  t h e  same p r o p o r t i o n  as t h e  

grand a v e r a g e  a Thus, i f  t h e  nH v a l u e  f o r  a l l  t r a f f l c  doubled from 
H 

0.018 t o  0.036, one  might  e x p e c t  nH f o r  m a i n l i n e  C l a s s  1 a c c i d s n t s  t o  

double  from 0.0137 t o  0.0274. 

The change i n  P  v a l u e s  is  somewhat more complex. Consider  s . ~  .. 
H 

t r a i n  w i t h  N c a r s .  Assume t h a t  hazardous-mate r ia l  c a r s  o c c u r  i n  groups  
T  

o r  b l o c k s ,  t h e  s i z e  of t h e  b l o c k  b e i n g  G The t r a i n  h a s  (?I /G ) b l o c k s ,  
H ' T H 

each of which might  be a hazardous-mate r ia l  b l o c k  w i t h  p r o b a b i l i t y  n  
H ' 

The p r o b a b i l i t y  t h a t  none o f  t h e  b l o c k s  i s  a hazardous-mate r ia l  

b l o c k  is  a l s o  t h e  p r o b a b i l i t y  t h a t  t h e  t r a i n  c a r r i e s  no hazardous-  

m a t e r i a l  c a r s ,  and i s  g i v e n  by: 

= exp {- I f o r  n  << 1 .0 .  H 



TABLE 5-2. RELATIONSHIP BETWEEN PH XUD T U I N  SPEED 

* 
Aggrega ted  b e c a u s e  of  l i m i t e d  d a t a .  

Speed 
(mph) 

0- 5 
I 

6-10 

11-15 

16- 20 

21-25 

26-30 

> 31* 

Average 

P~ 

.058 

.066 

.076 

. l o 3  

,108 

. I35  

. l 5 0  

.08 
..* 

J 

I. 



TABLE 5-3. ESTIXITED PROBABILITY THAT A TRAIN I N  XU 
ACCIDENT I S  CXXRYING HAZUDOUS UTERIALS 

C 

Acciden t  Group 

Yard d e r a i l m e n t s  

Main l ine  d e r a i l m e n t s  

> l a i n l i n e  Class 1 d e r a i l m e n t s  

Y a i n l i n e  Class  2 d e r a i l m e n t s  

Y a i n l i n e  Class 3 d e r a i l m e n t s  

,%inl ine  Class 4 d e r a i l m e n t s  

Main l ine  Classss 5 and 6 d e r a i l m e n t s  

Track-caused y a r d  d e r a i l m e n t s  

Track-caused m a i n l i n e  d e r a i l m e n t s  

Yard c o l l i s i o n s ,  N > 0 
D 

Main l ine  c o l l i s i o n s ,  N > 0 
D 

Y a i n l i n e  Class 1 c o l l i s i o n s ,  ND > 0 

? l a i n l i n e  Class 2 c o l l i s i o n s ,  N > 0 D 
Main l ine  Class 3 c o l l i s i o n s ,  N > 0 D 
N a i n l i n e  Class 4 c o l l i s i o n s ,  > 0 

N~ 
Y a i n l i n e  C l a s s e s  5 and 6 c o l l i s i o n s ,  N > 0 D 

m 

P r o b a b i l i t y  P 
H 

.057 

.097 

.052 

.091  

,123  

. I 1 4  

. I 2 8  

.063 

.086 

.081  

.090 

. O i l  

.082 

.095 

. l o 1  

. I 1 0  

L 



Thus : 

( s]q . PH = 1 - exp - - 

D e s i g n a t e  by P '  and T '  t h e  v a l u e s  c o r r e s p o n d i n g  t o  a  h y p o t h e t i c a l  H H 
s c e n a r i o ,  and by P t h e  v a l u e  c o r r e s p o n d i n g  t o  T = 0 .018 .  When 

H H 
Equa t ion  (5-5) i s  a p p l i e d  t o  t h e s e  two p a i r s  of v a l u e s ,  t h e  r e s u l t  can  

be combined t o  y i e l d  t h e  f o l l o w i n g  e x t r a p o l a t i n g  e q u a t i o n  f o r  P  
H : 



6 ?KJll.BER OF HAZARDOUS-PIATERIAL CARS DERAILING 

A .  IXTRODUCT ION 

'&en an accident to a train occurs, a certain number (N ) of 
HD 

hazardous-material (BI) cars derail. This number is a random variable, 

strongly influenced by the total number of cars derailing, ND, and the 

proportion of hazardous-materials car to all cars, T This chapter H ' 
presents an approach to estimating the probability distribution of 

NHD. 
The approach is to estimate the mean and variance of N and HD' 

then to fit a gamma distribution to these parameters. The continuous 

gamma distribution is then made discrete to obtain the distribution of 

'HD Formulas are presented for the mean and variance of N 
HD' 

The 

gamma-fitting procedure is then described. 

This method is intended for use in situations in which the exact 

number of hazardous-material cars in a train is not specified. When 

the number is specified, a more complex model is necessary. This model 

is presented in Appendix B. The objectives of this work did not call 

for its numerical application. 

B. GENERAL STATISTICAL FORMULAS 

Xuch of the analytical development presented in the following 

pages uses the two following expressions [I]: 

and 



wnere 

E() denotes mean or expected value, 

Var () den0 tes variance , and 

Y denotes "y given I(." 

Both Y and X are random variables. 

C. XEN AND VARIANCE OF ?IUMBER OF HAZARDOUS-UTERIAL 
CARS DERAILING 

Let N denote the total number of cars derailing or damaged in an D 
accident, with N denoting the number of those that carry hazardous 

HD 
materials. 

To compute the expectation and variance of N given ?I we assume 
HD D ' 

that cars are in blocks of length G a random variable. If the over- 
Ii ' 

all rate of occurrence of hazardous-material cars is T ~ ,  then the 

expectation of N given N and GH is: 
HD D 

The number of blocks derailing is (ND/GH). For any of these 

blocks, there is a probability T that it is a hazardous-matzrial block 
H 

with G hazardous-material cars, and a probability (1 - T ) that it is H H 
not a hazardous-material block. The number of hazardous-material 

blocks can be taken to be a random variable with a binomial distribu- 

tion with probability parameter nH. The variance of the number of 

hazardous material blocks, given (N /G ) total blocks derailing is 
D H 

therefore 121: 



S i n c e  each  b l o c k  c o n t a i n s  G c a r s ,  t h e  v a r i a n c e  of t h e  number H 
of h a z a r d o u s - a a t e r i a l  c a r s  d e r a i l i n g  i s :  

Equa t ion  (6-2) i s  n e x t  a p p l i e d  t o  Equa t ion  (6-4) t o  remove t h e  

c o n d i t i o n a l  dependence on G The r e s u l t  is:  H 

where 

When Equa t ion  (6-2) i s  a p p l i e d  once  more t o  Equa t ion  (6 -3) ,  one  

o b t a i n s  t h e  u n c o n d i t i o n a l  v a r i a n c e  f o r  N HD ' 

S i m i l a r l y ,  t h e  u n c o n s t r a i n e d  mean v a l u e  of U is o b t a i n e d  by combining 

E q u a t i o n s  (6-1) and (6-3) : 

I n  Chap te r  4 ,  i t  was de te rmined  t h a t  t h e  f o l l o w i n g  g e n e r a l  

e x p r e s s i o n s  h o l d  : 

and 

Var(NDlv) t c 2 = e v ,  
N~ 

where v  i s  t h e  speed.  The v a l u e s  of d  and e a r e  shown i n  T a b l e  6-1. 



TABLE 6-1. VALUES OF REGRESSION CONST.WTS 
FOR MEXIJ M D  VARIANCE OF ND 

Accident  Category 

I 

Y a i n l i n e  and  Yard Dera i lments  

(A11 Causes) 

> l a i n l i n e  and Yard Dera i lments  

(Track-caused) 

> l a i n l i n e  and Yard C o l l i s i o c s  

(Given a t  l e a s t  one  d e r a i l i n g  c a r )  

- 

Cons tan t  
d e 

1 . 7  

2 . 1  

1 .25 

2 .7  

2 .7  

2 . 3  

L 



The u n c o n d i t i o n a l  means and  v a r i a n c e s  f o r  X can be  o b t a i n e d  5 y  
D 

a p p l y i n g  E q u a t i o n s  (5-1) and (6-2) t o  (5-8) and ( 6 - 9 ) :  

and 

The mean and v a r i a n c e  of v O '  and t h e  mean of v  i s  t o  b e  t a k e n  o v e r  

t h e  a c c i d e n t  s u b s e t  t h a t  i s  of i n t e r e s t .  

When E q u a t i o n s  (6-10) and (6-11) a r e  made c o n d i t i o n a l  on t h e  

v a r i a b l e s  TT, TC, AT and AC, and a r e  t h e n  i n t r o d u c e d  i n t o  Equa t ions  

(6-6) and  (6-7) ,  t h e  f i n a l ,  d e s i r e d  e x p r e s s i o n s  a r e  o b t a i n e d :  

and 

Var(N I T ,  TC, AT, AC) 
H D 

= n H ( l  - n H )  rn ~ E ( v ' * ~ ~ T T ,  TC, AT, AC) 
G~ 

ie  + d) E ( V / T T ,  TC, AT, AC) - d  E ( v ' * ~  TT, TC, AT, AC 

I n  Equa t ion  (6-13) ,  t h e  f o l l o w i n g  r e s u l t  h a s  been used:  

- [ E ( v ' * ~ ! T T ,  TC, AT, AC I 



H i s t o r i c a l  d a t a  a r e  n o t  a v a i l a b l e  f o r  t h e  parameter  m . A v a l u e  
G~ 

of m = 4 w a s  chosen on t h e  b a s i s  t h a t  t h i s  p rov ided  t h e  b e s t  f i t  
G~ 

between h i s t o r i c a l  v a l u e s  o f  t h e  mean and v a r i a n c e  o f  t h e  number of 

hazardous-mate r ia l  c a r s  r e l e a s i n g  t h e i r  c o n t e n t s ,  which ars  ana lyzed  i n  

Chapter  8 .  

Values of  t h e  c o n d i t i o n a l  means of v o q 5  and v a r e  g iven  i n  

Tab l e  6-2. These a r e  o b t a i n e d  from FRA a c c i d e n t  d a t a .  Note t h a t  f o r  

c o l l i s i o n s ,  t h e  mean va lue s  are o n l y  f o r  t h o s e  a c c i d e n t s  i n  which a t  

least  one c a r  was r e p o r t e d  as be ing  damaged o r  i n j u r e d .  Thus,  when t h e  

v a l u e s  from Tab l e  6-2 a r e  used i n  Equa t ions  (6-12) and (6-13) f o r  

c o l l i s i o n s ,  t h e  r e s u l t i n g  d i s t r i b u t i o n  of N is  c o n d i t i o n a l  on a 
HD 

c o l l i s i o n  having occur red  which N 2 1 . 0 .  For a random c o l l i s i o n ,  i t  
D 

w a s  no t ed  i n  Chapter 4 t h a t  t h e  p r o b a b i l i t y  t h a t  N 3 1 i s  P = 0.54.  
D C D 

D. FITTING A DISTRIBUTION TO THE MEASS AllD VARIANCE 

H i s t o r i c a l  d a t a  on t h e  number of hazardous-mate r ia l  c a r s  d e r a i l i n g  

i n  a c c i d e n t s  a r e  shown i n  Tab le  6-3. S e v e r a l  one- and two-parameter 

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 s e  d a t a ,  and t he  gamma d i s t r i b u t i o n  

was found t o  approximate  t h e  d a t a  most a c c u r a t e l y ,  u s ing  t h e  Kolmogrov- 

Smirnov t e s t .  The gamma d i s t r i b u t i o n  was, t h e r e f o r e ,  chosen a s  t h e  

g e n e r i c  form f o r  c u r v e - f i t t i n g  purposes .  

When a d i s t r i b u t i o n  i s  developed us ing  t h e  means and v a r i a n c e s  

g iven  i n  Equa t ions  (6-12) and (6-13),  i t  is found t h a t  l a r g e  i naccu r a -  

c i e s  can occu r  i n  t h e  t a i l  of t h e  d i s t r i b u t i o n ,  e s s e n t i a l l y  because of 

t h e  l a r g e  p r o b a b i l i t y  t h a t  ?IHD = 0. Thi s  l a r g e  p r o b a b i l i t y  e x i s t s  

because o f  t h e  l a r g e  p r o b a b i l i t y  ( 1  - P ) t h a t  a t r a i n  i n  an a c c i d e n t  H 
c o n t a i n s  no hazardous-mate r ia l  c a r s .  A procedure  w a s  t h e r e f o r e  

developed which y i e l d s  a gamma d i s t r i b u t i o n  c o n d i t i o n a l  on hazardous- 

m a t e r i a l  c a r s  be ing  p r e s e n t  i n  t h e  t r a i n .  

The c o n d i t i o n a l  means and v a r i a n c e s  f o r  N are: 
HD 



TABLE 6-2. ELLU VALLZS OF v  A?JD v0 ' 

. 

Accident  Group 

Yard d e r a i l m e n t s  

M a i n l i n e  d e r a i l m e n t s  

M a i n l i n e  C l a s s  1 d e r a i l m e n t s  

Main l ine  C l a s s  2  d e r a i l m e n t s  

Main l ine  Class 3 d e r a i l m e n t s  

Main l ine  Class 4 d e r a i l m e n t s  

Main l ine  C l a s s  5 and 6  d e r a i l m e n t s  

Track-caused yard  d e r a i l m e n t s  

Track-caused m a i n l i n e  d e r a i l m e n t s  

Yard c o l l i s i o n s  (ND > 0) 

M a i n l i n e  c o l l i s i o n s  (N > 0)  
D 

N a i n l i n e  Class 1 c o l l i s i o n s  (ND > 0)  

Main l ine  C l a s s  2  c o l l i s i o n s  (ND > 0 )  

Main l ine  Class 3 c o l l i s i o n s  (ND > 0 )  

N a i n l i n e  Class 4 c o l l i s i o n s  (ND > 0)  

Main l ine  Class 5 6 6 c o l l i s i o n s  (ND > 0)  

Mean v a l u e  of 

v  0 .5  
v  

1 . 8 9  

4 .03 

2.67 

3 .68  

4.38 

5.17 

5.81 

2.28 

3.53 

1 . 7 4  

3.06 

2.15 

2.73 

3.26 

3 .51 

4.18 

3.96 

1 8 . 9  

7.95 

1 4 . 9  

21.3 

29.7 

37.6 

5.86 

14.6  

3.29 

1 2 . 6  

5.57 

9.09 

1 3 . 6  

1 6 . 5  

23.5 

m 



TABLE 6-3. N L W E R  OF HAZARDOUS-YATERL4L CARS 
DERAILING OR DAMAGED PER ACCIDENT 

. 

L 

No. of Cars Dera i l i ng  

1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11-15 

16-20 

2 0 

. 

No. of Accidents  

32,083 

708 

236 

145 

8 3 

4 0 

2 7 

17 

7 

6 ... 
4 

1 4  

6 

1 



Var (XHD) 
Var(X ' N  , 1 )  = + 1 

H D '  H ( 1  - 7) 9 

P~ ?-I - H 

whers  N i s  t h e  number of h a z a r d o u s - m a t e r i a l  c a r s  i n  t h e  t r a i n .  
H 

Once t h e s e  c o n d i t i o n a l  p a r a m e t e r s  a r e  d e r i v e d ,  by u s i n g  Equa t ions  

(6-12) and (6-13) ,  t h e  p a r a m e t e r s  of t h e  gamma d i s t r i b u t i o n  may be 

o b t a i n e d  . 

The gamma d i s t r i b u t i o n  i s :  

1 rl rl-1 
p ( x )  = - 

T ( 7 )  
(x )  exp (-Ax) , 

where x  d e n o t e s  N g i v e n  t h a t  3 > 1. 
HD ' H - 

The p a r a m e t e r s  i and rl can b e  o b t a i n e d  from t h e  f o l l o w i n g  

e x p r e s s i o n s  : 

One now has  an  e s t i m a t e  o f  t h e  complete  p r o b a b i l i ~ y  d i s t r i b u t i a n  

o f  t h e  number o f  hazardous  m a t e r i a l  c a r s  d e r a i l i n g ,  c o n d i t i o n a l  on 

t h e r e  b e i n g  a n  a c c i d e n t  t o  a t r a i n  c a r r y i n g  h a z a r d o u s - m a t e r i a l  c a r s .  

However, t h i s  i s  a c o n t i n u o u s  d i s t r i b u t i o n ,  whereas  t h e  v a r i a b l e  X 
HD 

i s  d i s c r e t e - - i t  can  o n l y  t a k e  i n t e g e r  v a l u e s .  To overcome t k i s  p r o b i e n ,  

one may d e t e r m i n e  t h e  p r o b a b i l i t y  t h a t  X = J (some i n t e g e r )  by i n t e g -  
R 

ra;ing t h e  a r e a  under 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  from J - 3 t o  

J + 1 - 6 ,  where B i s  a f r a c t i o n  s m a l l e r  than  o n e .  

Then: 

P(NR = 0 ~ c c i d e n t  and N > 0 )  = a r e a  from 0  t o  (1 - 3 )  
H 

P(" = l l h c c i d e n t  and X > 0 )  = a r e a  from (1 - 3 )  t o  ( 2  - 3 ) .  
H 

and s o  on.  



The v a l u e  o f  3 was o b t a i n e d  by m a t c h i n g  P(N = 0) t o  t h e  
HD 

h i s t o r i c a l  d a t a .  On t h i s  b a s i s ,  3 was found t o  have  a v a l u e  of 0 .65 .  
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7 .  RELEASE PROBABILITY 

A. IXTRODUCTION 

A f a c t o r  o f  c o n s i d e r a b l e  i n t e r e s t  i n  any r i s k  a n a l y s i s  model i s  

t h e  p r o b a b i l i t y  t h a t  a  d e r a i l e d  o r  damaged hazardous-mate r ia l  c a r  w i l l  

r e l e a s e  a l l  o r  p a r t  o f  i t s  c o n t e n t s .  I f :  

N = number of h a z z ~ d o u s - m a t e r i a l  c a r s  d e r a i l i n g  o r  
HD dama; : . and  

N~ 
= numb f h a z a r d o u s - m a t e r i a l  c a r s  r e l e a s i n g  a l l  o r  

p a r t   heir c o n t e n t s ,  

then  t h e  r e l e a s e  r ~ b a b i l i t y  i s  d e f i n e d  t o  be:  

It i s  r e a s o n a b l e  t o  assume t h a t  t h e  release p r o b a b i l i t y  depends  on 

s p e e d ;  it  i s  t h e r e f o r e  w r i t t e n  q ( v ) .  H i s t o r i c a l  e s t i m a t e s  o f  i ts  v a l u e  

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

From t h e  F'RA a c c i d e n t  d a t a  b a s e ,  e m p i r i c a l  d i s t r i b u t i o n s  o f  

q ( v )  f o r  d e r a i l m e n t s  on m a i n l i n e  and yard  t r a c k  were t a b u l a t e d  

( T a b l e s  7-1 through 7-3). An i n i t i a l  i n v e s t i g a t i o n  was made t o  see 

whether  a common q ( v )  f u n c t i o n  would be  a p p r o p r i a t e  t o  a l l  t r a c k  t y p e s .  

Chi-squared tests (and test on t h e  d i f f e r e n c e s  i n  p r o p o r t i o n s  where 

a p p r o p r i a t e )  were  performed on t h e  number o f  c a r s  r e l e a s i n g  and n o t  

r e l e a s i n g  f o r  m a i n l i n e ,  ya rd ,  and o t h e r  t y p e s  o f  t r a c k .  The o n l y  

s i g n i f i c a n t  d i f f e r e n c e s  are i n d i c a t e d  below: 

1. On comparing m a i n l i n e  and y a r d s  i n  t h e  16- t o  20-mph 
r a n g e ,  57 o u t  of 219 m a i n l i n e  c a r s  r e l e a s e d ,  w h i l e  
0  o u t  o f  1 2  yard  c a r s  r e l e a s e d .  The t e s t  s t a t i s t i c  
f o r  t h e  p r o p o r t i o n  d i f f e r e n c e  is: 



TABLE 7-1. RELEASE PROBABILITY : DERAILLIEXTS (1975-19 77) 

L 

v 
( m ~ h )  

0-5 

6-10 

11-15 

16-20 

21-25 

26-30 

31-35 

36-40 

41-45 

46-30 

51-55 

56-60 

61-65 

66-70 

J 

Number of HT4 
Cars R e l e a s i n g  

53 

58 

9 

6 1 

3 6 

5 1 

3 2 

4 8 

2 5 

3 1  

1 4  

7 

- 
1 

Xumber of HM 
Cars D e r a i l i n g  

746 

495 

1 4  7 

241 

221 

176 

12 2 

17 9 

7 6 

8 1 

3 3 

1 4  

- 
23 

q (v )  

.07 

.12 

.06 

.25 

.16 

.29 

.26 

.27 

.33 

.38  

.42 

.5 

- 
.04 



TABLE 7-2. RELEXS 5 PROBABILITY : MINLINE 
DERAIL~AYTS (1975-1977) 

q (v) 

.09 

.12 

.06 

.26 

. 1 7  

.29 

.26 

.27 

.34 

.39 

.42 

.40 

- 
.04 

- 
- 
- 

v 
( m ~ h )  

0-5 

6-10 

11-15 

16-20 

21-25 

26-30 

31-35 

36-40 

41 -4 5 

46-50 

51-55 

56-60 

61-65 

66-70 

71-75 

7 6-80 

> 80 

Number of HM 
Cars Releasing 

11 

34 

7 

5 7 

36 

5 1  

3 1 

4 7 

25 

3 1 

14  

4 

- 
1 

- 
- 
- 

Number of HM 
Cars  Dera i l i ng  

1 1 7  

283 

112 

219 

2 15  

176 

121 

1 7  2 

7 4 

8 0 

3 3 

10 

- 
2 3 

- 
- 
- 



TABLE 7-3. RELEASE PROBABILITY : YARD DERAILMENTS (1975-1977) 

v 
( m ~ h )  

0- 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 

> 8 0  

Number of HM 
Cars  R e l e a s i n g  

2 6 

1 8  

2 

- 
- 
- 
1 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Number of HM 
Cars  D e r a i l i n g  

502 

173 

17 

12  

1 
- 
1 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

q ( v )  

.05  

.10 

.12 

0 

0 

- 
Smal l  sample 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 



7 . h  e r e  

which is s i g n i f i c a n t  a t  4  p e r c e n t .  

2 .  In  t h e  0- t o  5-mph range ,  d e r a i l m e n t s  on "o ther"  

types  of  t r a c k  show a h i g h e r  r e l e a s e  p r o b a b i l i t y  

( a l t hough  m a i n l i n e  and ya rd s  a r e  no t  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  Tab le  7-4. 

Apar t  from t h e s e  speed r anges ,  t h e r e  a r e  no s i g n i f i c a n t  d i f f e r e n c e s ,  

and t h u s  t h e  o v e r a l l  d i s t r i b u t i o n  of  Tab l e  7-1 w a s  used.  

S e v e r a l  f u n c t i o n s  were t e s t s d  as models f o r  q ( v ) .  (For  s i m p l i c i t y ,  

on ly  one- and two-parameter f u n c t i o n s  were t e s t e d . )  The d a t a  show a 

s h a r p  d e c l i n e  i n  r e l e a s e  f requency  f o r  t h e  h i g h e s t  speed c l a s s ,  a l t hough  

t h i s  i s  based on on ly  23  d e r a i l m e n t s  o u t  of a t o t a l  of 2554 d e r a i l m e n t s .  

The re fo r e ,  t h e  e f f e c t  of t h i s  a p p a r e n t  o u t l i e r  p o i n t  should be miti- 

g a t e d  by app ly ing  a weighted r e g r e s s i o n ,  where t h e  weigh ts  a r e  t h e  

number of d e r a i l m e n t s  . 
The fo l l owing  one-parameter f u n c t i o n  w a s  w i t h i n  2 .22% of t h e  mini-  

mum e r r o r  and was chosen t o  s i m p l i f y  t h e  modeling. Th is  f u n c t i o n  i s :  

The t o t a l  weighted sum-of-squares around t h e  mean w a s  0.1390, which 

y i e l d s  a percen tage  v a r i a t i o n  exp l a ined  of 74%. A graph of q (v)  and t h e  

e m p i r i c a l  v a l u e s  are p re sen t ed  i n  F igu re  7-1. 



TABLE 7-4. RELEASE PROBABILITY COMPARISON I N  THE 
0 TO 5 XPH W G E  FOR VARIOUS TRZrCK TYPES 

L o c a t i o n  

X a i n l i n e  

Yard  

O t h e r s  

TOTAL 

Cars 
R e l e a s i n g  

2 6 

11 

16 - 
5 3 

C! (v) 

0 .052  

0.094 

0.125 

0 .071  

Cars 
Not R e l e a s i n g  

476 

1 0 6  

11 1 - 
6 93 

T o t a l  Cars 

502 

11 7 

1 2  7 - 
746 





C . COLLISIONS 

E s t i m a t i o n  of q ( v )  f o r  c o l l i s i o n s  was hampered by t h e  l i m i t e d  

amount of d a t a  f o r  hazardous  m a t e r i a l s  r e l e a s e s  i n  c o l l i s i o n s .  

Tab le  7-5 p r e s e n t s  t h e  d a t a  f o r  t h e  1975-1977 p e r i o d .  Although t h e  

o v e r a l l  r a t i o  of t h e  number of c a r s  r e l e a s i n g  t o  t h e  number d e r a i l e d  

o r  damaged ( i . e . ,  t h e  r e l e a s e  p r o b a b i l i t y )  of 0.129 is  somewhat l e s s  

than  t h e  comparable  v a l u e  f o r  d e r a i l m e n t s ,  i t  i s  b e l i e v e d  t h a t  t h i s  i s  

p a r t l y  due t o  t h e  lower  v e l o c i t i e s  t h a t  a r e  g e n e r a l l y  observed  i n  

c o l l i s i o n s  and p a r t l y  b e c a u s e  of t h e  p r a c t i c e  of l o c a t i n g  hazardous-  

m a t e r i a l  c a r s  away from t h e  ends  of t rains.  U t i l i z i n g  t h e  f u n c t i o n a l  

form of q (v)  f o r  d e r a i l m e n t s ,  o n e  would e x p e c t  1 5  c a r s  t o  r e l e a s e  ou t  

o f  205 i n  t h e  0- to5-mph range  and 4 o u t  of 33 i n  t h e  6- t o  10-mph 

r a n g e  . H i s t o r i c a l  d a t a  are i n  r e a s o n a b l e  agreement  w i t h  t h e s e  expec ta -  

t i o n s  ( c o n s i d e r i n g  t h e  s p a r s e n e s s  of t h e  d a t a )  a n d ,  t h u s ,  t h e  i d e n t i c a l  

form of q ( v )  is recommended f o r  c o l l i s i o n s  as f o r  d e r a i l n e n t s -  



TABLE 7-3. XELEASE PROBABILITIES FOR COLLISIONS (1973-1977) 

q(v> 

.093 

.030 

.078 

,000 

,250 

1.000 

.333 

.600 

.000 

.428 

. 000 

. I29  

> 

b 

v 
( m ~ h )  

0-5 

6-10 

11-15 

16-20 

21-25 

26-30 

31-35 

36-40 

41-45 

46-50 

71-75 

Overa l l  

Number of HM 
Cars Releasing 

19 

1 

3 

0 

1 

4 

1 

3 

0 

3 

0 

3 5 

Number of HM 
Cars D e r a i l i n g  

205 

3 3 

7 

1 

4 

4 

3 

5 

1 

7 

1 

2 7 1 



8 .  SLXBER OF HAZARDOUS -?UTERI& 
CARS iiE'LEASING THEIR CONTENTS 

1. CJTXODUCT ION 

The d i s t r i b u t i o n  of t h e  number of hazardous-mate r ia l  c a r s  

r e l e a s i n g  t h e i r  c o n t e n t s  i s  ana lyzed  i n  t h i s  c h a p t e r .  T h i s  d i s t r i b u t i o n  

depends on t h e  d i s t r i b u t i o n  of  t h e  number of hazardous-mate r ia l  c a r s  

d e r a i l i n g ,  N and on t h e  r e l e a s e  p r o b a b i l i t y ,  q .  The i s s u e  of how HD ' 
much of hazardous m a t e r i a l  i s  r e l e a s e d  i s  d e a l t  w i t h  i n  t h e  Chapte rs  9 

and 10. 

B . NliMBER OF HXL4RDOUS-MATERIAL CARS RELEASING 

I f  a hazardous-mate r ia l  c a r  d e r a i l s ,  t h e  p r o b a b i l i t y  t h a t  i t  w i l l  

r e l e a s e  i t s  c o n t e n t s  i s  termed t h e  " r e l e a s e  p r o b a b i l i t y "  and i s  denoted  

b y  q ( v ) ,  o r  q. Once such  a r e l e a s e  occu r s ,  t h e r e  i s  a p r o b a b i l i t y  ' r '  

t h a t  t h e  i n i t i a l  o r  pr imary r e l e a s e  w i l l  c au se  a secondary  r e l e a s e  due  

t o  f i r e  from 'kt a d d i t i o n a l  c a r s ,  and (1 - r )  t h a t  no secondary r e l e a s e  

occu r s .  Thus, f o r  one  d e r a i l i n g  hazardous-mate r ia l  c a r ,  one has :  

?rob ( 1  c a r  r e l e a s e s )  = q (v )  ( 1  - r ) ,  

and 

Prob ( 1  + k c a r s  r e l e a s e )  = q(v)  r .  

Thus, g iven  one d e r a i l i n g  hazardous-mate r ia l  c a r ,  t h e  expected number 

of r e l e a s i n g  c a r s  is: 

... =.- 
E('RI~HD = 1 )  a O * ( 1  - q) + 1 * q . ( 1  - r )  + ( 1  + k) . . r 

a q ( l  + k r ) .  

The v a r i a n c e  can b e  d e r i v e d  i n  a similar way: 



On t h e  assumption t h a t  secondary  r e l e a s e s  a r e  in ' r equen t ,  i t  L s  2ot  

u n r e a s o n a b l e  t o  assume t h a t  t h e  secondary  r e l e a s e s  caused by each 

pr imary r e l e a s e  a r e  independent  . Then, g i v e n  N h a z a r d o u s - m a t e r i a l  
H D  

c a r s  d e r a i l i n g ,  t h e  mean and v a r i a n c e  f o r  t h e  number of c a r s  r e l e a s i n g  

a r e  : 

E ( X  ( B  ) = N E ( N . J N ~ ~ = ~ ) ,  
R HD H D  

and 

var ( Y ~  IPIHD) = ?1 var(NR \PIHD = 1 )  
H D 

When E q u a t i o n s  (8-1) and (8-2) a r e  i n t r o d u c e d  i n t o  t h e s e  e x p r e s s i o n s ,  

one o b t a i n s :  

and 

Repeated a p p l i c a t i o n  of E q u a t i o n s  (6-1) and (6-2) l e a d s  t o :  

E ( N ~ \ T T ,  TC, AT, AC) = n  ( 1  + k r )  E(q % ~ T T ,  TC, AT, AC) 
H D 

and 

2  I 
Var(X I T T ,  TC, AT, AC) = n H ( l  + 2kr  + k  r )  E(q % ,TT, TC, AT, AC) 

R n 

2  
+ n H ( ( 1 - n H )  m - 1) ( 1  + k r ) 2  E(q rnN I T T ,  TC, AT, AC) 

G~ D 

+ n2 H ( 1  + k r 1 2  {;(q 2  o TT, TC, AT, AC) + 
D 

+ V a r ( q  I T T ,  TC, AT, AC) 
N~ 



The c o n d i t i o n a l  d i s t r i b u t i o n s  of t h e  nunber  of hazardous-ma t 2 r i a l  

c a r s  d e r a i l i n g ,  d e r i v e d  i n  Chapter  6 ,  have been used h e r e .  

F i n a l l y ,  t h e  v e l o c i t y - d e p e n d e n t  e x p r e s s i o n s  d e r i v e d  in  Chapter 4 

:Or % and z2 and i n  Chapter  7 f o r  q  a r e  i n t r o d u c e d  i n t o  E q u a t i o n s  
N 

(8-5) and (8-67 t o  y i e l d :  

E ( ? I ~ ! T T ,  TC, AT, AC) a ~ ~ ( 1  + k r )  df E ( V / T T ,  TC, AT, AC), 

and 

L 
v ~ ~ ( x ~ / T T ,  TC, AT, AC) = n H ( l  C 2 k r  + k  r )  df E ( ~ ~ T T ,  TC, AT, AC) 

The ? r o c e d u r e  d e s c r i b e d  in Chapter  6  f o r  f i t t i n g  t h e  gamma d i s t r i -  

b u t i o n  and making i t  d i s c r e t e  c a n  be a p p l i e d  t o  Equa t ions  (8-7) and 

(8 -8) ,  i f  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  f o r  N is  d e s i r e d .  
R 

The n e c e s s a r y  c o n d i t i o n a l  means o f  t h e  v e l o c i t y  a r e  shown i n  

Tab le  8-1. A s  i n  Chapter  6 ,  t h e  d a t a  f o r  c o l l i s i o n s  a r e  c o n d i t i o n a l  on a t  

l e a s t  one  c a r  d e r a i l i n g  o r  b e i n g  damaged i n  t h e  c o l l i s i o n .  The v a l u e s  

of t h e  pa ramete rs  d ,  e  and f  a r e  summarized i n  T a b l e  8-2. 

C.' "VALUES FOR r ,  m AND k  
G~ 

Data on ' r '  are h a r d  t o  come by.  Some i n f o r m a t i o n  i s  a v a i l a b l e  

i n  a n  A s s o c i a t i o n  of American Ra i l roads /Ra i lway  P r o g r e s s  I n s t i t u t e  

(XXR/RPI)  tan^ Car S a f e t y  Research and T e s t  P r o j e c t  Report  [ I ] :  

Number of a c c i d e n t s  w i t h  a r e l e a s e  : 434 

Number of a c c i d e n t s  w i t h  a secondary  r e l e a s e  : 43 



A c c l d e n t  Group 

Yard d e r a i l m e n t s  
M a i n l i n e  d e r a i l m e n t s  
Ma i n 1  i n e  C l a s s  1 d e r a i l m e n t s  
M a i n l i n e  C l a s s  2  d e r a i l m e n t s  
M a i n l i n e  C l a s s  3  d e r a i l m e n t s  
M a i n l i n e  C l a s s  4 d e r a l l n r e n t s  
M a i n l i n e  C l a s s e s  5  arrd 6  d e r a i l n r e n t s  
Track-caused  y a r d  d e r a i l ~ n e n t s  
Track-caused  m a i n l i n e  d e r a i l m e n t s  
Yard c o l l i s i o n s  (N > 0 )  

D 
M a i n l i n e  c o l l i s i o n s  ( N  > 0) 

1) 
M a i n l i n e  C l a s s  1 c o l l i s i o n s  (N > 0 )  
Main l i l r e  C l a s s  2  c o l l i s i o ~ r s  (ND > 0) 
M a i n l i n e  C l a s s  3  c o l l i s i o ~ l s  (N') > 0 )  
M a i n l i n e  C l a s s  4  c o l l i s i o ~ r s  (N') > 0)  

1) 
M a i n l i n e  C l a s s e s  5  & 6  c o l l i s i o ~ r s  (N > 0 )  

1) 

0 . 5  
v 

1 .89 
4 . 0 3  
2 .67  
3 .68  
4 .38  
5 .17  
5 . 8 1  
2 .28  
3 .53  
1 . 7 4  
3.06 
2 . 1 5  
2 . 7 3  
3.26 
3 .51  
4 . 1 8  

2 
v 

27.3  
554 

98 .6  
290 
604 

1 1 5 0  
1814 

32.9 
34 7 

20 .6  
362 

6 4 . 6  
1 5 2  
358 
555 

104 3 

Mean Va lue  

v 

3.96 
1 8 . 9  

7 .95  
14 .9  
21 .3  
29 .7  
37 .6  

5.86 
1 4  - 6  

3 .29  
1 2  - 6  

5 .57  
9 .09  

1 7 . 6  
l b .  5  
23.5 

o f  
1 . 5  

v 

9 . 5 3  
98 .5  
2 6 . 5  
6 4 . 1  

111 
1 8 2  
2  5  7  

12.7 
68 .0  

7 .23  
63 .6  
1 7  - 5  
35 .3  
6 6 . 8  
91 .9  

152  



TABLE 8-2. VALL'ES OF REGRESSION CONST.LVTS 

. 
Acciden t  Category 

Y a i n l i n e  and yard  d e r a i l m e n t s  

( A l l  c a u s e s )  

Y a i n l i n s  and y a r d  d e r a i l s e n t s  

(Track-caused) 

SIainl ine  and y a r d  c o l l i s i o n s  

(Given a t  l e a s t  one 
d e r a i l i n g  c a r )  

f 

0.045 

0 .045  

0.045 

d  

1 . 7  

2 . 1  

1 .25  

C o n s t a n t s  

e 

2.7 

2.7 

2 . 3  



Thus : 

Thi s  e s t i m a t e  must b e  t r e a t e d  w i t h  c a u t i o n .  It i s  l i k e l y  t o  be 

h i g h  because  t h e  AAR/RPI p r o j e c t  c o n c e n t r a t e d  on s e v e r e  hazardous-  

m a t e r i a l  a c c i d e n t s ,  which g e n e r a l l y  have a h i g h e r  v a l u e  of r .  

H i s t o r i c a l  d a t a  are n o t  a v a i l a b l e  f o r  t h e  paramete rs  m and k .  
G.. 
H 

They were a s s i g n e d  v a l u e s  of  m = 4 and k  = 2 on t h e  b a s i s  t h a t  t h e s e  
G,. 

r e s u l t e d  i n  t h e  b e s t  f i t  betwee: t h e  p r e d i c t e d  and h i s t o r i c a l  v a l u e s  

of t h e  mean and v a r i a n c e  of N f o r  m a i n l i n e  d e r a i l m e n t s .  With a v a l u e  
R ' 

of r = 0 .1 ,  and f o r  m = 4 ,  k  = 2 ,  p r e d i c t e d  v a l u e s  a r e :  

The h i s t o r i c a l  v a l u e s  are: 

P r e d i c t e d  v a l u e s  f o r  
m a i n l i n e  d e r a i l m e n t s  

H i s t o r i c a l  v a l u e s  f o r  *.. I .  

m a i n l i n e  de r a i lmen t s  

I t  may b e  s een  t h a t  t h e  h i s t o r i c a l  and p r e d i c t e d  v a l u e s  of 4, and 2 
a are f a i r l y  c l o s e .  
N, 

D .  QUANTITATIVE RESULTS FOR KEANS AND VARIAHCES 

The v e l o c i t y  moments g iven  i n  Tab l e  8-1 were i n t r o d u c e d  i n t o  

Equa t ions  (8-7) and (8-8), a l ong  w i t h  t h e  parameter  v a l u e s  shown i n  

Tab l e  8-2. Using r = 0.1,  k = 2 and m, = 4 ,  t h e  e s t i m a t e s  of t h e  mean - 

b~ and  v a r i a n c e  of N shown i n  Tab l e  8-3 w e r e  ob t a ined .  
R 
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s 2 u a m ~ ~ a l a p  pleA 

d n o l 3  2uap733y 



It i s  impor t an t  t o  n o t e  t h e  fo l l owing  c o n d i t i o n s  on t h e s e  means 

and v a r i a n c e s  : 

They a r e  - n o t  c o n d i t i o n a l  on t h e  t r a i n  c a r r y i n g  a t  least 
one haza rdous -ma te r i a l  c a r .  Thus, means and v a r i a n c e s  
c o n d i t i o n a l  on having N 2 1 must b e  developed f o r  t h e  H 
gamma-fit t ing p rocess  b e f o r e  d i s t r i b u t i o n s  of  X are 

R 
developed.  The p roce s s  is d e s c r i b e d  i n  Chapter  6;  and 

For c o l l i s i o n s ,  t h e v a l u e s  are c o n d i t i o n a l  on a t  l e a s t  
one c a r  hav ing  been d e r a i l e d  o r  damaged i n  t h e  a c c i d e n t .  
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Tank Car S a f e t y  Research and Tes t  P r o j e c t ,  "F ina l  Phase 0 1  
Report  on Accident  Review," Review No. R4-01-4-16, June 1972. 



9 .  X\lOL?JT OF IXAZARDOCS XITERIAL 
RELEASED : > i U U  .LUD VXPIXUCE 

The q u a n t i t y  of  h a z a r d o u s  m a t e r i a l  r e l e a s e d  i n  a n  a c c i d e n t ,  

d e n o t s d  by ;k, is  a n a l y z e d  i n  t h i s  c h a p t e r .  I t s  d i s t r i b u t i o n  i s  

d e t e r m i n e d  by t h e  d i s t r i b u t i o n s  of  t h e  number of  c a r s  r e l e a s i n g  (N ) 
R 

and of t h e  amount r e l e a s e d  p e r  c a r ,  a  
R ' 

H i s t o r i c a l  d a t a  f o r  t h e  d i s -  

t r i b u t i o n  o f  a a r e  p r e s e n t e d .  These  d a t a  a r e  t h e n  u s e d ,  a l o n g  w i t h  
R 

d i s t r i b u t i o n  o f  N ( o b t a i n e d  i n  C h a p t e r  8) t o  o b t a i n  a n a l y t i c a l  r e s u l t s  
R 

f o r  t h e  neans  and v a r i a n c e  o f  . 
+I 

a l t e r n a t i v e ,  more complex p r o c e d u r e  i s  used  i n  Chap te r  10  t o  

o b t a i n  n u m e r i c a l  r e s u l t s  f o r  t h e  d i s t r i b u t i o n  o f  A While  t h e s e  
R 

n u m e r i c a l  r e s u l t s  are more a c c u r a t e ,  t h e  a n a l y t i c a l  r e s u l t s  p r e s e n t e d  i n  

t h e  f o l l o w i n g  p a r a g r a p h s  are more g e n e r a l l y  u s e f u l  and f l e x i b l e ,  and 

p r o v i d e  more i n s i g h t .  

5 .  QUANTITY RELEASED PER C A R  

I.]hen a h a z a r d o u s - m a t e r i a l  c a r  r e l e a s e s  i t s  c o n t e n t s ;  i t  d o e s  n o t  

n e c e s s a r i l y  r e l e a s e  a l l  of them. I n  many i n s t a n c e s ,  minor  r e l e a s e s  

o c c u r  due t o  damage t o  f i t t i n g s ,  b u t  n e v e r t h e l e s s  t h e s e  r e l e a s e s  have  

t o  b e  r e p o r t e d  t o  t h e  FRA and t h e  MTB. To d e t e r m i n e  how much m a t e r i a l  

is  r e l e a s e d  p e r  c a r ,  HTB d a t a  were  a n a l y z e d .  S i n c e  i t  might  b e  e x p e c t e d  

t h a t  t h e  q u a n t i t y  r e l e a s e d  p e r  c a r  is a f u n c t i o n  of s p e e d ,  t h e  n e a n  and 

v a r i a n c e  o f  a  were p l o t t e d  as f u n c t i o n s  of  s p e e d ,  a s  shown i n  F i g u r e  9-1. 
R 

Because o f  t h e  s p a r s e n e s s  o f  t h e  d a t a ,  i t  was n o t  p o s s i b l e  t o  d e v e l o p  

s e p a r a t e  p l o t s  f o r  r e l e a s e s  c o n d i t i o n a l  on t r a c k  c l a s s ,  t r a c k  t y p e ,  and  

s o  f o r t h .  Both  t h e  mean and v a r i a n c e  a p p e a r  t o  i n c r e a s e  w i t h  a n  

i n c r e a s e  i n  v e l o c i t y .  U n f o r t u n a t e l y ,  t h e r e  is  a l s o  a  g r e a t  d e a l  of  - 

random f l u c t u a t i o n  i n  t h e  d a t a ,  p r i m a r i l y  because  t h e  sample  s i z e  i s  

s m a l l .  S t a t i s t i c a l  tests were  performed t o  compare t h e s e  s t a t i s t i c s  f o r  
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r e l s a s e s  i n  a c c i d e n t s  o c c u r r i n s  a t  l e s s  than  and g r e a t e r  than  5 and 10 x i l e s  

per  hour (mph). Tab le  9-1 p r e s e n t s  t h e  mean and v a r i a n c e s  f o r  t hese  c l a s s i -  

f i c a t i o n s  and Table  9-2 p r e s e n t s  t h e  r e s u l t s  of t h e  s t a t i s ~ i c a l  t e s t s .  

For modeling purposes ,  a  c o n s t a n t  v a l u e  of v a r i a n c e  w i th  r e s p e c t  
8 2 t o  v e l o c i t y  was assuned.  Th i s  v a l u e  i s  equa l  t o  1 . 3 1 ~ 1 0  g a l  . The 

assumption of a  c o n s t a n t  r a t h e r  t h a n  a  s l i g h t  t r e n d  does  no t  a f f e c t  

any of t h e  r e s u l t s  i n  a  s i g n i f i c a n t  manner. Fur thermore,  t h e  s i g n i f i -  

cance  t e s t  does  no t  s t r o n g l y  i n d i c a t e  t h a t  t h e r e  i s  v a r i a t i o n  wi th  

r e s p e c t  t o  speed .  For t h e  means t h e r e  does appear  t o  be a  t r e n d  w i th  

r e s p e c t  t o  speed .  

The r e l a t i o n s h i p s  ussd a r e  : 

m 
a  = 2x10) v0" g a l l o n s ,  

R 

u 
8 2  

= 1.3xlC ( g a l l o n s )  . 
a 

R 

It should  be no t sd  t h a t  t h e  model assumes t h a t  t h e  amounts r e l e a s e d  

from each r e l e a s i n g  c a r  a r e  independent  and i d e n t i c a l l y  d i s t r i b u t s d .  It  

i s  d i f f i c u l t  t o  suppo r t  t h i s  assumption,  because  of t h e  l i m i t e d  a:fJtlht 

of d a t a ,  b u t  t h i s  is r ea sonab l e  from a  p h y s i c a l  p o i n t  of view. There 

wsre on ly  a  l i m i t e d  number of  a c c i d e n t s  (25) f o r  which r e l e a s e s  wer2 

recorded  and i n  which t h e r e  was more than  one c a r  r e l e a s i n g .  (This  was 

due t o  t h e  l i m i t e d  amount of Y a t e r i a l s  T r a n s p o r t a t i o n  Bureau (YTB) d a t a ,  

which a r e  p r z sen t ed  i n  F igu re  9-2.) Although t h e  mean and v a r i a n c e  of 

t h e  amount r e l e a s e d  per  c a r  in t h e s e  mu l t i - c a r  r e l e a s e s  show s l i g h t  

i n c r e a s e s  over  t h e  mean and v a r i a n c e  of amount r e l e a s e d  i n  one-car 

a c c i d e n t s ,  t e s t s  show no s i g n i f i c a n t  d i f f e r e n c e s .  I f  t h e r e  is a  

d i f f e r e n c e ,  t h e  s t a t i s t i c s  do no t  show i t ,  because of t h e  l i m i t e d  amount 

of d a t a .  It  was assumed, t h e r e f o r s ,  t h a t  t h e  amounts r e l e a s e d  per  c a r  

a r e  independent ,  i d e n t i c a l l y  d i s t r i b u t e d  random v a r i a b l e s .  



TABLE 9-1. EANS AND VARIANCES OF THE .QlObXT RELEASED PER CAR 
(aR) FOR SELECTED VELOCITY CATEGORIES,  I N  GALLONS 

Veloc i ty  Category Mean Variance (mi l l i ons )  

0-5 3767 7 2 

0-10 5175 10 7 

> 5 11044 133 

> 10 11664 140 

TABLE 9-2. TESTS OF SIGNIFICANCE FOR VARIATIONS I N  THE 
!?EM AVD VARIANCE OF THE AMOUNT XLEASED PER CAR 

* 
Comparison t-Value F-Value S ign i f i cance  

Means: 0-5 v s  > 5 3.79 - Very s ign i f  i c a n t  

Neans: 3-10 v s  > 10 3.57 - Very s i g n i f i c a n t  

Variances: 0-5 v s  > 5 - 1.85 17: 

Variances: 0-10 v s  > 10  - 1 . 3 1  Not s i g n i f i c a n t  





C .  .MOL'NT RELEASED PER ACCIDENT 

The amount r e l e a s e d  from X c a r s  has  a mean and v a r i a n c e  g iven  by: 
R 

and 

The means and v a r i a n c e s  of % c o n d i t i o n a l  on  an a c c i d e n t  having 

occu r r ed  in a g iven  group ( d e f i n e d  by TT, TC, AT, and AC) can be  ob t a ined  

by combining Equa t ions  (8-5) and (8-6) f o r  t h e  mean and v a r i a n c e  of N R 
w i t h  Equa t i ons  (9-3) and (9-4) ,  u s i n g  t h e  p roce s s  d e f i n e d  by Equa t i ons  

(6-1) and (6-2).  

The r e s u l t i n g  e x p r e s s i o n s  a r e :  

E (%/TT ,  TC, AT, AC) = n H ( l  + k r )  E(% a R q I ~ ~ ,  TC, AT, AC) ( 9-31 
' D 

and 

v ~ ~ ( A ~ ~ T T ,  TC, AT, AC) = n ( 1  + kr)o: E(mN q l ~ ~ ,  TC, AT, AC) 
H R D 

2 2 + n ( 1  + 2kr  + k r )  E(my m q ( ~ ~ ,  TC, AT, AC) 
H 'D % 

2 1 7 2 ,  - rrH(l + k r )  1 - 1 - T )  E(% % q ITT, TC, AT, AC) 
D R 

2 2 2 + n H ( l  + k r )  E(nN ma q  I T T ,  TC, AT, AC) 
D R  

+ Var(% ma qlTT, TC, AT, AC) 
D R 



:ha t h e  fo l lowing  s e n e r a 1  f o r a s  a r s  i n t roduced  i n t o  Equa t ions  

(9-5) and (9-6):  

One o b t a i n s  t h e  fo l lowing  exp re s s ions :  

E(A iTT, TC,  AT, AC) = -T ( 1  + k r )  d fp  L ( v ~ ' ~ / T T ,  T C ,  AT,  AC) 
R .  H 

(9-7) 

and 

Var(N /TT ,  T C ,  AT,  AC) = -r ( 1  + k r )  d fh  E ( V T T ,  T C ,  AT,  Ac) 
R H 

7 2 + 7 ( 1  + 2kr  + k-r)  d fg2  E(v / T T ,  TC, IT ,  AC) H 

- ~ ~ ( 1  + kr)  
2 2  2 2.5 I 

[I -m,..,[l -%I] df g  E ( V  ( T T ,  T C ,  AT,  Ac) 

2 3  
+ n H ( l  f kr )  f g ( e f g  + d) E(v (TT,  TC, AT, .4C) 

1 .5  - d f g  [ E(v  JTT, TC, AT, AC)] 

Values f o r  d ,  e ,  f ,  g and h a r e  shown in Table  9-3. Values f o r  t h e  

c o n d i t i o n a l  moments of v e l o c i t y  a r e  p r e sen t ed  in Tab l e  9-4. 



TABLE 9-3. VALUES OF VARIOCS REGRESSION CONSTANTS 

Note: 

Accident  
Category 

I 

Main l i ne  and 
Yard Derai lments  
( A l l  c ause s )  

Pla inl ine  and 
Yard Dera i lments  
(Track-caused) 

L 

Yain and 
Yard C o l l i s i o n s  

r 

I 

Cons tan t  

d 

1 . 7  

2 .1  

1.25 

e 

2.7 

2 . 7  

2 .3  

f 

0.045 

0.045 

0.045 

g 

2 x10 

2x10 

2x10 

I 

h 

1 . 3 ~ 1 0  
8 

1 . 3 ~ 1 0  
8 

I 

1 . 3 ~ 1 0  
8 

L 





D .  QUAUTITXTIVE XSLZTS FOR >EMS LC?) VARIXYCES 

E q u a t i o n s  (9-7) and (9-8) may b e  used t o  o b t a i n  n u m e r i c a l  

e x ? r e s s i o n s  f o r  t h e  mean and v a r i a n c s  of  X T h i s  w a s  done,  u s i n g  t h e  
R '  

c o n t e n t s  of T a b l z s  9-3 and 9-4 and a l s o  t h e  pa ramete r  v a l u e s  r = 0 . 1 ,  

k  = 2 ,  and m = h .  The r e s u l t s  a r e  shown i n  T a b l e  9-5. 
G~ 

E . 'THE GAMMA-FITTING PROCEDURE 

To f i t  a n  a c c u r a t e  gamma d i s t r i b u t i o n  t o  t h e  d i s t r i S u t i o n  of  X 
R ' 

i t  i s  n e c e s s a r y  t o  r e c o g n i z e  t h e  s i g n i f i c a n t  p r o b a b i l i t y  mass a t  % = 0 .  

This mass a r i s e s  p a r t l y  from t h e  l a r g e  p r o b a b i l i t y  ( 1  - P ) t h a t  t h e  
H 

t r a i n  d o e s  n o t  c a r r y  haza rdous  m a t e r i a l s ,  b u t  a l s o  from t h e  p r o b a b i l i t y  

t h a t  no h a z a r d o u s - m a t e r i a l  c a r s  d e r a i l ,  and t h a t  e v e n  i f  t h e y  do d e r a i l ,  

t h e y  do n o t  r e l e a s e  t h e i r  c o n t e n t s .  I t  i s  p r e f e r a b l e  t o  o b t a i n  means 

and v a r i a n c e s  f o r  X t h a t  a r z  c o n d i t i o n a l  upon a r e l e a s e  o c c u r r i n g  
Ii 

( i . e . ,  X > 0)  b e f o r e  f i t t i n g  t h e  gamma d i s t r i b u t i o n .  
Ii 

1. P r o b a b i l i t y  of R e l e a s e  

The p r o b a b i l i t y  t h a t  a r e l e a s e  o c c u r s ,  g i v e n  a n  a c c i d e n t ,  i s  

deno ted  by P  
R : 

The p r o b a b i l i t y  o f  a  r e l e a s e  can be  d e r i v e d  a s  f o l l o w s :  

I f  N c a r s  d e r a i l ,  (N /G ) b l o c k s  d e r a i l .  I f  a  b lock  d e r a i l s ,  t h e  
D D H 

p r o b a b i l i t y  t h a t  a t  l e a s t  o n e  c a r  i n  t h e  b l o c k  r e l e a s e s  is: 

. .... . 
1 - P(none r e l e a s e s )  = 1 - P ( g i v e n  c a r  does  n o t  r e l e a s e )  G~ 

Thus, t h e  p r o b a b i l i t y  t h a t  a h a z a r d o u s - m a t e r i a l  c a r  r e l e a s e s ,  g i v e n -  

t h a t  a  b l o c k  d e r a i l s  is: 



TABLE 9-5. XEAU .AND VX2IiLUCE OF THE AYOLT\IT RELZASED PER ACCIDENT 

2 

1 . 1 8  

1 3 . 7 3  

2.45 

8.09 

17 .46  

25.43 

42.40 

1 .86  

5.75 

1 . 0 5  

7 .18  

1 .74 

3.46 

7.16 

1 0 . 6 3  

19.47 . 

Accident  Group 

Yard d e r a i l m e n t s  

X a i n l i n e  d e r a i l m e n t s  

H a i n l i n e  d e r a i l m e n t s ,  C lass  1 

% i n l i n e  d e r a i l m e n t s ,  C l a s s  2  

? l a i n l i n e  d e r a i l m e n t s ,  C l a s s  3  

Y a i n l i n e  d s r a i l m e n t s ,  Class 4 

H a i n l i n e  d e r a i l m e n t s ,  Class 5 and 6  

Track-caused yard d e r a i l m e n t s  

Track-caused m a i n l i n e  d e r a i l n e n t s  

Yard c o l l i s i o n s ,  N > 0 
D 

Y a i n l i n e  c o l l i s i o n s ,  Y > 0 D 
H a i n l i n e  Class 1 c o l l i s i o n s ,  N > 0 

D 
H a i n l i n e  Class 2 c o l l i s i o n s ,  X > 0 D 
X a i n l i n e  C l a s s  3  c o l l i s i o n s ,  ND > 0 

Main l ine  Class 4 c o l l i s i o n s ,  N > 0 D 
Y a i n l i n e  C l a s s e s  5  and 6  c o l l i s i o n s ,  N > 0 D 

m 
A~ 

30.33 

331.87 

67.84 

224.50 

437.70 

575.20 

866.00 

49.80 

283.30 

24.88 

171.60 

47.20 

95.40 

180.40 

248.00 

410.40 



P ( g i v e n  b l o c k  i s  h a z n a t )  P(one r ? l e a s e s  nazmat b l o c k )  

Thus,  t h e  p r o b a b i l i t y  t h a t  no h a z a r d o u s - m a t e r i a l  c a r  r e l e a s e s  i s :  

= P(no c a r s  r e l e a s e l  b l o c k  d e r a i l s )  

For  a g i v e n  v a l u e  o f  N one  can  d e v e l o p  a b inomina l  expans ion  
D' 

as f o l l o w s :  

!?( re lease)  = 1 - P(no r e l e a s e )  

where 



I n  t h e  expans ion ,  t h e  f i r s t  t s n  domina tes  t h e  e x p r e s s i o n ,  and 

t h u s ,  t h e  f i r s t  term a l o n e  i s  an  e x c e l l e n t  approx imat ion .  I n  a d d i t i o n ,  

a t  a g i v e n  v e l o c i t y ,  by t a k i n g  t h e  e x p e c t e d  v a l u e  o f  Y one h a s :  
D' 

I f  a  d i s t r i b u t i o n  of s p e e d s  i s  b e i n g  used ,  t h e n  t h e  e x p e c t e d  v a l u e  

of Equa t ion  (9-15) n u s t  be computed. Yow: 

(From Chaptsr  7 )  

Consequent ly ,  a s  a  f i r s t  approx imat ion ,  v a r i e s  a s  t h e  s q u a r e  

r o o t  of v. A s  5,  i s  a l s o  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of v  

(Chapter  41 ,  t h e  r i g h t  hand s i d e  of Equa t ion  (9-15) v a r i e s  approx;,:a~ely 

a s  v .  Thus, i f  v  i s  t a k e n  from a  d i s t r i b u t i o n ,  t h e  v e l o c i t y  t h a t  s h o u l d  

be used i n  Equa t ion  (9-15) is E ( v ) .  

2 .  Yodif i e d  Mean and V a r i a n c e  f o r  A 
R 

The procedure  f o r  o b t a i n i n g  a  mean and v a r i a n c e  f o r  A givzn  t h a t  
R 

X > 0 p a r a l l e l s  t h e  p r o c e d u r e  d e s c r i b e d  i n  Chapter  6 .  The r e s u l t i n g  
R 

e x p r e s s i o n s  a r e :  



and 

v a r ( \ ! T ~ ,  TC, AT, AC; hR > 0) 

where 

i s  g iven  by Equa t ion  (9-7) and i n  Tab l e  9-5, and 

2 - v a r ( % l ~ ~ ,  TC, AT, AC) 

i s  g iven  by Equa t ion  (9-8) and i n  Tab l e  9-5. Es t imated  v a l u e s  of P a r e  
R 

g iven  i n  Tab le  9-6. 

Once t h e  c o n d i t i o n a l  mean and v a r i a n c e  are ob t a ined ,  t h e  remainder 

of t h e  p rocedure  f o r  o b t a i n i n g  a gamma d i s t r i b u t i o n  i s  i d e n t i c a l  t o  t h a t  

p r e sen t ed  i n  S e c t i o n  6D. However, t h e  d i s t r i b u t i o n  of % does  n o t  need 

t o  be made d i s c r e t e  (wh i l e  t h o s e  of N o r  N d o ) ,  s i n c e  \ is  a , c o n t i -  
HD . R 

nuous v a r i a b l e .  



T.ULE 9-6. ESTMATED PROBABILITY THAT A HAZARDOUS 
XATERIXL I S  ELEASED, GIVEN ;LU ACCIDENT 

. 
Accident  Group 

Yard d e r a i l m e n t s  
' l a in l ine  de ra i l rnent  s 
X a i n l i n e  C l a s s  1 d e r a i l m e n t s  
? k i n l i n e  C l a s s  2 d e r a i l m e n t s  
b l a i n l i n e  C l a s s  3 d e r a i l m e n t s  
Y a i n l i n e  C l a s s  4 d e r a i l m e n t s  
X a i n l i n e  C l a s s  5 and 6 d e r a i l m e n t s  

Track-caused y a r d  d e r a i l m e n t s  
Track-caused m a i n l i n e  d e r a i l m e n t s  

Yard c o l l i s i o n s ,  N > 0 
D > l a i n l i n e  c o l l i s i o n s ,  N D  > 0 

' l a in l ine  C l a s s  1 c o l l i s i o n s ,  N D  > 0 
Y a i n l i n e  Class  2 c o l l i s i o n s ,  Xa > 0 
S la in l ine  C l a s s  3 c o l l i s i o n s ,  23 > 0 
' la in l ine  C l a s s  4 c o l l i s i o n s ,  FID > 0 D 
Y a i n i i n e  C l a s s  3 and 6 c o l l i s i o n s ,  N D  > 0 

R 

0.0043 
0.0197 
0.0067 
0.0167 
0.0260 
0.0281 
0.0368 

0 .0071  
0.0192 

0.0039 
0.0134 
0.0063 
0 .0101 
0.0146 
0.0172 
0.0237 

- 



10 .  AYOUNT OF HAZMDOUS-YATERIXL 
RELEASED PER ACCIDENT: DISTRIBUTION 

A. INTRODUCTION 

Th i s  c h a p t e r  p rov ide s  q u a n t i t a t i v e  r e s u l t s  f o r  t h e  d i s t r i b u t i o n  of 

t h e  amount of hazardous m a t e r i a l  r e l e a s e d  pe r  a c c i d e n t ,  +, f o r  parti-  

c u l a r  grouping of a c c i d e n t s .  These r e s u l t s  a r e  no t  based on t h e  gamma- 

f i t t i n g  p rocedure  d i s c u s s e d  i n  Chapter  9 .  While t h a t  p rocedure  p rov ide s  

g r e a t e r  f l e x i b i l i t y  f o r  g e n e r a l  a p p l i c a t i o n ,  i t  was dec ided  t h a t ,  f o r  

predetermined a c c i d e n t  g roups ,  g r e a t e r  accuracy  cou ld  be ob t a ined  by 

u s i n g  t h e  p rocedure  d e s c r i b e d  below. 

B.  THE PROCEDURE 

I n s t e a d  of computing t h e  mean and v a r i a n c e  of \, one can  compute t h e  

a c t u a l  d i s t r i b u t i o n  of \ by s t a r t i n g  w i th  t h e  e s t i m a t e d  d i s c r e t e  d i s t r i -  

bu t i on  of t h e  nuaber  of c a r s  r e l e a s i n g ,  p(NRTT,  TC, A T ,  AC). 

Then : 

where (a*)' d eno t e s  t h e  M-th convo lu t i on  of t h e  d i s t r i b u t i o n  of t he  
R 

random v a r i a b l e  a w i th  i t s e l f .  The d i s t r i b u t i o n  of a  (which is  t h e  
R R 

m o u n t  r e l e a s e d  per  c a r )  i s  a v a i l a b l e  from h i s t o r i c a l  d a t a ;  c e r t a i n  

paramete rs  of  t h i s  d i s t r i b u t i o n  are shown i n  F igu re  9-1. 

C. RESULTS 

The d i s t r i b u t i o n  of t h e  \ ob t a ined  by app ly ing  t h e  method 

d e s c r i b e d  above a r e  p r e sen t ed  i n  F igu re s  10-1, 10-2, 10-3 and 10-4. 

The fo l l owing  c o n d i t i o n s  app ly  t o  t h e s e  d i s t r i b u t i o n s :  

A l l  a r e  c o n d i t i o n a l  on z n  a c c i d e n t  o c c u r r i n g  t o  a  
t r a i n  c a r r y i n g  hazardous-mate r ia l  c a r s  ( i . e . ,  NH > 0 ) ;  



I 

Mainline Derailments 
Yard Derailments - 

\ 
Mainline Collisions 

Given N D  > 1 )  
Yard Collisions 

X (gal) 

FIGURE 10-1. CUMULATIVE DISTRIBUTIONS OF AMOUNT RELEASED, AR, GIVEN 
THAT NH > 0. (ALL MAINLINE AND YARD COLLISIONS AND 
DERAILMENTS). 
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FIGURE 10-2. CUMULATIVE DISTRIBUTIONS OF AMOUNT RELEASED, AR, GIVEN 
THAT NH > 0 .  (ALL  TRACK-CAUSED MAINLINE AND YARD 
DERAILMENTS). 
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FIGURE 10-3. EFFECT OF TRACK CLASS ON THE CONDITIONAL DISTRIBUTION 
OF AMOUNT RELEASED FOR MAINLINE DERAILMENTS 
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Mainline 
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FIGURE 1 0 4 .  EFFECTS OF TRACK CLASS ON THE CONDITIONAL DISTRtBUTION 
OF AMOUNT RELEASED FOR MAINLINE COLLISIONS 



The d i s t r i b u t i o n s  f o r  c o l l i s i o n s  a r e  a d d i t i o n a l l y  
c o n d i t i o n a l  on a t  l s a s t  one c a r  d e r a i l i n g  o r  b e i n g  
damaged; and 

The d i s t r i b u t i o n s  a r e  n o t  c o n d i t i o n a l  on hav ing  A > 0 .  
T h i s  c o n d i t i o n  is  n o t  n e c e s s a r y ,  s i n c e  t h e  d i s t r i g u t i o n s  
a r e  f u l l y  computed, r a t h e r  t h a n  b e i n g  e s t i m a t e d  from 
t h e i r  means and  v a r i a n c e s .  

To f a c i l i t a t e  t h e  a n a l y s i s  of small r e l e a s e s ,  T a b l e  10-1 p r e s e n t s  

t h e  v a l u e  of P($ = OiAccident  and X > 0 )  These  a r e  t h e  v a l u e s  t o  H 
whicn t h e  c u r v e s  i n  F i g u r e s  10-1 through 10-4 t end  as x  t e n d s  t o  z e r o .  

D.  X C C U U C Y  CHECK 

Data on t h e  amount r e l e a s e d  per  a c c i d e n t  were o b t a i n e d  from t h e  

Y a t e r i a l s  T r a n s p o r t a t i o n  Bureau (NTB) d a t a  b a s e ,  and a r e  compared v i t h  

t he  e s t i m a t e s  r e s u l t i n g  from t h e  "s imple"  ( p a r a m e t e r  e s t i m a t i o n  and 

gamma-f i t t ing)  model of Chapter  9 and t h e  "complex" ( p a r a m e t e r  es t ima-  

t i o n ,  gamma-f i t t ing,  and c o n v o l u t i o n )  model of Chap te r  1 0  and shown i n  

Tab le  10-2. S i g n i f i c a n t  d i f f e r e n c e s  e x i s t :  t h e  h i s t o r i c a l  d a t a  show 

c h a t  t h e  ? r o b a b i l i t y  t h a t  t h e  amount r e l e a s e d  is l e s s  t h a n  1000 g a l l o n s  

is  9 . 3 7 ,  y ihi le  t h e  models p r o v i d e  e s t i m a t e s  of 0.22 and 0 .27 .  There  is 

r e a s o n  t o  b e l i e v e  t h a t  t h e  d i f f e r e n c e s  may r e s u l t  from b i a s e s  i n  t h e  

d a t a ,  r e s u l t i n g  p r i n c i p a l l y  from m i s s i n g  d a t a  r e g a r d i n g  t h e  amount 

r e l e a s e d  i n  some l a r g e  a c c i d e n t s .  An a l t e r n a t i v e  t e s t  w a s  c o n s t r u c t e d  

by u s i n g  h i s t o r i c a l  d a t a  f o r  t h e  d i s t r i b u t i o n s  of bo th  t h e  number o f  

c a r s  r e l e a s i n g  and t h e  amount r e l e a s e d  p e r  c a r  i n  a c o n v o l u t i o n  pro- 

c e d u r e ,  t o  e s t i m a t e  a  s y n t h e t i c  d i s t r i b u t i o n  f o r  t h e  amount r e l e a s e d  

per  a c c i d e n t .  Th i s  d i s t r i b u t i o n  i s  shown i n  t h e  l a s t  coiumn i n  

Tab le  10-2. It may be s e e n  t h a t ,  i n  comparison w i t h  t h i s  h i s t o r i c a l l y  

based computa t ion ,  t h e  complex model p r o v i d e s  e x c e l l e n t  r e s u l t s ,  w h i l e  

t h e  s i m p l e  model i s  r e a s o n a b l y  a c c u r a t e .  

E .  APPLICATION OF PROCEDURE 

The f o l l o w i n g  is a s tep-by-s tep  s u m a r v  of how t o  o b t a i n  a  d i s t r i -  

b u t i o n  of t h e  amount r e l e a s e d .  
... b. a. 



TABLE 10-1. PROBABILITY THAT AR = 0 GIVEZI 
AN ACCIDENT WITH ZiH > 0 

Accident  Group 

Yard d e r a i l m e n t s  
> l a i n l i n e  d e r a  i lmen t s 
Y a i n l i n e  Class 1 d e r a i l m e n t s  
M a i n l i n e  Class 2 d e r a i l m e n t s  
Y a i n l i n e  Class 3 d e r a i l m e n t s  
Main l ine  Class 4 d e r a i l m e n t s  
? l a i n l i n e  C l a s s  J & 6 d e r a i l m e n t s  
Track-caused y a r d  d e r a i l m e n t s  
Track-caused m a i n l i n e  d e r a i l m e n t s  
Yard c o l l i s i o n s  (ND > 0)  
Y a i n l i n e  c o l l i s i o n s  (ND > 0) 
 inl line C l a s s  1 c o l l i s i o n s  (ND > 0)  
X a i n l i n e  Class 2 c o l l i s i o n s  (N > 0) 

D M a i n l i n e  Class 3 c o l l i s i o n s  (ND > 0)  
M a i n l i n e  C l a s s  4  c o l l i s i o n s  (N > 0 )  

D H a i n l i n e  Class 5 & 6 c o l l i s i o n s  (N > 0 )  
D 

P($ = 0 1 ~ c c i d e n t  & 9 > 0 
H 

0.924 
0.796 
0.970 
0.816 
0.787 
0.752 
0 . 7 1 1  
0 .886 
0.776 
0.952 
0.880 
0 .928 
0 .901  
0.876 
0.363 
0.826 



TULE 10-2. COMP.4RISONS OF TABLUTED RELEASE 
DISTRISUTIONS GIVEN .AR > 0  FOR 
DEUILYENTS 

'130 >lTB a c c i d e n t s .  

X (Ga l lons )  

1 , 0 0 0  

5 ,000 

10,000 

25,000 

50,000 

100,000 

2?lodel d e s c r i b e d  i n  Chapter 9 .  

3 ~ o d e l  d e s c r i b e d  i n  t h i s  c h a p t e r ,  S e c t i o n  B. 

4 
Uses c o n v o l u t i o n  p r o c e d u r e ,  i n c o r p o r a t i n g  h i s t o r i c a l  d i s t r i b u t i o n s  
f o r  number of c a r s  r e l e a s i n g  as w e l l  a s  t h e  amount r e l e a s e d  per c a r .  

., 
P ( A ~  2 X I A ~  > O )  

E m p i r i c a l  
O b s e r v a t i o n s  

.37  

.49 

. 6 1  

. a 3  

.92 

.99 

r 

s i m p l e 2  
Nodel 

.22 

.43 

.59 

. 8 3  

.95 

.996 

complex3 
Model 

.27 

.36 

.47 

.74 

. 95  

.996 

H i s t o r i c a l l y  4  

Based Computat i o n  

.29 

.39 

.50 

.78  

.365 

.994 

- ,  -. .. 



Choose t h e  ÿ rack t y ? e ,  TT ( y a r d ,  main) ;  Track C l a s s ,  TC 
( 1  through 5 h 6 ;  f o r  n a i n  t r a c ~  o n l y )  ; Acciden t  Type, AT 
( d e r a i l m e n t s  and c o l l i s i o n s ) ;  and a c c i d e n t  c a u s e ,  AC 
( a l l  causes  and t r a c k  c a u s e s ) ;  

Determine t h e  a c c i d e n t  r a t e  from t h e  d a t a  i n  Chapter  3 ;  

Determine t h e  expec ted  a c c i d e n t  f requency  by combining 
a c c i d e n t  r a t e s  w i t h  e s t i m a t e s  of exposure ;  

For a n  a c c i d e n t ,  d e t e r m i n e  t h e  p r o b a b i l i t y  PH t h a t  t h e  
t r a i n  c a r r i e s  hazardous  m a t e r i a l s ,  and f o r  c o l l i s i o n s ,  
t h a t  a t  l e a s t  one  c a r  is d e r a i l e d  o r  damaged, P  . Values 
f o r  P  a r e  p r e s e n t e d  i n  Chapter  4 and f o r  Pg igD Chapter  5; 

CD 

Given a n  a c c i d e n t ,  t h e  p r o b a b i l i t y  t h a t  A = 0 is g iven  by :  R 

where P  is t h e  p r o b a b i l i t y  o f  a  r e l e a s e ,  g i v e n  i n  T a b l e  9 - 4 ;  
R 

Given a n  a c c i d e n t ,  t h e  d i s t r i b u t i o n  of A i s  o b t a i n e d  by 
m u l t i p l y i n g  t h e  curves  i n  F i g u r e s  10-1 t h o u g h  10-4 by  
P f o r  d e r a i l m e n t s  and by PH PCD f o r  c o l l i s i o n s ;  and 

H 

Given N a c c i d e n t s  w i t h i n  a group,  t h e  p r o b a b i l i c v  d i s t r i -  
b u t i o n  f o r  $ i s  o b t a i n e d  by t a k i n g  t h e  Y-th c o n v o l u t i o n  
o f  t h e  distribution o b t a i n e d  i n  s t e p  6 ,  above.  



11. ERROR .LVALYSIS OF THE RISK ESTIXATES 

An i n v a r i a b l e  concern  i n  performing a r i s k  a n a l y s i s  i s  t h e  accuracy  

of t h e  r i s k  e s t i m a t e s  t h a t  a r e  deve loped .  Th i s  concern  e x p r e s s e s  i t s e l f  

i n  two d i f f e r e n t  ways: 

1 )  I f  t h e  p r e d i c t e d  r i s k  i s  low i n  some a b s o l u t e  s e n s e ,  
how l i k e l y  i s  i t  t h a t  t h e  r i s k  i s  u n d e r s t a t e d ,  and 
by how much? The d e s i r e  h e r e  i s  t o  make s u r e  t h a t  
one i s  n o t  be ing  l u l l e d  i n t o  a f a l s e  s e n s e  of 
s e c u r i t y .  

2 )  Conversely ,  t h e r e  i s  a n  equa l  d e s i r e  n o t  t o  be 
a l a r m i s t :  t o  make s u r e ,  when h igh  l e v e l s  of r i s k  a r e  
p r e d i c t e d ,  t h a t  one i s  n o t  g r o s s l y  o v e r e s t i m a t i n g  
them. 

I n  t h e  l i t e r a t u r e  on r i s k  a n a l y s i s ,  t h i s  concern  i s  t y p i c a l l y  

addressed  by deve lo? ing  "conf idence  bounds" on e s t i m a t e s  of r i s k .  Th i s  

term is  a misnomer, because t h e  bounds a r e  n o t  s t a t i s t i c a l l y  v a l i d  ones ,  

w i t h  an  a s s o c i a t e d  con f idence  l e v e l .  The bounds a r e  u s u a l l y  developed 

by a s e r i e s  of q u a l i t a t i v e ,  i n t u i t i v e  arguments ,  which have a r i n g  of 

p l a u s i b i l i t y  t o  them, bu t  which a r e  n o t  c apab l e  of p roof .  Desp i t e  t h i s  

shor tcoming,  they  a r e  v a l u a b l e  because t hey  p rov ide  a measure of i n s i g h t  

i n t o  t h e  accuracy--or l a c k  thereof--of t h e  e s t i m a t e s  of r i s k .  

I n  t h e  p r e s e n t  p r o j e c t ,  a n  a t t emp t  w a s  made t o  deve lop  r i g o r o u s  

conf idence  bounds, w i t h  some measure of succe s s .  Q u a l i t a t i v e  and 

q u a n t i t a t i v e  r e a son ing  had t o  be  combined t o  deve lop  u s e f u l  e s t i m a t e s  

o + . e r r o r .  The o v e r a l l  p r oce s s  is d e s c r i b e d  h e r e ,  a long  w i t h  recommended 

bounds f o r  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  amount r e l e a s e d ,  . Pk 
This  d e s c r i p t i o n  is preceded by a d i s c u s s i o n  of v a r i o u s  s o u r c e s  of e r r o r  

i n  t h e  r i s k  e s t i m a t i o n  procedures  developed i n  t h i s  r e p o r t .  



B .  SOURCES OF ERROR 

1. I n a d e q u a t e  H i s t o r i c a l  Exper ience  

The r i s k  e s t i m a t e s  a r e  based ,  t o  a l a r g e  e x t e n t ,  on h i s t o r i c a l  

d a t a  r e g a r d i n g  r e l e a s e s  o f  hazardous  m a t e r i a l s .  To t h e  e x t e n t  t h a t  

t h e s e  d a t a  a r e  s p a r s e ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e y  r e p r e s e n t  a 

b i a s e d  sample ,  and t h a t  f u t u r e  e x p e r i e n c e  may be d i f f e r e n t .  There  is  

no r i g o r o u s  way t o  q u a n t i f y  t h i s  e r r o r ,  e x c e p t  th rough  a n a l y t i c a l  

modeling which,  of c o u r s e ,  begs  t h e  whole i s s u e  of t h e  a c c u r a c y  of 

a n a l y t i c a l  models.  

2 .  S y s t e m a t i c  E r r o r s  i n  H i s t o r i c a l  Data 

S y s t e m a t i c  e r r o r s  nay  e x i s t  i n  h i s t o r i c a l  a c c i d e n t  d a t a .  P o s s i b l e  

examples i n c l u d e  m i s r e p o r t i n g  of a c c i d e n t  c a u s e  and t r a i n  s p e e d ,  and 

t h e  absence  of d a t a  on t h e  amount o f  hazardous  m a t e r i a l s  r e l e a s e d  i n  

some l a r g e  a c c i d e n t s .  To t h e  e x t e n t  t h a t  t h e s e  e r r o r s  can  be  measured,  

t h e y  can  be  c o r r e c t e d  f o r ,  and have been i n  t h i s  r e p o r t .  I f  o n l y  

q u a l i t a t i v e  i n f o m a t i o n  r e g a r d i n g  t h e  e x t e n t  of t h e s e  e r r o r s  e x i s t s ,  

t h e  a p p r o p r i a t e  c o u r s e  i s  t o  perform a n  a n a l y s i s  of t h e  s e n s i t i v i t y  cf 

t h e  r i s k  e s t i m a t e s  t o  d a t a  e r r o r s .  

3 .  E r r o r s  i n  Q u a n t i t a t i v e  Model ing 

S e v e r a l  models have  been developed i n  t h e  p reced ing  c h a p t e r s ,  f o r  

e s t i m a t i n g  t h e  d i s t r i b u t i o n s  of such random v a r i a b l e s  a s  t r a i n  s?eed ,  

t o t a l  number o f  c a r s  d e r a i l i n g ,  p r o b a b i l i t y  t h a t  a  t r a i n  c a r r i e s  hazar -  

dous  m a t e r i a l s ,  number of h a z a r d o u s - m a t e r i a l  c a r s  d e r a i l i n g ,  r e l e a s e  

p r o b a b i l i t y ,  and amount r e l e a s e d  p e r  c a r .  Hany of t h e s e  models a r e  

based on h i s t o r i c a l  d a t a  and i n v o l v e  a  c u r v e - f i t t i n g  p rocedure  which 

smoothes o u t  f l u c t u a t i o n s  i n  t h e  d a t a .  T h i s  smoothing p rocedure  may be 

regarded  as a l o g i c a l  method of c o r r e c t i n g  sampling e r r o r s  i n  t h e  d a t a .  

On t h e  o t h e r  hand, d i f f e r e n c e s  between t h e  f i t t e d  c u r v e  and t h e  d a t a  

may e q u a l l y  w e l l  b e  regarded  a s  modeling e r r o r s .  



4 .  E r r o r s  i n  Yodel S t r u c t u r e  

I t  i s  c o n c e i v a b l e  t h a t  some s i g n i f i c a n t  independen t  v a r i a b l e  t h a t  

a l t e r s  r i s k s  h a s  n o t  been i n c l u d e d  i n  t h e  a n a l y t i c a l  models.  To t h e  

e x t e n t  t h a t  t h e  v a l u e  of t h i s  v a r i a b l e  i n  a  f u t u r e  a p p l i c a t i o n  of t h e  

models is  d i f f e r e n t  from i t s  i m p l i c i t  v a l u e  i n  t h e  h i s t o r i c a l  d a t a  on 

which t h e  models a r e  based ,  e r r o r s  w i l l  o c c u r  i n  p r e d i c t i n g  r i s k .  An 

example of such a  h idden  v a r i a b l e  i s  a  t r u e  measure  of t r a c k  q u a l i t y .  

T h i s  r e p o r t  h a s  used  a  s u r r o g a t e  f o r  t h i s  v a r i a b l e ;  v i z . ,  t r a c k  c l a s s .  

I t  is  known t h a t  t h e  q u a l i t y  o f  t r a c k  (and ,  conceivably ' ,  t h e  d e r a i l m e n t  

r a t e )  may v a r y  wide ly  w i t h i n  a  g i v e n  t r a c k  c l a s s .  The models devs loped  

i n  t h i s  r e p o r t  a r e  based on a n a t i o n w i d e  a v e r a g i n g  w i t h i n  each  c l a s s  of 

t r a c k .  When a p p l y i n g  t h e s e  models ,  i f  t h e  segments of t r a c k  w i t h i n  a  

t r a c k  c l a s s  a r e  s u f f i c i e n t l y  s h o r t ,  t h e y  may d i f f e r  s i g n i f i c z n t l y  i n  

q u a l i t y  from t h e  n a t i o n w i d e  c l a s s  a v e r a g e ,  and t h u s  l e a d  t o  e r r o r s  i n  

t h e  r i s k  e s t i m a t e s .  

S i n c e  e r r o r s  of t h i s  t y p e  are f o r c e d  by t h e  l a c k  of h i s t o r i c a l  d a t a  

on p e r t i n e n t  v a r i a b l e s ,  t h e r e  i s  no r o u t i n e  p rocedure  f o r  e s t i m a t i n g  

t h e i r  n a g n i t u d e .  I n  some i n s t a n c e s ,  i m a g i n a t i v e  p rocedures  can be 

deve loped ,  b u t  t h e y  would i n v o l v e  s u b s t a n t i a l  e f f o r t  and have n o t ,  

t h e r e f o r e ,  been pursued i n  t h i s  p r o j e c t .  A s  a n  example,  t h e  n a t i o n ' s  

t r a c k  w i t h i n  a g i v e n  t r a c k  c l a s s  cou ld  b e  segmented i n t o  s e v e r a l  major  

groups--based on t h e  owning r a i l r o a d ,  f o r  example. Accident  r a t e s  can 

t h e n  be d e r i v e d  f o r  each  group,  and s t a t i s t i c a l  t e s t s  made t o  d e t s r m i n e  

t h e  s i g n i f i c a n c e  of t h e  d i f f e r e n c e s ,  i f  any. 

C. REVIEW OF RISK-ESTIMATION PROCEDURE 

For conven ience ,  t h e  o v e r a l l  s t r u c t u r e  of t h e  r i s k - e s t i m a t i o n  

p rocedure  is  reviewed h e r e .  I n  t h e  c o n t e x t  of t h i s  d i s c u s s i o n ,  " r i s k "  

is  synonymous w i t h  " t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  amount 

r e l e a s e d .  I '  

The f i r s t  s t e p  i s  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  of a t r a i n  a c c i d e n t ,  

PA, o r  t h e  expec ted  f requency  of t r a i n  a c c i d e n t s ,  m The key h i s t o r i -  F' 
c a l  v a r i a b l e  is t h e  a c c i d e n t  rate,  d i s c u s s e d  i n  S e c t i o n  3-G. 



The second s t e p  i s  t o  d e t e r m i n e  t h e  ? r o b a b i l i t y  P  t h a t  t h s  t r a i n  
H 

c a r r i e s  hazardous  m a t e r i a l s ,  
H = P(NH > 0 ) ,  where N i s  t h e  number of H 

hazardous-mate r ia l  c a r s .  

The t h i r d  s t e p  i s  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  P(.\ > 0 i ~ c c i d e n t  

and XH > 0 )  t h a t  t h e  amount r e l e a s e d  i s  g r e a t e r  t h a n  z e r o ,  g i v e n  t h a t  

a t r a i n  c a r r y i n g  hazardous  a a t e r i a l s  h a s  been invo lved  i n  an  a c c i d e n t .  

The f o u r t h  s t e p  i s  t o  d e t e r m i n 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  

P(.\\\ > 0)  f o r  t h e  amount r e l e a s e d ,  g i v e n  t h a t  i t  i s  g r e a t e r  t h a n  

z e r o .  ( J l e  combined r e s u l t s  o f  t h e  second ,  t h i r d  and f o u r t h  s t s p s  a r e  

p r e s e n t e d  i n  t h e  t a b u l a t i o n s  i n  Chapter  10 . )  

The f i f t h  and f i n a l  s t e ?  i s  t o  a p p r o p r i a t e l y  combine t h e  f o u r  

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

anount  r e l e a s e d .  I n  t h i s  c o n t e x t ,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t ,  i n  

nany s i t u a t i o n s ,  t h i s  d i s t r i b u t i o n  w i l l  have a s i g n i f i c a n t  mass, o r  

p r o b a b i i i t y ,  a t  % = 0 ;  i . e . ,  t h e  p r o b a b i l i t y  t h a t  no r e l e a s e  o c c u r s  a t  

a l l  may be c l o s e  t o  u n i t y .  The c u m u l a t i v e  p r o b a b i l i t y  t h a t  a  s p i l l  

o c c u r s  w i l l  be  small, and w i l l  be s i g n i f i c a n t l y  a l t s r e d  by t h e  p robab i -  

l i t y  t h a t  no s p i l l  o c c u r s .  It  is t h e r e f o r e  p o s s i b l y  s o r e  importanc t o  

e s t i m a ~ e  t h e  e r r o r s  i n  t h e  p r o b a b i l i t y  t h a t  $ = 0 t h a n  i n  t h e  di8:'ri- 

b u t i o n  of %, g i v e n  t h a t  i t  i s  g r e a t e r  t h a n  z e r o .  

D. QUMTITATIVE ERROR ESTIYATES 

1. T r a i n  Acc iden t  Rates  

T r a i n  d e r a i l m e n t  r a t e s  a r e  e s t i m a t e d  i n  Chapter  3 ,  S e c t i o n  F ,  :o 

have t h e  f o l l o w i n g  v a l u e s  pe r  g r o s s  ton-mile :  

Class of Track  1 2 3 4 564 

* 
Rate  p e r  53.2 17.3 5.59  0.589 0 . 8 4 0  

B i l l i o n  GTM 

* 
A l l  c a u s e s .  



There  i s  no a n a l y t i c a l l y  c o r r e c t  and p r a c t i c a b l e  p rocedure  f o r  s s t i -  

a a t i n g  bounds on t h e s e  r a t e s .  .4n i n t x i t i v e l y  a c c e p t a b l e  p rocedu r s  has  

been dev i s ed  and i s  recommended f o r  u se .  For C l a s s  3 t r a c k ,  as an 

example, t h e  upper  bound on t h e  r a t e  i s  taken  t o  be t h e  geomet r ic  nean 

of t h e  r a t e s  f o r  C l a s s e s  2 and 3 ;  t h e  lower bound i s  t h e  geomet r ic  a e a n  

of t h e  r a t e s  f o r  C l a s s e s  3  and 4 .  For  C l a s s  1, t h e  upper  bound i s  t aken  

t o  be: 

S i m i l a r l y ,  t h e  lower bound f o r  C l a s s  4 i s  t o  be :  

Ra te  1 Rate  x = Rate  x 
1 Lower Bound 

1 
1 

Based on t h i s  p rocedure ,  t h e  t a b u l a t i o n  shown i n  Tab le  11-1 is  

a r r i v e d  a t .  

Ra te  
I 

1 

Rate  Ra t e  
1 2 

Because of t h e  anomalous behav ior  of C l a s s e s  5  and 6 ,  t h i s  

procedure  cannot  be a p p l i e d  t o  them. Because of t h e i r  r e l a t i v e l y  

sma l l  l e v e l  of exposure ,  i t  was n o t  cons ide r ed  impor tan t  t o  deve lop  

bounds f o r  t h e i r  r a t e s .  

I t  is a l s o  recommended t h a t  t h e  same procedure  be a p p l i e d  t o  

t rack-caused d e r a i l m e n t s  and t o  c o l l i s i o n s .  The r e s u l t s  a r e  a s  shown 

i n  Tab les  11-2 and 11-3. 

For yard a c c i d e n t  r a t e s ,  i t  i s  recommended t h a t  t h e  bounds be 

d e r i v e d  by examining t h e  bounding f a c t o r s  f o r  C l a s s  1 ma in l i ne  

a c c i d e n t s ;  t h e  r a t i o  of t h e  upper bound t o  t h e  b e s t  e s t i m a t e  and of t h e  

b e s t  e s t i m a t e  t o  t h e  lower bound is 1.96 f o r  d e r a i l m e n t s  and 1 .55  f o r  

c o l l i s i o n s .  I f  t h e  same f a c t o r s  a r e  used f o r  yard a c c i d e n t s ,  t h e  

v a l u e s  shown i n  Tab le  11-4 a r e  ob t a ined .  



TABLE 11-1. UPPER Aii LONER BOUNDS FOR ACCIDENT U T E S  
FOR VARIOUS CLASSES O F  TRACK: ALL 
HAINLINE DERAILMENTS 

* 
Per billion GTN. 

A 

Class of Track 

* 
Lower-bound Rate 

* 
Best Estimate Rate 

* 
Upper-bound Rate 

1 

30.3 

53.2 

94.5 

4 

0.191 

0.589 

1.82 

2 

9.83 

17.3 

30.3 

3 

1.82 

5.59 

9.83 



TABLE 11-2. UPPER LOWER BOUND ESTIMATES FOR ACCIDENT 
RATES FOR VARIOUS CLASSES OF TRACK: TUCK-' 
CAUSED WINLINE DERAILMENTS 

* 
Per billion Gm. 

Class of Track 

* 
Lower-bound Rate 

* 
Best Estimate Rate 

* 
Upper-bound Rate 

1 

16.9 

33.1 

64.8 

2 

4.24 

8.64 

16.9 

d 
1 

0.624 

2.08 

4.24 

I 

5 

0.056 

0.187 

0.624 



TABLE 11-3. UPPER AND LOWER BOUND ESTIhlATES FOR ACCIDENTS 
FOR VARIOUS CLASSES OF TRACK: YAINLINE COLLISIONS 

* 17 2 
Per 10 (gross-ton) miles. 

3 

1.11 

3.32 

4.26 

2 

4.26 

5.47 

8.50 

. 
Class of Track 

* 
Upper-bound Rate 

* 
Best Estimate Rate 

* 
Lower-bound Rate 

4 

0.125 

0.372 

1.11 

1 

8.50 

13.2 

20.5 



TABLE 1 1 - 4 .  UPPER AND LOWER BOUND ESTIMATES FOR ACCIDENT 
RATES IN YARDS: DERAILMENTS AND COLLISIONS 
DUE TO ALL CAUSES 

* 6 
Accidents per 10 cars. 

b 

* 
Upper-bound Rate 

* 
Best Estimate Rate 

* 
Lower-bound Rate 

Yard Derailments 

1 5 . 5  

7.9 

4.0 

Yard Collisions 

7.0 

4.5 

2.9 



2 .  P r o b a b i i i t y  That Hazardous X a t s r i a l s  a r e  P r e s e n t  

Given a  t r a i n  a c c i d e n t ,  t h e  p r o b a b i l i t y  t h a t  hazardous m a t e r i a l s  

a r e  p r e s e n t  on  t h e  t r a i n  i s  P 
H ' 

H i s t o r i c a l  e s t i m a t e  of P a r e  g i v e n  H 
i n  Tab l e  5-3; a  node l  f o r  e s t i m a t i n g  P i n  new s i t u a t i o n s  i s  p r e sen t sd  

H 
i n  Chapter  5 ,  S e c t i o n  D. .I parameter  i n  t h a t  model i s  a t h e  propor- 

H ' 
t i o n  of hazardous-mate r ia l  c a r s  t o  a l l  c a r s .  I n  t h e  fo l l owing  t h e  

s e n s i t i v i t y  of P  t o  v a r i a t i o n s  i n  a i s  examined, f o r  t h e  c l a s s  of  
H H 

m a i n l i n e  d e r a i l m e n t s  . 
For m a i n l i n e  d e r a i l m e n t s ,  h i s t o r i c a l  d a t a  i n d i c a t e  t h a t :  

a = 0.018 (Table  5-1) and P  = 0.097 (Table  5-3) . 
H H 

Table  5-1 a l s o  i n d i c a t e s  t h a t  w i t h i n  m a i n l i n e  t r a c k ,  - v a r i e s  from a  
" H 

low of 0.014 f o r  Class 5 t r a c k  t o  a  h igh  of 0.021 f o r  C l a s s  3  t r a c k .  

Using t h e s e  as l i k e l y  bounds on t h e  v a l u e  of a f o r  a l l  m a i n l i n e  
H 

d e r a i l m e n t s ,  t h e  formula  i n  Chapter  5,  S e c t i o n  D i n d i c a t e s  t h a t  P 
H 

would v a r y  from 0.076 t o  0.119. Th i s  a n a l y s i s .  s u g g e s t s  t h a t  t h e  

fo l l owing  would be  r e a s o n a b l e  bounds f o r  P f o r  m a i n l i n e  d e r a i l m e n t s :  
H 

Uper bound = 0.097 x 1 . 2  = 0.116 

Lower bound = 0.097 s 1 . 2  = 0.081. 

The f a c t o r  of 1 . 2  is used t o  o b t a i n  symmetric bounds t h a t  c l o s e l y  

approximate  t h e  observed  bounds of 0 .076 'and 0 .119,  r e s p e c t i v e l y .  

It i s  a l s o  recommended t h a t  t h e  same r a t i o  of 1 . 2  be  a p p l i e d  t o  

o b t a i n  bounds on P f o r  o t h e r  a c c i d e n t  s c e n a r i o s .  
H 

3 .  P r o b a b i l i t y  of a Re lease  

The p r o b a b i l i t y  of a release, g iven  a t r a i n  a c c i d e n t ,  is:  

P($ > 0)  I Accident)  = PH x  P(AR > 0  1 Accident  & ?1 > 0)  , H 

t h e  second term on t h e  r i g h t  be ing  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  of a  

r e l e a s e ,  g iven  t h a t  an a c c i d e n t  o c c u r s  t o  a  t r a i n  c a r r y i n g  hazardous 

m a t e r i a l s .  Bounds on t h e  f a c t o r  P  have a l r e a d y  been d i s cus sed .  The H 
c o n d i t i o n a l  p r o b a b i l i t y  i n  t h e  above exp re s s ion  depends p r i n c i p a l l v  on 



two f a c t o r s :  t h e  r e l e a s e  p r o b a b i l i t y  q ( v )  and t h e  number of hazardous-  

m a t e r i a l  c a r s  d e r a i l i n g ,  g i v e n  a  t r a i n  a c c i d e n t .  L n c e r t a i n t i e s  i n  t h e  

l a c t e r  f a c t o r  have Seen d e a l t  w i t h  i n  t h e  a n a l y t i c a l  model,  which i s  

r ~ p r e s e n t e d  by b o t h  i t s  mean and v a r i a n c e .  The r e l e a s e  p r o b a b i l i t y ,  

on t h e  o t h e r  hand, i s  p r e s e n t e d  o n l y  by i t s  e x p e c t a t i o n .  Refe rence  

t o  F i g u r e  7-1 i n d i c a t e s  t h a t  t h e  r e g r e s s i o n  a c t u a l l y  used can v a r y  

s i g n i f i c a n t l y  from t h e  observed  v a l u e s .  T y p i c a l  e r r o r s  a r e  on t h e  

o r d e r  of + 30%. I f  t h e  e s t i m a t e s  of q ( v )  a r e  i n c r e a s e d  and d e c r e a s e d  - 
by t h e s e  amounts f o r  m a i n l i n e  d e r a i l m e n t s ,  one f i n d s  t h a t  

P ( \  > 0  IAccident  and NH > 0) v a r i e s  in d i r e c t  p r o p o r t i o n ,  r a n g i n g  from 

a  low of 0.143 t o  a h i g h  of 0 .265,  w i t h  a  b e s t  e s t i m a t e  o f  0.204. 

(See Table  10-1. For m a i n l i n e  d e r a i l m e n t s ,  t h e  p r o b a b i l i t y  t h a t  \ = O  

is  0 .796.  The complement o f  t h i s ,  0 .204,  is t h e  p r o b a b i l i t y  t h a t  

% > 0 . )  It i s  recommended t h a t  f a c t o r s  of 0.7 and 1 . 3  b e  a p p l i e d  t o  

o b t a i n  lower  and upper  bounds on P(% > 0  ~ c c i d e n t  and NH > 0) , f o r  a l l  

a c c i d e n t  s c e n a r i o s .  

4 .  D i s t r i b u t i o n  of Amount Released,  Given a R e l e a s e  

The f i n a l  s t e p  i s  t o  e s t i m a t e  e r r o r s  i n  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  d i s t r i b u t i o n :  

For example, t h i s  cumula t ive  d i s t r i b u t i o n  f o r  m a i n l i n e  d e r a i l n e n t s  

may be d e r i v e d  a s  f o l l o w s  from F i g u r e  10-1: 



Thus, 

X r i g o r o u s  lower bound was deve loped  f o r  t h e  c u m u l a t i v e  a i s t r i -  

b u t i o n  P ( h  ! A  > 0) f o r  a l l  m a i n l i n e  d e r a i l n e n t s .  Two methods o f  
R R 

e s t i m a t i n g  t h e  upper bound were  used ,  o n e  based  on e s t i m a t i n g  sampl ing  

e r r o r  i n  t h e  o b s e r v e d  r e l e a s e s  f o r  which t h e  4ITB d a t a  b a s e  7 r o v i d e d  

d a t a ,  and  t h e  second based  on a p p l y i n g  t h e  Chebyshev i n e q u a l i t y  t o  t h e  

obse rved  d i s t r i b u t i o n  of t h e  amount r e l e a s e d ,  g i v e n  a r e l e a s e .  T h i s  

i n e q u a l i t y  s t a t e s  t h a t :  

The two bounds were  developed f o r  s e v e r a l  v a l u e s  of X = x ,  and t h a t  
R 

o n e  w a s  used  which was c l o s e r  t o  t h e  e s t i n a t e d  d i s t r i b u t i o n s  based  on  

F i g u r e s  10-1 th rough  10-4. T h i s  i s  a 95 p e r c e n t  c o n f i d e n c e  l e v e l  lower  

bound. The r a t i o  of t h e  lower  bound t o  t h e  b e s t  e s t i m a t e  was t h e n  

de te rmined ,  and a p p l i e d  in a n  i n v e r s e  f a s h i o n  t o  deter in ine  a n  uFper 

bound. The r e s u l t s  a r e  a s  shown i n  T a b l e  11-5. 

A s  c a n  be  s e e n ,  t h e  bounds a r e  f a i r l y  t i g h t ,  e x c e p t  a t  low v a l u e s  

of x, where t h e  impor tance  of  c o n f i d e n c e  bounds i s  d i m i n i s h e d  i n  any 

c a s e .  

It i s  recommended t h a t ,  f o r  e a s e  of  a p p l i c a t i o n ,  a r a t i o  of  1.1 

( o r  i t s  i n v e r s e )  be  a p p l i e d  i n  a l l  i n s t a n c e s  t o  o b t a i n  lower  and upper  

bounds on t h e  c u m u l a t i v 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($ s x $  0 ) .  

m e n  t h i s  r e s u l t s  i n  a n  upper  bound on t h e  p r o b a b i l i t y  l a r g e r  t h a n  

u n i t y ,  t h e  upper  bound s h o u l d  b e  set e q u a l  t o  1. 



TABLE 11-5. UPPER AND LOWER BOUND ESTIHATES FOR THE 
CUMULATIVE DISTRIBUTION OF THE AMOUNT 
RELEASED PER ACCIDENT: XLL XAIXLINE 
DERAILMENTS 

L 

P(pk I xlpk > 0) 
houn t 
Released, Lower Best L'pper 

x Bound - Estimate Bound Ratio 

1,000 0.21 0.27 0.35 1.33 

5,000 0.34 0.35 0.36 1.03 

10,000 0.43 0.47 0.51 1.09 

25,000 0.73 0.74 0.75 1.01 

50,000 0.83 0.95 1.00 1.14 

100,000 0.94 0.995 1.00 1.06 

200,000 0.97 0.9999 1.00 1.03 
.' 



1 2 .  AREA ATFECTE3 BY A =LEASE 

IYTRODLCTION 

The o b j e c t i v e  of t h i s  c h a p t e r  i s  t o  d e v e l o p  a n  e a s i l y  a p p l i e d  

methodology f o r  t h e  p r o b a b i l i s t i c  e s t i m a t i o n  o f  t h e  impact of hazardous-  

m a t e r i a l  r e l e a s e s  upon t h e  p u b l i c  and  i t s  p e r s o n a l  p r o p e r t y ,  g iven  t h e  

amount r e l e a s e d  in an a c c i d e n t ,  AR. The t e c h n i q u e s  used 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  of a h a z a r d o u s - m a t e r i a l  a c c i d e n t  and t h e  d i s t r i b u t i o n  

o f  t h e  amount r e l e a s e d ,  g i v e n  s u c h  an a c c i d e n t ,  a r e  d i s c u s s e d  i n  preced-  

i n g  c h a p t e r s .  X g u i d e l i n e  observed  in d e v e l o p i n g  t h e  methodology was 

t h a t  i t  shou ld  b e  s u f f i c i e n t l y  g e n e r a l  t o  p e r m i t  impact  a s s e s s n e n t  f o r  

most c a t e g o r i e s  o f  hazardous  m a t e r i a l s  w i t h  n i n i n a l  i n p u t  from t h e  u s e r  

as t o  t h e  s p e c i f i c  c h a r a c t e r i s t i c s  of t h e  t r a n s p o r t  r o u t e  a3a i:s 

e n v i r o n s .  

The development of a s a t i s f a c t o r y  ne thodology  r e q u i r s d  c o n s i d e r a -  

t i o n  of t h r e e  c o n s t r a i n t s :  

1. The r e q u i r e m e n t  t h a t  t h e  ne thod  a l l o w  r a p i d  r i s k  a s s e s s n e n t s  
of t h e  t r a n s p o r t  of hazardous  m a t e r i a l s  w i t h i n  e n t i r e  
r e g i o n s  of t h e  Uni ted S t a t e s ,  t h e  i m p l i c a t i o n  b e i n g  t h a t  , ,, 
one c o u l d  n o t  assume t h e  r e a d y  a v a i l a b i l i t y  of d e t a i l e d  
d a t a  f o r  e v e r y  segment of any p a r t i c u l a r  r o u t e  i n  o r d e r  t o  
pe r fo rm a r i s k  assessment .  

2 .  The method had t o  a d d r e s s  t h e  r i s k s  due t o  broad c a t e g o r i e s  
of hazardous  m a t e r i a l s ,  a l l o w i n g  t h e  u s e  of c o n s o l i d a t e d  
commodity f low d a t a .  Thus, t h e  impact assessment  method 
would have t o  i n c o r p o r a t e  t h e  a v e r a g e  c h a r a c t e r i s t i c s  of 
t h o s e  hazardous  m a t e r i a l s  t h a t  comprise  e a c h  o f  t h e  s e v e r a l  
broad c a t e g o r i e s .  

S i n c e  t h e  s p e c i f i c  e n v i r o n m e n t a l ,  t o p o g r a p h i c a l ,  and deno- 
g r a p h i c  c h a r a c t e r i s t i c s  of each  r o u t e  segment would n o t  be 
a v a i l a b l e  f o r  u s e ,  and s i n c e  hazardous  m a t e r i a l s  were  co 
b e  a d d r e s s e d  in te rms  of broad c a t e g o r i e s ,  impact  models 
f o r  t h e s e  c a t e g o r i e s  s h o u l d  encompass on ly  t h o s e  n a j o r  
phenomena t h a t  c h a r a c t e r i z e  each c a t e g o r y ,  i . e . ,  they  cannot  
and shou ld  n o t  a t t e m p t  t o  model t h e  un ique  f e a t u r e s  o r  
h a z a r d s  a s s o c i a t e d  w i t h  s p e c i f i c  n a t e r i a l s  w i t h i n  any g iven  
c a t e g o r y .  ( T h i s  c o n s t r a i n t  l o g i c a l l y  f o l l o w s  from t h e  
f i r s t  two.) 



The o u t l i n e  of t h i s  c h a p t e r  p rov ide s  a  convenien t  format  f o r  

d e s c r i p t i o n  of t h e  approach  t h a t  was deve loped .  The s e c t i o n s  of 

i n t e r e s t  in sequence a r e  e n t i t l e d :  

S e l e c t i o n  of Hazardous-?la t e r i a l  C a t e g o r i e s ,  

I d e n t i f i c a t i o n  of  F e a s i b l e  Scena r io s  and Necessary Xodels ,  

Damage C r i t e r i a ,  

S e l e c t i o n  of R e p r e s e n t a t i v e  Chemicals : Approaches t o  
Impact Assessment,  

Impact Assessment Hethods,  and 

Summary of Impact Assessment R e s u l t s  

Although t h e r e  a r e  35 c a t e g o r i e s  of hazardous m a t e r i a l s  de s igna t ed  

by f o u r - d i g i t  S tandard  T r a n s p o r t a t i o n  Commodity Codes (STCC) , t h e  a c  c u a l  

number of c a t e g o r i e s  r e q u i r i n g  d e t a i l e d  c o n s i d e r a t i o n  is f a r  fewer .  I n  

t h e  n e x t  s e c t i o n ,  t h e  r a t i o n a l e  f o r  c o n s o l i d a t i n g  o r  d e l e t i n g  c a t e g o r i e s  

dotin t o  a  t o t a l  number of 12 i s  kxamined. Shipments o f  e x p l o s i v e s  and 

r a d i o a c t i v e  m a t e r i a l s  were n o t  i nc luded  i n  t h e  e v a l u a t i o n .  

Sec t i on  B c o n s i d e r s  t h e  t h r e e  b a s i c  p h y s i c a l  s t a t e s  of hazardous 

m a t e r i a l s  (compressed g a s e s ,  l i q u i d s ,  and s o l i d s )  and o u t l i n e s  t h e i r  

b a s i c  c h a r a c t e r i s t i c s  i n  t e rms  of p o s s i b l e  e v e n t s  upon t h e i r  r e l e a s e .  

S e c t i o n  C i d e n t i f i e s  t h e  g e n e r i c  ,assessment  models needed t o  a s s e s s  

t h e  hazards  f o r  any g iven  r e l e a s e .  Details of  t h e  models themselves  a r e  

p r e sen t ed  i n  Appendix C, w h i l e  Appendix D d e s c r i b e s  how each i s  t o  be 

a p p l i e d .  

Hazard-assessment models g e n e r a l l y  p rov ide  an estimate o f  t h e  

magnitude of  a harmful  p h y s i c a l  pa ramete r ,  such  as t h e  ove rp re s su re  from 

an exp lo s ion ,  as a  f u n c t i o n  o f  s p a t i a l  c o o r d i n a t e s  and e l apsed  t i m e .  

S e c t i o n  D--Damage Cr i te r ia - - rev iews  t h e  l i t e r a t u r e  w l ~ h  t h e  purpose  of 

r e l a t i n g  l e v e l s  o f  such  p h y s i c a l  pa ramete rs  t o  expec ted  e f f e c t s  on human 

be ings  and on p rope r ty .  U l t ima t e ly ,  t h i s  a l l ows  e s t i m a t i o n  of t h e  

d i s t a n c e  from t h e  r e l e a s e  s i t e  w i t h i n  which people  may e x p i r e ,  s u f f e r  



i n j u r y ,  o r  w i t h i n  wnich b u i l d i n g s  nay b 2  damaged. Thus, an i x ~ a c t  

assessment  can be d e f i n e d  a s  t h e  c o u p l i n g  of a  hazard-assessment  nerho- 

dology w i t h  a  methodology r e l a t i n g  l e v e l s  of damage t o  p h y s i c a l  

p a r a m e t e r s .  

S e c t i o n  E p r e s e n t s  t h e  methodology f o r  choos ing  s p e c i f i c  hazardous  

n a t e r i a l s  t o  r e p r e s e n t  e a c h  o f  t h e  12 c a t e g o r i e s .  I n  a d d i t i o n ,  i t  

d e s c r i b e s  how t h e  r e s u l t s  of impac t  a s s e s s m e n t s  f o r  t h e s e  m a t e r i a l s  were  

c o n s o l i d a t e d  t o  p r o v i d e  e s t i m a t e s  of t h e  "average" and "wors t  c a s e "  

impac t s  a s s o c i a t e d  w i t h  each c a t e g o r y .  

Xost  hazardous  m a t e r i a l s  can c a u s e  more than one b a s i c  e f f e c t  upon 

r e l e a s e .  A l i q u e f i e d  compressed g a s ,  f o r  example,  may v e n t  a s  a  g a s  

a n d / o r  as a l i q u i d .  The g a s  may i g n i t e  t o  form a f lame j e t ,  t r a v e l  

downwind and i g n i t z  t o  produce a f l a s h  f i r e  o r  d e t o n a t i o n ,  o r  harm 

exposed peop le  due t o  i n h a l a t i o n .  The l i q u i d  may f l a s h  o r  form a p o o l ,  

i g n i t e  t o  produce a poo l  f i r e ,  and s o  on. S e c t i o n  F--Impact Assessnen t  

Nethods--which c o v e r s  c o n d i t i o n a l  s c e n a r i o  p r o b a b i l i t i e s ,  a t t s m p t s  t o  

e s t i m a t e  t h e  r e l a t i v e  p r o b a b i l i t y  o f  each major  s c e n a r i o  f e a s i b l e  f o r  

each o f  t h e  12 c a t e g o r i e s  of hazardous  m a t e r i a l s  chossn  p r e v i o u s l y .  

S e c t i o n  G--Sunnary of Impact Assessment Resu l t s - -p rov ides  t h e  

a c t u a l  r e s u l t s  of a ssessment  model a p p l i c a t i o n  t o  each  o f  t h e  r e p r e -  

s e n t a t i v e  hazardous  m a t e r i a l s .  For each f e a s i b l e  c h a i n  of e v e n t s ,  i t  

summarizes a f  f e c t e d  a r e a s  and a s s o c i a t e d  c o n d i t i o n a l  p r o b a b i l i t i e s  of 

o c c u r r e n c e  as a f u n c t i o n  of t h e  amount r e l e a s e d ,  %- 
Cci~lerrvcu2ve s~/lump&un/~ have been made &L a nlut16e~t iri ti22 Onpa~t-  

aA/lel,Amazt mad&. T h u  , tce expect .that ,the met:~odctogy s~ p t t ~ z n t 2 d  

itxiT'2,ive an o v a ~ i t i . m a t e  0 6  t h e  ab~clLLte value 06 $he &pact. Howeveh, 
d ~ e  moddl ate v&d doh mbcivrg campc2hilonn bedueen ,ti~h-cor,t'toL 

nR ' s ,wa t i vu ,  tG5 6 ~ x 9  Rhe majoh object ive  bdx.iuzd f i e  devdc;?ment o j 

Xhe an~e~,5ment  modeel. 



8 .  SELECTION OF HXZARDOL'S-PUTERI-lL CATEGORIES 

I. Background 

Commodity f low d a t a  f o r  hazardous m a t e r i a l s  a r e  recorded i n  

accordance w i t h  t h e  Standard T ranspo r t a t i on  Commodity Code (STCC) 

c l a s s i f i c a t i o n  scheme. A t  t h e  f o u r - d i g i t  l e v e l ,  t he se  codes d e s i g n a t e  

35 i n d i v i d u a l  c a t e g o r i e s ,  many of which a r e  q u i t e  s i m i l a r  t o  o t h e r s  i n  

chemical and p h y s i c a l  a t t r i b u t e s .  

.An z n a l y s i s  of t h e  behavior  of  hazardous m a t e r i a l s  upon t h e i r  

r e l e a s e  and of t h e  v a r i o u s  mechanisms by which t h e  pub l i c  o r  i t s  

p rope r ty  can  be adve r se ly  a f f e c t e d  r e v e a l s  t h a t  t h e r e  a r e  f a r  fewer 

such mechanisms than t h e r e  a r e  STCC c a t e g o r i e s .  Indeed,  one can only  

envis ion  t h e  fo l lowing  a c t i o n s  of hazardous m a t e r i a l s  involved  in a 

t y p i c a l  r a i l r o a d  acc iden t  : 

The hazardous m a t e r i a l  remains i n  t h e  c o n t a i n e r ;  

Gas v e n t s  from t h e  tank; 

Liquid v e n t s  from t h e  tank; 

S p i l l e d  l i q u i d  h a s  a low vapor pressure- - i t  does 
n o t  evapora te ;  

S p i l l e d  l i q u i d  r a p i d l y  vapor i ze s  (due t o  b o i l i n g )  ; 

S p i l l e d  l i q u i d  s lowly  v o l a t i l i z e s ;  and 

The s o l i d  s p i l l s  and remains upon t h e  ground. 

Deperiding upon whether t h e  hazardous m a t e r i a l  i s  i g n i t e d  o r  noc, t h e  

on ly  s i g n i f i c a n t  damage mechanisms are t h e  fol lowing:  

F i r e s  o r  burns due t o  thermal  r a d i a t i o n  exposure a f t e r  
gas ,  vapor ,  l i q u i d ,  o r  s o l i d  i g n i t i o n ;  

I n j u r y  o r  damage due t o  t h e  e f f e c t s  of an explos ion ;  

In ju ry  due t o  t o x i c  vapor o r  g a s  i n h a l a t i o n ;  

I n j u r y  o r  damage due t o  d i r e c t  c o n t a c t  wi th  t h e  
hazardous m a t e r i a l ;  



I n j u r y  o r  d a n a s e  cu? t o  c o n t a c t  v i t n ,  o r  l n n a l a t i c n  o f .  
r a d i o a c t i v e  m a t e r i a l s ;  and 

I n j u r y  due t o  r o c k e t i n g  o f  c a r  f r a g m e n t s .  

The d i f f e r e n c e  between :he number of f o u r - d i g i t  STCC c a t a g o r i e s  and 

t h e  number of ~ o s t - r e l e a s e  phenomena s u g g e s t s  t h a t  an  a t t e m p t  t o  conso- 

l i d a t e  t h e  35 STCC c a t e g o r i e s  i n t o  a more managable and p e r t i n e n t  s e t  

i s  w a r r a n t e d .  T h i s  is  accompl i shed  below through a s y s t e m a t i c  e v a l u a t i o n  

of each  c a t e g o r y ,  e l i m i n a t i o n  of t h o s e  t h a t  are n o t  d e s i r e d  o r  c a n n o t  

b e  a d d r e s s e d  by t h e  c u r r e n t  s t u d y ,  and c o n s o l i d a t i o n  of t h o s e  which a r e  

d i f f e r e n t i a t e d  by a t t r i b u t e s  n o t  p e r t i n e n t  t o  t h e  t a s k  of impact 

assessment .  

2 .  C l a s s  A ,  B ,  and C E x p l o s i v e s  

Comprehensive commodity f low d a t a  f o r  e x p l o s i v e s  a r e  g e n e r a l l y  

u n a v a i l a b l e  t o  t h e  Depar tnen t  o f  T r a n s p o r t a t i o n ,  s i n c e  most such  

materials are s h i p p e d  under  t h e  d i r e c t i o n  of t h e  Department of Defense.  

Consequen t ly ,  t h e  hazardous  m a t e r i a l s  compr i s ing  t h e  t h r e e  STCC c a t e -  

g o r i e s  f o r  e x p l o s i v e s  a r e  n o t  a d d r e s s e d  in t h i s  s t u d y .  

3. Compressed Gases 

The c a t e g o r y  of non-flammable compressed g a s e s  i n c l u d e s  a  wide 

v a r i e t y  of compressed g a s e s ,  e i t h e r  l i q u e f i e d  o r  n o n - l i q u e f i e d ,  t h a t  

do n o t  meet t h e  f l a m m a b i l i t y  c r i t e r i a  s e t  f o r t h  i n  49CFR 173 .300(b) .  

Within  t h i s  group a r e  t h o s e  m a t e r i a l s  which may be o x i d i z i n g ,  c r y o g e n i c ,  

poisonous o r  c o r r o s i v e ,  o r  p o s s e s s  combina t ions  of t h e s e  a t t r i b u t e s ,  

as w e l l  as t h o s e  t h a t  may b e  s i m p l e  a s p h y x i a n t s .  S i m i l a r l y ,  t h e  major 

c a t e g o r y  of flammable compressed g a s e s  i n c l u d e s  s u b s t a n c e s  t h a t  a r e  
.- ., , -. *V- .-C 

. pyrophor ic  (which is r a r e ) ,  o x i d i z i n g ,  poisonous,  c o r r o s i v e ,  o r  even 

d e t o n a b l e  under  t h e  p roper  c o n d i t i o n s ,  as w e l l  a g a i n  as t h o s e  which 

a r e  s i m p l e  a s p h y x i a n t s  i f  n o t  i g n i t e d .  

Because of t h e  r a t h e r  un ique  p r o p e r t i e s  and h a z a r d s  of t h e  m a t e r i a l s  

i n  t h e s e  c a t e g o r i e s ,  i t  is pruden t  t o  r e t a i n  t h e  i n d i v i d u a l  c l a s s i f i c a -  

t i o n s ,  "Non-flammable Compressed Gas" and "Flammable Compressed Gas," 

i n  sub  s e q u e n t  a n a l y s e s .  



4 .  Flammable L iqu ids  

The f i v e  STCC c a t e g o r i e s  encompassing flammable l i q u i d s  i n c l u d e  

a l l  m a t e r i a l s  t h a t  a r e  l i q u i d s  a t  ambient p r e s s u r e s  and tempera tures  

and which have f l a s h  p o i n t s  below 100°F (37.8"C) . Members of subgroups 

nay a l s o  be pyrophoric ,  thermal ly  uns t ab l e ,  poisonous,  polymerizable ,  

o r  co r ros ive .  

A 1 1  of t h e s e  m a t e r i a l s  have t h e  b a s i c  a t t r i b u t e s  of be ing  r e l a t i v e l y  

v o l a t i l e  l i q u i d s  wi th  a h igh  f i r e  hazard  and t h e  p o t e n t i a l  f o r  t o x i c  

vapor exposure o r  i n j u r y  by d i r e c t  c o n t a c t .  Consequently,  t h e  f i v e  

i n d i v i d u a l  c a t e g o r i e s  can reasonably  be conso l ida t ed  i n t o  t h e  s i n g l e  

ca t ego ry  of  "Flammable L iqu ids .  I f  

5 .  Combustible Liquids  

Three STCC c a t e g o r i e s  exist  f o r  l i q u i d s  wi th  f l a s h  p o i n t s  a t  o r  

above 100°F (37.8"C) and below 200°F (93.3"C) . With g e n e r a l l y  lower 

vapor p re s su re s ,  t h e  hazardous materials covered a r e  no t  s o  hazardous 

a s  flammable l i q u i d s .  Never the less ,  under a p p r o p r i a t e  c o n d i t i o n s ,  

those  w i th  f l a s h  p o i n t s  nea r  t,he lower end of t h e  given range  can 

produce t h e  major impact s c e n a r i o s  a s s o c i a t e d  wi th  flammable l i q u i d s .  
r . v  . *  

It is  f e a s i b l e  t o  cons ide r  all such m a t e r i a l s  under t h e  s i n g l e  

ca t ego ry  of "Combustible Liquids  ." 
6. Flammable S o l i d s  

According t o  49 CFR 173.150, a "flammable s o l i d  i s  any s o l i d  

m a t e r i a l ,  o t h e r  than one c l a s s e d  a s  an explos ive ,  which, under cond i t i ons  

nonaa l ly  i n c i d e n t  t o  t r a n s p o r t a t i o n ,  is l i a b l e  t o  cause  f i r e s  through 

f r i c t i o n ,  r e t a i n e d  h e a t  from manufactur ing o r  p rocess ing ,  o r  which can  

be i g n i t e d  r e a d i l y ,  and, when i g n i t e d ,  burns s o  v igorous ly  and p e r s i s -  

t e n t l y  as t o  create a s e r i o u s  t r a n s p o r t a t i o n  hazard.  Inc luded  i n  t h i s  

c l a s s  a r e  spontaneously combus t ib le  and wa te r - r eac t ive  ma te r i a l s . "  Such 

subs tances  a r e  covered by two STCC c a t e g o r i e s  i nc lud ing  such d i v e r s e  

m a t e r i a l s  a s  o i l y  r ags ,  f i s h  s c r aps ,  phosphorus, and metall ic sodium. 



The f i r s t  f o u r - d i g i t  STCC c a t z g o r y  ( 4 9  16) f o r  t h e s e  hazardous  

m a t e r i a l s  i n c l u d e s  mainly  s p e c i f i c  chemical  o r  m e t a l l i c  m a t z r i a l s  ( s u c h  

a s  ?nosphorus ,  m e t a l l i c  sodium, powdered magnesium, and t h e  l i k e )  which 

have an  unusua l  h a z a r d  p o t e n t i a l .  Thus, i t  is  recommended t h a t  t h i s  

c a t e g o r y  b e  r e t a i n e d  as a s e p a r a t e  e n t i t y .  The second c a t e g o r y  c o n s i s t -  

i n g  main ly  o f  o r d i n a r y  combus t ib les  s u c h  a s  r u b b e r  s c r a p ,  o i l y  r a g s ,  

f i s h  s c r a p ,  and ground c h a r c o a l ,  must t h e r e f o r e  a l s o  b e  k e p t  s e p a r a t e .  

To d i f f e r e n t i a t e  between them, t h e  f i r s t  w i l l  be r e f e r r e d  t o  a s  

"Flammable S o l i d s - - S p e c i a l  Hazard" and t h e  second as "Flammable So l ids - -  

Ord inary  Hazard." 

7 .  . O x i d i z i n g  X a t e r i a l s  

A n  o x i d i z e r  i s  a  s u b s t a n c e  t h a t  r e a d i l y  y i e l d s  oxygen t o  s t i m u l a t e  

t h e  combust ion o f  o r g a n i c  m a t t e r .  The s i n g l e  STCC number f o r  t h i s  

c a t e g o r y  c o v e r s  l i q u i d s ,  such  a s  fuming n i t r i c  a c i d  as w e l l  a s  numerous 

s o l i d s .  S i n c e  a s i n g l e  STCC number i s  provided and s o l i d s  a r e  n o t  

c l a s s i f i e d  s e p a r a t e l y  from l i q u i d s ,  t h e  s i n g l e  c a t e g o r y  o f  "Oxid iz ing  

Y a t e r i a l s "  i s  a p p r o p r i a t e  f o r  f u r t h e r  a n a l y s e s .  

3 .  Organic  Perox ides  

With c e r t a i n  q u a l i f i c a t i o n s ,  an  o r g a n i c  pe rox ide  is  g e n e r a l l y  a  

d e r i v a t i v e  of hydrogen perox ide  in which o n e  o r  more of t h e  hydrogen 

atoms has  been r e p l a c e d  by o r g a n i c  r a d i c a l s .  R e l a t i v e l y  few i n  number, 

t h e  s u b s t a n c e s  covered  by t h i s  c a t e g o r y  i n c l u d e  b o t h  s o l i d s  and l i q u i d s  

and can b e  addressed  as a s i n g l e  c a t e g o r y .  

9 .  Poison Class X and Poison Class B 

Class A poisons  a r e  g a s e s  o r  l i q u i d s  o f  such  a n a t u r e  t h a t  a v e r y  

small amount of t h e  gas  o r  vapor  o f  t h e  l i q u i d  when mixed w i t h  a i r  

becomes dangerous  t o  l i f e .  C l a s s  B p o i s o n s  are l i q u i d s  o r  s o l i d s ,  o t h e r  

than Class X poisons  o r  i r r i t a t i n g  m a t e r i a l s ,  which a r a  known t o  be so  

t o x i c  t o  man as t o  c r e a t e  a hazard  t o  h e a l t h  d u r i n g  t r a n s p o r t a t i o n ;  o r  - 

which, i n  t h e  absence  of a d e q u a t e  d a t a  on human t o x i c i t y ,  a r e  presumed 

t o  b e  t o x i c  t o  man because  t h e y  f a l l  w i t h i n  any o n e  of t h e  t h r e e  s p e c i f i e d  



t o x i c i t y  c a t e g o r i s s  when t e s t s d  on l a b o r a t o r y  a n i m a l s .  The v a r i o u s  

s u b s t a n c e s  d e s i g n a t e d  as Class h o r  B p o i s o n s  may a l s o  b e  flammable,  

o x i d i z i n g ,  o r  c o r r o s i v e .  

S i n c e  "Class A" r e f e r s  t o  g a s e s  and l i q u i d s ,  and s i n c e  t h e s e  

p h y s i c a l  s t a t e s ,  on a v e r a g e ,  d i s p e r s e  more wide ly  t h a n  t h e  s t a t e s  

a s s o c i a t e d  w i t h  Class B p o i s o n s ,  i t  i s  n e c e s s a r y  t o  r e t a i n  each c l a s s  

as a s e p a r a t e  e n t i t y .  These w i l l  be r e f e r r e d  t o  by t h e  t e rms  "Poison 

Class 4" and "Poison Class B ." 
10. I r r i t a t i n g  M a t e r i a l s  and E t i o l o g i c  Agents 

An i r r i t a t i n g  m a t e r i a l  is  a l i q u i d  o r  s o l i d  s u b s t a n c e ,  n o t  

i n c l u d i n g  any Class A poisonous material, t h a t ,  upon c o n t a c t  w i t h  f i r e  

o r  when exposed t o  a i r ,  g i v e s  o f f  dangerous  o r  i n t e n s e l y  i r r i t a t i n g  

fumes. An e t i o l o g i c  a g e n t  is  a v i a b l e  micro-organism, o r  i ts  t o x i n ,  

which c a u s e s  o r  may c a u s e  human d i s e a s e .  S i n c e  t h e r e  is  a s i n g l e  

c a t e g o r y  f o r  t h e s e  m a t e r i a l s ,  and t h e y  h a v e  some un ique  p r o p e r t i e s ,  

t h e  c a t e g o r y  i s  r e t a i n e d  w i t h  t h e  d e s i g n a t i o n  " I r r i t a t i n g  M a t e r i a l s . "  

ll. R a d i o a c t i v e  M a t e r i a l s  

Because of t h e  s p e c i a l  n a t u r e  of r a d i o a c t i v e  m a t e r i a l s  and t h e  

c o n s i d e r a b l e  complex i ty  and  d i f f i c u l t y  in a s s e s s i n g  t h e  impact of 

r e l e a s e s  t o  t h e  environment ,  i t  was d e c i d e d  t h a t  t h e s e  hazardous  

m a t e r i a l s  would n o t  be a d d r e s s e d  i n  t h i s  s t u d y .  

12 .  C o r r o s i v e  M a t e r i a l s  

A c o r r o s i v e  m a t e r i a l  i s  a l i q u i d  o r  s o l i d  t h a t  c a u s e s  v i s i b l e  

d e s t r u c t i o n  o r  i r r e v e r s i b l e  a l t e r a t i o n s  in human s k i n  t i s s u e  a t  t h e  
-...a. 4 

s l t e  of c o n t a c t ,  o r ,  i n  t h e  c a s e  of l e a k a g e  from i t s  packaging,  a  

l i q u i d  t h a t  e x h i b i t s  a s e v e r e  c o r r o s i o n  r a t e  on s t e e l .  W i t h i n -  t h e  seven  

f o u r - d i g i t  STCC c a t e g o r i e s  devo ted  t o  t h i s  c a t e g o r y  a r e  i n c l u d e d  

s u b s t a n c e s  which a r e  a d d i t i o n a l l y  po i sonous ,  o r  i n  t h e  unique c a s e  of - 
bromine,  a l s o  o x i d i z i n g .  



The n a t n r e  of t h e  seven  STCC c a t e g o r i e s  does  n o t  a l l o v  o r  w a r r a t  

t h e i r  d i f f e r e n t i a t i o n  i n  subsequen t  a s p e c t s  of t h i s  a n a l y s i s .  Conse- 

q u e n t l y ,  a l l  s e v e n  c a t e g o r i e s  c a n  be c o n s o l i d a t e d  i n t o  t h e  s i n g l e  

c a t e g o r y  of " C o r r o s i v e  X a t e r i a l s . "  

1 3 .  Other  R e s t r i c t e d  A r t i c l e s :  Groups A ,  3 ,  and C 

These  t h r e e  STCC categor ies--Groups A, B ,  and C--are a  " c a t c h a l l , "  

f o r  m a t e r i a l s  t h a t  do n o t  meet any d e f i n i t i o n  o f  a hazardous  m a t e r i a l  

p e r  s e ,  b u t  which n e v e r t h e l e s s  have c e r t a i n  u n d e s i r a b l e  p r o p e r t i e s .  

S i n c e  t h e  materials c a n n o t  be  c o n s i d e r e d  s i g n i f i c a n t l y  hazardous  and may 

have v a s t l y  d i s s i m i l a r  p r o p e r t i e s ,  t h e y  a r e  n o t  i n c l u d e d  i n  t h e  subse-  

q u e n t  a n a l y s i s  . 
14 .  Summary 

T a b l e  12-1 p r e s e n t s  a summary of t h e  c a t e g o r i e s  remain ing  a f t e r  

c o n s o l i d a t i o n  o r  d e l e t i o n  of t h e  35 i n d i v i d u a l  c l a s s i f i c a t i o n s  o r i g i ~ a l l y  

c o n s i d e r e d .  I n  a d d i t i o n ,  i t  n o t e s  t h e  f o u r - d i g i t  STCC numbers covered  

by each c a t e g o r y .  

T a b l e  12-2 i s  a  c o m p i l a t i o n  of d a t a  from t h e  H a t e r i a l  T r a n s p o r t a t i o n  

Bureau from 1 9 7 1  through 1977. These  d a t a  i n d i c a t e  t h a t  t h e  1 2  c a r e -  

g o r i e s  i n  T a b l e  12-1 cover  100% of a l l  d e a t h s  due t o  hazardous-mate r ia l  

r e l e a s e ,  98% of a l l  i n j u r i e s ,  and 99% of  a l l  r e l e a s e s .  It  i s  a p p a r e n t  

c h a t  t h e  d e l e t i o n  of c e r t a i n  STCC c a t e g o r i e s  d o e s  n o t  s i g n i f i c a n t l y  

a l t e r  t h e  coverage  of t h e  t y p e s  of impact  of g r e a t e s t  concern .  

C .  IDENTIFICATION OF FEASIBLE SCENARIOS AVD NECESSARY XODELS 

1. Background 

The t a s k  of impact  modeling r e q u i r e s  t h e  i d e n t i f i c a t i o n  of ana ly -  

t i c a l  t e c h n i q u e s  f o r  e s t i m a t i n g  t h e  a r e a  t h a t  w i l l  be a f f e c t e d  by a  

h a z a r d o u s - m a t e r i a l  r e l e a s e .  T h i s  e f f o r t ,  i n  t u r n ,  r e q u i r e s  i d e n t i f i -  

c a t i o n  of t h o s e  phenomena which a r e  c a p a b l e  of c a u s i n g  d e a t h ,  i n j u r y ,  or '  

p r o p e r t y  damage upon release of t h e  hazardous  m a t e r i a l .  



TABLE 12-1. SLNMARY OF SELECTED HAZARDOUS-UTERIAL CATEGORIES 

Note: STCC numbers d e l e t e d  from c o n s i d e r a t i o n  i n c l u d e :  4901-4903 
f o r  e x p l o s i v e s ,  4926-4929 f o r  r a d i o a c t i v e  s u b s t a n c e s ,  and 
4940, 4943 and 4946 f o r  " o t h e r  r e s t r i c t e d  a r t i c l e s . "  

k 

Category 

1. Yon-f lammable compressed g a s e s  

2 .  Flammable compressed g a s e s  

3 .  Flammable l i q u i d s  

4. Combust ib le  l i q u i d s  

5 .  Flammable s o l i d s :  s p e c i a l  h a z a r d  

6.  Flammable s o l i d :  o r d i n a r y  h a z a r d  

7.  O x i d i z i n g  m a t e r i a l s  

8 .  Organ ic  p e r o x i d e s  

9 .  Poison C l a s s  X 

1 0 .  Poison Class B 

11. I r r i t a t i n g  m a t e r i a l s  

12 .  C o r r o s i v e s  

I 

STCC Numbers 

4904 

4905 

4906, 4907, 4908, 4909,  4910 

4912, 4913,  4915 

4916 

4917 

4918 

4919 

4920 

4921, 4923 

4925 

4930 th rough  4936 

, 



TABLE 12-2. RELATIVE COMPARISON OF HAZARDOUS-hWTERIi4.L 
GROLTS BY SEVERITY ~EASURE* 

* 
Based on d a t a  from M a t e r i a l s  T r a n s p o r t a t i o n  Bureau f o r  1971-1977. 

Commodity 

E x p l o s i v e s  

Non-f lamnable  
compressed g a s  

Flammable compressed 
g a s  

Flammable l i q u i d  

Flammable s o l i d  

O x i d i z e r  

Organic  p e r o x i d e  

T o x i c  

R a d i o a c t i v e  

C o r r o s i v e  

M s c e  l l a n e o u s  

T o t a l  

, 

Nunber 
K i  1 l e d  

0 

2 

14  

1 

2 

0 

0 

0 

0 

0 

0 - 
18 

Number 
I n j  u red  

6 0 

450 

34 5 

2 75 

85 

30 

5 

125 

0 

1555 

0 

2930 

Number o f  
R e l e a s e s  

4 2 

378 

562 

1043 

86 

325 

1 

190 

6 

1749 

6 

4388 

L 



2 .  Release Scenar ios  

I t  i s  b e s t  t o  d i s c u s s  r e l e a s e  phenomena i n  t h e  con tex t  of t h e  

phys ica l  and chemical  p r o p e r t i e s  of subs tances .  Therefore ,  t h e  b a s i c  

c a t e g o r i e s  of gases ,  l i q u i d s ,  and s o l i d s  a r e  i n v e s t i g a t e d  i n  t h e  follow- 

ing  subsec t ions  t o  i d e n t i f y  phenomena of i n t e r e s t  f o r  subsequent  

modeling e f f o r t s .  

a .  Compressed o r  Liquef ied  Gases 

F igure  12-1 shows an event  t r e e  f o r  t h e  even t s  t h a t  a r e  most 

l i k e l y  t o  occur  when a tank c a r  of compressed o r  l i q u e f i e d  gas is 

involved i n  a r a i l r o a d  acc ident .  S t a r t i n g  from t h e  a c c i d e n t  i t s e l f  a t  

t h e  top of t h e  diagram, r e c t a n g l e s  i d e n t i f y  t h e  d i s c r e t e  s e r i e s  of 

even t s  t h a t  may fol low.  

For massive r e l e a s e s  of gas  o r  f l a s h e d  vapors ,  i t  i s  ev iden t  

t h a t  a vapor d i s p e r s i o n  model i s  neces sa ry ;  one p re fe rab ly  designed 

f o r  ins tan taneous  r e l e a s e s  t o  t h e  atmosphere. It i s  a l s o  c l e a r  

t h a t  : 

The model must a l low es t ima t ion  of t h e  s i z e  of t h e  hazard 
zone i n  t h e  event  t h a t  t h e  cloud i g n i t e s  t o  cause a f l a s h  
f i r e  o r  a f r e e - a i r  de tona t ion ;  . . ,. 
Some method is needed t o  e s t i m a t e  t h e  p r o b a b i l i t y  of 
c loud i g n i t i o n  a s  a func t ion  of time; and 

An approach is  d e s i r a b l e  f o r  e s t ima t ing  t h e  amount of 
vented l i q u i d  t h a t  immediately f l a s h e s  t o  vapor .  

Lmrnediate i g n i t i o n  of ven t ing  gas r e q u i r e s  a f lame- je t  model, 

whereas i g n i t i o n  of s p i l l e d  l i q u i d  n e c e s s i t a t e s  a model f o r  pool  f i r e s .  

Slow evaporat ion of a l i q u i d  a f t e r  supercool ing  and pool ing sugges t  t h e  

need f o r  a technique f o r  e s t ima t ing  t h e  r a t e  of an  evapora t ion ,  a s  w e l l  

a s  a continuous-source vapor -d i spe r s ion  model. F i n a l l y ,  t h e  p o s s i b i l i t y  

t h a t  the  tank c a r  may exper ience  a b o i l i n g  l i q u i d  expanding vapor 

explosion (BLEVE), o r  o therwise  explode,  r e q u i r e s  y e t  ano the r  method f o r  

hazard-zone e s t ima t ion .  
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S c e n a r i o s  n o t  a d d r e s s e d  by t h e  e v e n t  t r e e  i n c l u d e  s p i l l s  of s o l u b l e  

l i q u i d s  i n t o  w a t e r  and t h e  s u b s e q u e n t  u s e  of t h a t  v a t e r  f o r  p u h l i c  

consumption o r  c rop  i r r i g a t i o n .  I n  a d d i t i o n ,  no c o n s i d e r a t i o n  i s  g i v e n  

t o  any harmfu l  e f f e c t s  of such  s p i l l s  upon a q u a t i c  w i l d l i f e .  

b .  L i q u i d s  

I f  l i q u i d  s p i l l s  i n t o  w a t e r  a r e  i g n o r e d ,  s c e n a r i o s  of i n t e r e s t  w i l l  

be those  shown i n  t h e  e v e n t  t r e e  of F i g u r e  12-2. These s c e n a r i o s  a r e  a  

s u b s e t  of t h o s e  p r e s e n t e d  f o r  compressed g a s e s ,  and any models p rov ided  

f o r  l i q u e f i e d  g a s e s  shou ld  b e  a d a p t a b l e  t o  t h e s e  l i q u i d s  of lower  

v o l a t i l i t y .  

c .  S o l i d s  

Formulat ion of an  e v e n t  t r e e  f o r  r e l e a s e s  of s o l i d s  is n o t  

n e c e s s a r y  because  t h e s e  r a r e l y  c a u s e  major  i n j u r y  o r  damage. Two models 

s u f f i c e :  one f o r  t h e  burn ing  o f  o r d i n a r y  c o m b u s t i b l e s ,  and a n o t h e r  f o r  

t h e  burn ing  of s u b s t a n c e s  w i t h  s p e c i a l  h a z a r d s .  

d .  Summary 

Based upon t h e  r e s u l t s  of t h e  p r e v i o u s  a n a l y s i s ,  i t  i s  p o s s i b l e  t o  

deve lop  a model "f lowsheet"  t h a t  d e s i g n a t e s  t h e  r e q u i r e d  models and shows 

how t h e  o u t p u t  of some models s a t i s f i e s  t h e  i n p u t  r e q u i r e m e n t s  of o t h e r s .  

F i g u r e  12-3 p r e s e n t s  such  a f l o w s h e e t ;  t h e  c a p i t a l  l e t t e r s  A through M 

a r e  used t o  i n d i c a t e  i n d i v i d u a l  models.  

3 .  Details of Xodels  

Appendix C p r o v i d e s  d e t a i l s  of each  of t h e  hazard models u t i l i z e d  

i n  t i le  s tudy .  Appendix D d e s c r i b e s  how t h e  models were a p p l i e d  f o r  

k!?e4 purposes  of impact  a s s e s s m e n t  . 

DAMAGE CRITERIA 

1. Background 

Hazard-assessment models pe rmi t  u s e r s  t o  e s t i m a t e  t h e  c o n c e n t r a t i o n  

l e v e l s  of t o x i c  and p h y s i c a l  a g e n t s  a t  s p e c i f i e d  l o c a t i o n s  and t imes  
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a f t e r  a s p i l l .  For o v e r a l l  r i sk - a s se s smen t  purposes ,  however, t h e i r  

r e s u l t s  must be  t r a n s l a t e d  i n t o  e s t i m a t z s  of t h e  harm t o  members of t h e  

p u b l i c  and t h e i r  p r o p e r t y .  

2 .  Explosion E f f e c t s  

Appendix D of Ref .  [ l ]  n o t e s  t h e  n e c e s s i t y  o f  r e l y i n g  upon t h e  

r e s u l t s  of s t u d i e s  conducted f o r  and by t h e  K i l i t a r y  i n  a s s e s s i n g  damage 

caused by exp lo s ions .  Although such  s t u d i e s  have c o n c e n t r a t e d  upon 

i n v e s t i g a t i o n s  of condensed-phase and n u c l e a r  e x p l o s i o n s ,  as opposed t o  

t h e  d i f f u s e  exp lo s ions  more t y p i c a l l y  expected from t h e  r e l e a s e  of 

hazardous  materials, r e s u l t s  s t a t e d  i n  t e rms  of b a s i c  b l a s t  wave para-  

me t e r s  ( o v e r p r e s s u r e ,  f o r  example) c an  be cons ide r ed  s u f f i c i e n t l y  

a c c u r a t e  f o r  u n i v e r s a l  a p p l i c a t i o n .  

I n  documentat ion c i t e d  above [ l ]  , prepared  f o r  t h e  U.S. Coast  Guard 

d u r i n g  i t s  v u l n e r a b i l i t y  modeling program, t h e  a v a i l a b l e  damage-assess- 

ment t e chn iques  are reviewed and e x p r e s s i o n s  d i r e c t l y  a p p l i c a b l e  t o  t h e  

c u r r e n t  s t udy  are d e r i v e d .  These are p re sen t ed  i n  t h e  fo l l owing  sub- 

s e c t i o n s  a long  w i t h  d i s c u s s i o n s  a s  t o  how they  shou ld  be  u t i l i z e d .  

a. C l a s s i f i c a t i o n  of E f f e c t s  on Humans 

Numerous documents and s t u d i e s  have c l a s s i f i e d  damage t o  pqople  

caused by exp lo s ions  i n t o  t h r e e  c a t e g o r i e s :  

1. Primary Damage--Direct b l a s t  e f f e c t s  caused by t h e  
i n t e r a c t i o n  between t h e  b l a s t  wave and pe r sonne l  
on ly ,  w i t h  no o t h e r  i n t e r v e n i n g  f a c t o r s ;  

2 .  Secondary Damage--Injury due  t o  m i s s i l e s  and f ragments ;  and 

3 .  T e r t i a r y  Damage--Injury due  t o  t r a n s l a t i o n  ( v i o l e n t  
movement due  t o  t h e  b l a s t  wave) and subsequent  c o l l i s i o n  
w i th  an o b s t a c l e .  

b .  Pr imary Damage 

Reference  [ l ]  u t i l i z e s  d a t a  from Ref.  [ 2 ]  t o  r e l a t e  t h e  peak over- - 

p r e s s u r e  from an exp los ion  t o  l ung  hemorrhage, t h e  pr imary cause  of 

d e a t h  from d i r e c t  b l a s t  e f f e c t s .  Using t h e  f r e e - f i e l d  (s ide-on)  over-  



p r e s s u r e  a t  i n f i n i t e l y  l a r g e  d u r a t i o n s  i n  a s s e s s i n g  l e v e l s  of l ~ c h a l i t y  

( c u r r e n t  p r a c t i c e ) ,  one can deve lop  an e x p r e s s i o n  i n  t h e  form: 

where P i s  t h e  peak o v e r p r e s s u r e  a t  any  l o c a t i o n  i n  u n i t s  o f  ~ / m f  and 
P 

P r  
i s  a  measure of t h e  p e r c e n t  of t h e  v u l n e r a b l e  r e s o u r c e  a f f e c t e d  i n  

t h e  form of a normal ly  d i s t r i b u t e d  random v a r i a b l e  w i t h  a  mean v a l u e  of 

5  and a v a r i a n c e  of 1. Given a v a l u e  f o r  p  a u s e r  would e n t e r  
r ' 

T a b l e  12-3 t o  r e a d  t h e  p e r c e n t a g e  of exposed peop le  expec ted  t o  b e  
2  

k i l l e d .  For example, an  o v e r p r e s s u r e  of 150,000 N / m  i n s e r t e d  i n  t h e  

e q u a t i o n  g i v e s  a  p  v a l u e  of 5 .26.  E n t e r i n g  T a b l e  12-3 w i t h  t h i s  v a l u e  
r 

t h e n  s u g g e s t s  t h a t  approx imate ly  60% of humans (and probably  ~ t h e r  

a n i m a l s )  would d i e  from exposure  t o  t h e  s t a t e d  o v e r p r e s s u r e .  

The main n o n - l e t h a l  i n j u r y  expec ted  from d i r e c t  b l a s t  e f f  s c t s  i s  

eardrum r u p t u r e .  Again,  w i t h  d a t a  from Ref.  [ 2 ] ,  Ref.  [ I ]  d e r i v e s  t h e  

e q u a t i o n  : 

2 
For t h e  same o v e r p r e s s u r e  of 150,000 ~ / m ,  pr now has  a v a l u e  of 7 . 4 ,  

and thus  approx imate ly  99.2% of t h e  exposed p o p u l a t i o n  cou ld  b e  expec ted  

t o  be a f  f e c  t e d .  

c .  Secondary Damage 

The t a s k  of deve lop ing  similar e x p r e s s i o n s  f o r  secondary  damage 

due  t o  e x p l o s i o n s  ( i n j u r y  due t o  m i s s i l e s ,  f r agments ,  and env i ronmenta l  

d e b r i s  set  in motion by t h e  e v e n t )  i s  c o n s i d e r a b l y  more complex. It  i s  

d i f f i c u l t  t o  a s s e s s  t h e  s i z e  d i s t r i b u t i o n  and d e t a i l e d  mot ion of 

thousands  of i n d i v i d u a l  m i s s i l e s ,  o r  e s t i m a t e  t h e  p r o b a b i l i t y  of impact 

w i t h  exposed humans. A s  an  approx imat ion ,  Ref. [ l ]  p r e s e n t s  t h e  

e x p r e s s i o n :  



TABLE 12-3. RELATIONSHIP BETWEEN PERENTAGES AND pr ' S  

The p v a l u e s  a r e  t h e  t h r e e - d i g i t  numb.ers in t h e  t a b l e .  P e r c e n t s  
r 

a r e  r e a d  a l o n g  t h e  t o p  and  s i d e  margin of t h e  t a b l e .  The v e r t i c a l  
column of p e r c e n t s  g i v e s  t h e  decade ;  t h e  h o r i z o n t a l  column g i v e s  
t h e  u n i t .  The t a b l e  e n t r y  a p p e a r i n g  i n  t h e  row of  t h e  decade v a l u e  
and t h e  column of  t h e  u n i t  v a l u e  is t h e  p v a l u e  cor responding  t o  r 
t h a t  p e r c e n t .  The l a s t  two rows i n  t h e  t a b l e  p r o v i d e  a f i n e r  
r e a d i n g  f o r  v e r y  h i g h  percent--from 99.0 t o  99.9.  The second t o  
l a s t  row i s  t h e  t e n t h s  of p e r c e n t  t o  b e  added t o  99%. The l a s t  
row c o n s i s t s  of t h e  cor responding  p v a l u e s .  r 



!<here J i s  t h e  dynamic o v e r p r e s s u r e  impulse  d e f i n e d  by t h e  i n t e g r a l  of 

t h e  o v e r p r e s s u r e  a s  a  f u n c t i o n  o f  t ime  f o r  t h e  d u r a t i o n  of t h e  p o s i t i v e  
2 

pnase  of t h e  b l a s t  wave ( i n  u n i t s  of N - s / m  ) .  I n  m a t h e m a t i c a l  t e rms :  

where P(T) = o v e r p r e s s u r e  as a f u n c t i o n  of t ime a t  a g i v e n  l o c a t i o n ,  

ta 
= a r r i v a l  t ime of t h e  b l a s t  wave, and 

t = t ime  a t  which p o s i t i v e  phase  o f  t h e  b l a s t  wave e n d s .  
0 

D e r i v a t i o n  of t h i s  e x p r e s s i o n  f o r  P  assumes t h a t  a l l  exposed p e r s o n s  r 
o u t s i d e  of b u i l d i n g s  i n  t h e  r e g i o n  t r a v e r s e d  by t h e  b l a s t  wave would 

s u f f e r  i n j u r y  from i n i s s i l e s  . T n i s  assumpt ion  l e a d s  t o  o v e r e s t i m a t e s  

of t h e  e x p e c t e d  i n j u r y  r a t e .  I n  t h e  a b s e n c e  of a more r i g o r o u s  approach  

t o  t h e  problem, however, i t  must b e  u t i l i z e d  u n t i l  b e t t e r  c r i t e r i a  

b ecome a v a i l a b l e .  

a. T e r t i a r y  Damage 

Refe rence  [ l ]  d e a l s  w i t h  d e a t h s  and i n j u r i e s  due t o  f o r c i b l e  

sovement of exposed peop le  and subsequen t  impact  w i t h  t h e  ground, a  w a l l ,  

o r  o t h e r  o b j e c t  due t o  t h e  b l a s t  wave. Assuming a n  a v e r a g e  s i z e d  person  

and an  impact d i s t a n c e  of 10 f e e t ,  one  can  d e r i v e  t h e  f o l l o w i n g  

e x p r e s s i o n :  

2 
where J i s  t h e  impulse  l e v e l  i n  N - s / m  and pr l e a d s  t o  t h e  p e r c e n t a g e  

of exposed p o p u l a t i o n  k i l l e d .  For i n j u r y ,  m o s t l y  broken bones ,  t h e  

e x p r e s s i o n  p r e s e n t e d  is: 



E v a l c a t i o n  of t h e s e  e x p r e s s i o n s  L n d i c a t s s  t h a t  damage d u s  t o  

impulse  i s  c o m p l e t e l y  overshadowed by damage due t o  o v e r p r e s s u r e  a t  any 

p o i n t ,  and i t  i s  r e a s o n a b l e  t o  i g n o r e  t h e  fo rmer .  

e .  Exp los ion  Damage t o  S t r u c t u r e  

Using d a t a  from Ref.  [2 ]  f o r  f rame s t r u c t u r e s  exposed t o  t h e  b l a s t  

wave caused by 500 t o n s  of TNT ( b a s e d  on Ref .  [ I ] ) ,  one  can d e r i v e  t h e  

f o l l o w i n g  two e x p r e s s  i o n s  : 

For g l a s s  b r e a k a g e  o n l y :  

Pr 
= -18.1 + 2.79 Log ( P p ) ;  and 

e 

For s t r u c t u r a l  damage: 

where P a g a i n  i s  t h e  peak o v e r p r e s s u r e  a t  a g i v e n  l o c a t i o n  i n  u n i t s  of 
2 

N / m .  

Refe rence  [ 2 ]  r e p o r t s  t h a t  t h r e s h o l d  g l a s s  b reakage  (1%)  o c c u r s  a t  
2 

a peak o v e r p r e s s u r e  o f  1 , 7 0 0  N / m  . By assuming t h a t  90% o f  a l l  g l a s s  
2 

w i l l  b r e a k  a t  t h e  o v e r p r e s s u r e  l e v e l  (6 ,200 N/m ) a s s o c i a t e d  w i t h  t h r e s -  

ho ld  s t r u c t u r a l  damage ( I % ) ,  Ref .  [ l ]  o b t a i n s  t h e  two d a t a  p o i n t s  needed 

t o  d e r i v e  t h e  p e x p r e s s i o n .  The approach  a p p e a r s  t o  b e  c o n s e r v a t i v e ,  
r 

b u t  l o g i c a l l y  c o r r e c t  i n  a q u a l i t a t i v e  s e n s e .  It u l t i m a t e l y  p r o v i d e s  

t h e  p e r c e n t a g e  of b u i l d i n g s  t h a t  w i l l  e x p e r i e n c e  g l a s s  b reakage  as a 

f u n c t i o n  -o f  o v e r p r e s s u r e .  

The approach f o r  e s t i m a t i n g  t h e  p e r c e n t a g e  of b u i l d i n g s  t h a t  w i l l  

s u f f e r  s t r u c t u r a l  damage is n o t  s o  l o g i c a l l y  c o r r e c t ,  however. 

Refe rence  [ 2 ]  p r o v i d e s  d a t a  r e l a t i n g  t h e  e x t e n t  of damage t o  a g i v e n  

frame b u i l d i n g  as  a f u n c t i o n  of o v e r p r e s s u r e .  These  d a t a  are: 

2 
Damage L e v e l  Peak Overpressure  (N/m ) 

Thresho ld  s t r u c t u r e  damage (1%) 

S t r u c t u r a l  damage (50%) 

.,.; ,. T a t a l  damage (99%) 



I t  a p p e a r s  t h a t  Ref .  [ l ]  i n c o r r e c t l y  assumes t h a t  1% of b u i l d i n g s  w i l l  
2  

e x p e r i e n c e  damage a t  6,200 N / m  , 50% w i l l  s u f f e r  damage a t  20,700 N / m  
2 

0 

and  so on,  where i n  t r u t h  t h e  20,700 ~ / m '  o v e r p r e s s u r e  i s  i n t e n d e d  t o  

s u g g e s t  t h a t  50% of a  g iven  b u i l d i n g  i s  d e s t r o y e d .  T h i s  i n t e r p r e t a t i o n  

i s  conf i rmed by d a t a  in Ref.  [ 3 ] ,  i n d i c a t i n g  t h a t  an o v e r p r e s s u r e  o f  
2  

20,700 N / m  i s  s u f f i c i e n t  t o  s h a t t e r  non- re in forced  c o n c r e t e  o r  c i n d e r  

b l o c k  walls, and t h a t  e n t i r e  w a l l s  of s t a n d a r d  t y p e  homes can be blown 
2  

i n  a t  t h e  lower o v e r p r e s s u r e  of 13,800 N / m  . 
To r e s o l v e  t h i s  i n c o n s i s t e n c y  i n  Ref. [ l ] ,  i t  is  concluded t h a t  

t h e  second p e x p r e s s i o n  p r e s e n t e d  above can  o n l y  b e  u t i l i z e d  t o  a s s e s s  
r 

t h e  l e v e l  of damage t o  a s t r u c t u r e  exposed t o  a g iven  o v e r p r e s s u r e .  

Fur thermore,  i t  is concluded t h a t  s h i e l d i n g  e f f e c t s  i n  d e n s e l y  popula ted  

a r e a s ,  a t  some l a t e r  t ime,  shou ld  be  g i v e n  c r e d i t ,  s o  t h a t  t h e  second 

o r  t h i r d  l ine of s t r u c t u r e s  around a b h s t  s i t e  a r e  n o t  assumed t o  

s u f f e r  t h e  same damage l e v e l s  a s  s t r u c t u r e s  in t h e  f i r s t  l i n e  o r  r i n g  

abou t  t h e  s i te .  

f .  A d d i t i o n a l  C o n s i d e r a t i o n s  

Refe rence  [ l ]  has  n o t  a t t e m p t e d  t o  e s t i m a t e  t h e  number of d e a t h s  

and s e r i o u s  i n j u r i e s  t o  pe rsons  i n s i d e  b u i l d i n g s  t h a t  s u f f e r  s u b s a n t i a l  

damage. Obviously ,  i f  a b u i l d i n g  s u f f e r s  t o t a l  d e s t r u c t i o n  because  of a 

b l a s t ,  p e o p l e  i n s i d e  t h a t  s t r u c t u r e  w i l l  be  h u r t .  

A s  a f i r s t  a t t e m p t  a t  d e r i v i n g  2 e x p r e s s i o n s  f o r  t h e s e  c a s e s ,  it r 
i s  sugges ted  t h a t  50% of p e o p l e  i n  a b u i l d i n g  t h a t  s u f f e r s  t o t a l  damage 

w i l l  d i e  and t h a t  90% w i l l  be  i n j u r e d  s i g n i f i c a n t l y .  I f  t h e  s t r u c t u r e  

is 50% damaged, i t  is sugges ted  t h a t  25% of t h e  i n h a b i t a n t s  w i l l  d i e  and 

t h a t  12.5% w i l l  b e  i n j u r e d .  These e s t i m a t e s  a l l o w  t h i s  f a c t o r  t o  be 

a d d r e s s e d  q u a n t i t a t i v e l y .  Thus; 

f o r  d e a t h s  due  t o  b u i l d i n g  damage: 

r 
= -8.7 + 1 . 3 1  Log ( P p ) ;  and 

e  



f o r  i n j u r i e s  due t o  b u i l d i n g  damage: 

3 .  F i r e  E f f e c t s  

An assessment  of t h e  impact  caused by a  vapor-cloud f l a s h  f i r e  o r  

a burn ing  pool  r e q u i r e s  c o n s i d e r a t i o n  of the rmal  r a d i a t i o n  l e v e l s  as 

w e l l  a s  t h e  d u r a t i o n  of exposure .  Using d a t a  from Ref.  [ 4 ] ,  one  can 

u s e  Ref. [ l ]  t o  d e r i v e  t h e  fo l l owing  exp re s s ion  f o r  d e a t h  from burns:  

where t is t h e  d u r a t i o n  of exposure  i n  seconds and I is t h e  thermal  
2 

r a d i a t i o n  f l u x  in jou l e s lm  -s . 
For non - l e tha l  burns ,  i t  is  d e s i r e d  t o  o b t a i n  an  exp re s s ion  

d e s c r i b i n g  t h e  t h r e sho ld  f o r  f  i r s t - d e g r e e  burns .  Refe rence  [I] f i n d s  

t h a t  t h e  equa t i on  d e s c r i b e d  by: 

. .v .'. 
f i t s  t h e  d a t a  w e l l .  I f  exposures  in any r e g i o n  exceed t h i s  l e v e l ,  nor,- 

l e t h a l  burns  can  be expec ted  f o r  exposed personne l .  

Where p rope r ty  is o f  concern ,  l e v e l s  a t  which exposed wood i g n i t e s  

spontaneous ly  have t o  b e  eva lua t ed .  Reference [ l ]  deve lops  t h e  

n e c e s s a r y  c r i t e r i a  through manipu la t ion  of  a n  a n a l y s i s  p r e sen t ed  i n  

Ref. [ 5 ] .  For i g n i t i o n  of wood from pool  f i r e s ,  t h e  r a d i a t i o n  i n t e n s i t y  

( I s )  must exceed t h e  level: 

4  2  
I = 2 . 5 4 ~ 1 0  j o u l e s l m - s ,  
s 

and t h e  d u r a t i o n  o f  t h e  f i r e  must exceed t h e  t i m e  g iven  by: 



4 .  Toxic E f f e c t s  

As a  p r a c t i c a l  ma t t e r ,  t h e  r e l e a s e  of t o x i c  subs tance  t o  t h e  

environment cannot gene ra l ly  be expected t o  a f f e c t  l a r g e  exposed 

popula t ions  adve r se ly ,  un le s s  t h e  subs tance  d i s p e r s e s  r a p i d l y  and i n  

such a  manner a s  t o  a f f o r d  no chance of escape t o  a f f e c t e d  people. 

Thus, an assessment of p o t e n t i a l l y  widespread and s i g n i f i c a n t  t o x i c  

e f f e c t s  can be l i m i t e d  t o  a  cons ide ra t ion  of harmful a c u t e  exposures 

de r iv ing  from vapor i n h a l a t i o n .  Chronic ( i . e . ,  long-term) exposures 

t o  harmful vapor concen t ra t ions  can be excluded on t h e  b a s i s  t h a t  t h e  

publ ic  w i l l  v o l u n t a r i l y  and promptly evacuate p o t e n t i a l l y  harmful a r e a s ,  

o r  w i l l  be forced  t o  do so by pub l i c  h e a l t h  o f f i c i a l s .  

S imi l a r ly ,  t h e  l i k e l i h o o d  of inges t ion  and o r  s k i n  o r  eye  con tac t  

wi th  hazardous subs tances  i n  t h e  s o l i d  o r  l i q u i d  s t a t e  can be considered 

a  r a r e  event  except  under ex t r ao rd ina ry  circumstances.  Although a  few 

foolhardy members of t h e  pub l i c  may wander through a  s p i l l  s i t e ,  and a  

f e w c a r e l e s s o r  uninformed members of emergency response f o r c e s  may be 

a f f e c t e d ,  t h e i r  numbers w i l l  gene ra l ly  be few and n o t  of consequence 

t o  t h e  f i n a l  r e s u l t  of  an o v e r a l l ,  comparative r i s k  assessment.  

A n  assessment of t h e  e f f e c t s  of a t o x i c  vapor cloud n e c e s s i t a t e s  

t h e  c l a s s i f i c a t i o n  of exposure consequence i n t o  t h r e e  ca t egor i e s :  

Letha l  i n j u r y ,  

Sub le tha l  i n j u r y ,  and 

Severe i r r i t a t i o n .  

Le tha l  i n j u r i e s  ( o r  f a t a l i t i e s )  w i l l  occur a t  vapor concen t ra t ions  - . * . 4  

s u f f i c i e n t l y  high t o  cause  dea th  immediately, o r  wi th in  a  time span l e s s  

than t h a t  necessary f o r  escape t o  l e s s  a f f e c t e d  reg ions .  To s impl i fy  

t h e  s e l e c t i o n  of l e t h a l  exposure l e v e l s  f o r  r e p r e s e n t a t i v e  hazardous 

substances,  it is n o t  unreasonable to  assume t h a t  t h e  maximum a v a i l a b l e  

t ime f o r  escape f r a n  a hazardous cond i t ion  is one-half hour.  The l e t h a l  

concent ra t ions  a s soc ia t ed  wi th  t h i s  t ime dura t ion  then provide t h e  

des i r ed  c r i t e r i o n  f o r  e s t ima t ing  t h e  a r e a  i n  which t h e  exposed populat ion 



nay e x p i r e .  The s e l e c t i o n  of such  a  s i m p l e  c r i t e r i o n  o b v i a t e s  t h e  need 

f o r  complex dose- response  r e l a t i o n s h i p s ,  w h i l e  p r o v i d i n g  a  c o n s e r v a t i v e  

approach  t o  s a t i s f y i n g  t h e  needs  of impact  a n a l y s i s .  

During t h e  j o i n t  X a t i o n a l  I n s t i t u t e  of Occupa t iona l  S a f e t y  and H e a l t h /  

O c c u p a t i o n a l  S a f e t y  and H e a l t h  A d m i n i s t r a t i o n  (XIOSH/OSHA) S t a n d a r d s  

Completion Program, c o n s i d e r a b l e  e f f o r t  was devo ted  t o  t h e  d e f i n i t i o n  of 

c o n c e n t r a t i o n s  t h a t  a r e  " immediate ly  dangerous  t o  l i f e  o r  d e a t h . "  The 

r e s u l t i n g  Immediate ly  Dangerous t o  L i f e  and H e a l t h  (IDLH) l e v e l s  f o r  OSHA- 

r e g u l a t e d  s u b s t a n c e s  [ 6 ]  were c h o s e n  t o  r e p r e s e n t  t h e  maximum concen- 

t r a t i o n s  from which a p e r s o n  c o u l d  e s c a p e  w i t h i n  30 m i n u t e s  w i t h o u t  any 

escape- impa i r ing  symptoms o r  any i r r e v e r s i b l e  h e a l t h  e f f e c t s .  These 

c o n c e n t r a t i o n s ,  t h e r e f o r e ,  p r o v i d e  c o n v e n i e n t  and g e n e r a l l y  r e a l i s t i c  

v a l u e s  f o r  u s e  i n  d e f i n i n g  t h e  b o r d e r l i n e  between c o n c e n t r a t i o n s  t h a t  

are h a m f u l  and t h o s e  t h a t  a r e  s e v e r e l y  i r r i t a t i n g .  

Members o f  t h e  p u b l i c  e x p e r i e n c i n g  moderate  t o  s e v e r e  i r r i t a t i o n  

a r e  l i k e l y  t o  b e  concerned t h a t  t h e i r  exposures  have caused  them more 

s e r i o u s  harm. I n  consequence,  they  may s e e k  medica l  t r e a t m e n t  and add 

t o  t h e  burden of emergency medica l  teams. I t  is wor thwhi le ,  t h e r e f o r e ,  

t o  deve lop  a c o n s e r v a t i v e  d e f i n i t i o n  of c o n c e n t r a t i o n  l e v e l s  t h a t  a r e  

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

* 
T a b l e  12-4 l is ts  r e p r e s e n t a t i v e  c h e m i c a l s  that can c a u s e  vapor  

exposures  o v e r  widespread a r e a s .  For  e a c h  of t h e s e  chemica l s ,  t h e  

t a b l e  p r o v i d e s  e s t i m a t e s  of each  of t h e  t h r e e  c o n c e n t r a t i o n  l e v e l s  

d e s c r i b e d  above,  based upon a rev iew of t h e  p e r t i n e n t  l i t e r a t u r e .  

5 .  A p p l i c a t i o n  of Damage C r i t e r i a  

The vapor  c o n c e n t r a t i o n s  p r e s e n t e d  above are w e l l  s u i t e d  t o  t h e  

es titi?iition of a f f e c t e d  downwind a r e a s .  The o t h e r  damage c r i t  z r i a ,  

however, are i n  t h e  form of e q u a t i o n s  r e l a t i n g  a p h y s i c a l  pa ramete r  t o  

t h e  f r a c t i o n  o f  exposed r e s o u r c e s  t h a t  a r e  expec ted  t o  b e  harmed. They 

a r e  b e t t e r  s u i t e d ,  t h e r e f o r e ,  t o  more r i g o r o u s  r i s k  a s s e s s m e n t s ,  which 

a r e  beyond t h e  o b j e c t i v e s  of t h i s  s t u d y .  

A 
These hazardous  materials were  s e l e c t e d  through a p r o c e s s  d e s c r i b e d  
i n  S e c t i o n  F. 



TABLE 12-L. TOXIC VAPOR DANAGE CRITERIA 
FOR THIRTY MINUTE EXPOSURE 

* 
The v a s t  m a j o r i t y  of t h e s e  c r i t e r i a  evo lved  from a r a ? i d  
review of l i m i t e d  a v a i l a b l e  d a t a  from exper iments  w i t h  
an imals  and t h e  a p p l i c a t i o n  of a c o n s i d e r a b l e  deg ree  of 
judgment. I t  is  e n t i r e l y  p o s s i b l e  and l i k e l y  t h a t  one  o r  
more va lue s  a r e  s u b s t a n t i a l l y  i n c o r r e c t .  

p a r t s  per  m i l l i o n .  

I r r i t a t i n g  
( P P ~  

14 0 
0 

7 5 
2 
7 

300 
1000 

50 - - 
13 

240 
0 

15 00 
0 

2 0 
1 
2 

1500 
4 00 0 

300000 

S u b l e t h a l  
( P P ~ )  

500 
100 
100 

1 0  
2 5 

2000 
2000 

100 
100 
300 

25000 
2000 

200 
5 0 

2 
2 0 

2000 
10000 

450000 

Ch emic a 1  

Xmmon i a  
A n i l i n e  
Boron T r i c h l o r i d e  
Bromine 
Chlor ine  
Dime thy lamins  
Gaso l ine  
Hydroch lor ic  a c i d  
Hydrogen c h l o r i d e  
Hydrogen s u l f i d e  
Me thy1  a l c o h o l  
Me thy1  bromide 
X i t  robenzene 
Ni t rogen  t e t r o x i d e  
Phosgene 
S u l f u r i c  a c i d  
Toluene 
Xy l e n  e 
Butadiene 
Ethy lene  
Hydrogen 
LPG 
l%nochlorodifluorome 

L e t h a l  
( P P ~ )  ** 

2500 
500 

3000 
400 

5 0 
4000 
8000 
4350 
3500 

600 
7 00 00 

2600 
1000 
8 00 

1 5  
7 5 

10000 
15000 

600000 



To s i n p l i f y  a p p l i c a t i o n s  o f  t h e s e  l a t t e r  c r i t e r i a ,  i t  w a s  dec ided  

t o  u t i l i z e  t h e  e q u a t i o n s  t o  d e f i n e  t h e  p h y s i c a l  pa ramete r  v a l u e s  a s s o -  

c i a t e d  w i t h  a 40% p r o b a b i l i t y  of damage. Fur the rmore ,  i t  was assumed 

t h a t  t h e  d e a t h s ,  i n j u r i e s ,  and p r o p e r t y  l o s s e s  expec ted  from a p a r t i -  

c u l a r  r e l e a s e  s c e n a r i o  c o u l d  b e  d e r i v e d  by t o t a l i n g  on ly  t h o s e  l o s s e s  

o c c u r r i n g  w i t h i n  t h e  40% damage i s o p l e t h ,  t h i s  b e i n g  accomplished by 

f u r t h e r  assuming t h a t  a l l  r e s o u r c e s  w i t h i n  t h e  hazard  a r e a  have t h e  - 
p o t e n t i a l  t o  b e  a d v e r s e l y  a f f e c t e d .  I n  t h i s  approach ,  o v e r e s t i m a t i o n  

of damages w i t h i n  t h e  40% i s o p l e t h  w i l l  h o p e f u l l y  b e  c o u n t e r b a l a n c e d  by 

t h e  assumption t h a t  no damages o c c u r  o u t s i d e .  

Tab le  12-5 summarizes t h e  damage c r i t e r i a  f o r  e x p l o s i o n s  and f i r e s  

u s i n g  t h i s  s t r a t e g y  and o t h e r s  n o t e d  on t h e  t a b l e  f o r  s p e c i a l  c a s e s .  

E . SELECTION OF REPRESENTATIVE CHEMICALS : 
UPROACHES TO INPACT ASSESSMENT 

1. Background 

It i s  t h e  o b j e c t i v e  of t h i s  p o r t i o n  o f  t h e  a n a l y s i s  t o  rev iew 

h i s t o r i c a l  h a z a r d o u s - g a t e r i a l  s p i l l  s t a t i s t i c s  t o  i d e n t i f y  t h o s e  

s u b s t a n c e s  t h a t  have been most commonly s p i l l e d .  The s h o r t  l i s t  of 

s u b s t a n c e s  developed f o r  each c a t e g o r y  i s  s u b s e q u e n t l y  u t i l i z e d  t o  

deve lop  impact  a s s e s s m e n t s  f o r  b o t h  "average"  and "worst  c a s e "  s p i l l  

s c e n a r i o s .  The approach f o r  t h i s  e f f o r t  is a l s o  d e s c r i b e d  i n  t h e  

f o l l o w i n g  p a r a g r a p h s ,  w h i l e  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  S e c t i o n  G .  

2 .  Data S o u r c e s  U t i l i z e d  

I d e a l l y ,  t h e  d a t a  b a s e  f o r  s p i l l s  would o n l y  i n c l u d e  t h o s e  i n c i d e n t s  

i n v o l v i n g  r a i l r o a d  c a r s .  U n f o r t u n a t e l y ,  however, t h e  t a s k  of s o r t i n g  

and a n a l y z i n g  e x i s t i n g  d a t a  b a s e s  t o  o b t a i n  such d a t a  would have r e q u i r e d  

a mass ive  and c o s t l y  e f f o r t  t h a t  was n o t  c o n s i d e r e d  as b e i n g  j u s t i f i e d  

by t h e  o b j e c t i v e s  of t h i s  s t u d y .  Thus, t h e  a n a l y s i s  of s p i l l  d a t a  

c o n s i d e r e d  a l l  s p i l l s  r e p o r t e d  t o  t h e  Department of T r a n s p o r t a t i o n  (DOT) 

a s  be ing  t r a n s p o r t a t i o n - r e l a t e d .  



Notes :  t - effective d u r a t i o n  of f i r e  e x p o s u r e  ( s e c o l ~ d s )  
2  I = c f  f e c t  i v e  r n d l a t  lo11 i r i t c ~ ~ i s i t y  a t  r e c c p l o r  ( J im - s )  
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4 0 %  L r t h a l i  t y  
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Damage 
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 even^ 

E x p l o s i o n  

F i r e  
(any 
t y p e )  

Poo 1 
FL r e  

= 

C a u s e  

Lung 
t l emorrhage  

Eardrum 
I t ~ ~ l ~ t u r e  

#issiles 

b u l l d i n g  
Col l a l ~ s c  

B u i l d i n g  
( : o l i a l ) s e  

Sllock Wave 

S l ~ o c k  Wave 

U u r r ~ s  

b u r n s  

l g n i t l o n  

Damage 
R e c e p t o r s  

Humans 

Humans 

Humans 

Ilumans 

Hurunns 

B u i l d i n g s  

B u i l d i n g s  

Humans 

llumans 

B u i l d l n g s  

Damag 1  n g  
F a c t o r  

P e a k  
0 v e r l ) r e s s u r e  

Peak  
Ovc  pressure 

Dyllomlc 
O v e r p r e s s u r e  
Imlurlse  

I 'c i~k 
0 v c . r p r e s s u r e  

I'cak 
i ) v e r p r e s u ~ r r e  

.IJeak 
O v c r p r e s s u r e  
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R a d i a t i o n  
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R a d l o t i o n  

E f f e c t  
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Won-le t h a l  
I n l u r y  
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I n j u r y  
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I n  1977, t h e  DOT O f f i c e  of Hazardous \ .!atzrials (a&!) xade a v a i l a j l e  

a d e t a i l e d  a n a l y s i s  of t h e  12 ,063  haza rdous -ma te r i a l  i n c i d e n t  r e p o r t s  

r e c e i v e d  d u r i n g  c a l e n d a r  y e a r  1976. Encompassing a l l  modes of  t r a n s -  

por tat i o n ,  bu t  p r i m a r i l y  c o n s i s t i n g  of r e p o r t s  from highway and r a i l r o a d  

c a r r i e r s ,  t h e  d e t a i l e d  d a t a  s n e e t s  l i s t e d  all s u b s t a n c e s  s p i l l e d  i n  t h a t  

y e a r ,  i d e n t i f i e d  t h e  commodity c a t e g o r y  of each ,  and prov ided  t h e  e x a c t  

number of s p i l l s  i nvo lv ing  each s u b s t a n c e .  I t  was dec ided  t o  u t i l i z e  

t h e  r e s u l t s  of  t h i s  e f f o r t  t o  i d e n t i f y  t h e  hazardous m a t e r i a l s  t o  be used 

i n  deve lop ing  t h e  "average"  and "worst  case"  impact-assessment s c e n a r i o s .  

Necessary assumpt ions  a r e :  

That t h e  mix of commodities t h a t  a r e  t r a n s p o r t e d  by 
r a i l r o a d s  and t h a t  a r e  i nvo lved  i n  a c c i d e n t s  does  n i t  
v a r y  s u b s t a n t i a l l y  from t h e  d i s t r i b u t i o n  sugges t ed  by 
t h e  OtLY d a t a ;  and 

That t h e  r e s u l t s  of t h e  impact assessment  would no t  b e  
s i g n i f i c a n t l y  d i s t o r t e d  by t h e  i n c l u s i o n  of a few 
"erroneous"  subs t ances  i n  t h e  l ist  (v i s - a -v i s  shipment 
Sy r a i l r o a d ) ,  i f  some judgment is  a p p l i e d  t o  a d j u s t  
r e s u l t s .  

3 .  Xpproacn 

The a n a l y s i s  f o r  non-flammable compressed g a s e s  p r e sen t ed  below 

demons t r a t e s  t h e  o v e r a l l  approach taken  t o  deve lop ing  a  s h o r t  l i s t  o f  

subs t ances  t h a t  p r e s e n t s  t h e  bu lk  of t h e  r i s k  a s soc . i a t ed  w i t h  spil ls of  

t h i s  t y p e  of subs t ance .  For t h i s  p a r t i c u l a r  c a t e g o r y ,  t h e  e f f o r t  

u l t i m a t e l y  l e d  t o  a l i s t  of s i x  s p e c i f i c  s u b s t a n c e s  (one  i s  a c t u a l l y  

r e p r e s e n t a t i v e  of t h e  b roader  c l a s s  of s imp le  a sphyx i an t s )  t h a t  have been 

most o f t e n  s p i l l e d  i n  t h e  p a s t .  Each s u b s t a n c e  is  a s s i g n e d  a c o n d i t i o n a l  

p r o b a b i l i t y  of r e l e a s e ,  g i v e n  t h a t  a n  a c c i d e n t  h a s  occur red  and t h a t  a 

s u b s t a n c e  i n  t h i s  commodity c a t e g o r y  h a s  been r e l e a s e d .  

A sub s equen t  p o r t i o n  of t h e  o v e r a l l  impac t -assessment  a n a l y s i s  

e v a l u a t e s  t h e  a r e a s  a s s o c i a t e d  w i th  t h e  major  a d v e r s e  e f f e c t s  of each 

s u b s t a n c e  as a f u n c t i o n  of t h e  amount r e l e a s e d .  Analogous a r e a s  f o r  

each s u b s t a n c e  (e .g . ,  t h e  a r e a s  i n  which humans w i l l  e x p i r e  due t o  t o x i c  

vapor  exposure)  a r e  t h e n  u t i l i z e d ,  i n  combinat ion w i th  c o n d i t i o n a l  



p r o b a b i l i t i e s ,  t o  deve lop  "composite" r e s u l t s  t h a t  a r e  r e p r e s e n t a t i v e  

of t h e  e f f e c t s  of t h e  a v e r a g e  o r  t y p i c a l  s p i l l  i n v o l v i n g  t h i s  c a t e g o r y  

of n a t e r i a l s .  A s i m p l e  i n s p e c t i o n  of o v e r a l l  r e s u l t s  t h e n  p e r m i t s  

s e l e c t i o n  of t h o s e  r e s u l t s  a s s o c i a t e d  w i t h  f e a s i b l e  "worst c a s e "  e v e n t s .  

With t h e s e  two s e t s  of d a t a ,  t h e  a n a l y s t  can  c o n s i d e r  what i s  most 

l i k e l y  t o  o c c u r  d u r i n g  a  t y p i c a l  i n c i d e n t ,  and a l s o  d e f i n e  t h e  upper  

l i m i t s  of e x p e c t e d  a d v e r s e  impacts  . 
4 .  A n a l y s i s  f o r  Non-flammable Compressed Gases 

The major impact  of a non-flammable compressed g a s  (NFCG) r e l e a s e  

i s  exposure  of t h e  p u b l i c  t o  a i r b o r n e  con taminan ts .  T a b l e  12-6 p r e s e n t s  

a  summary of t h e  NFCG r e l e a s e s  t h a t  o c c u r r e d  d u r i n g  1976 and l i s ts  t h e  

c o n c e n t r a t i o n s  i n  a i r  t h a t  a r e  Immediately dangerous  t o  l i f e  and  h e a l t h  

( i . ~ . ,  IDLH v a l u e s  e x t r a c t e d  from OSHA documents c i t e d  p r e v i o u s l y  o r  

e s t i m a t e d  by Ar thur  D.  L i t t l e ) .  Where t h e  word "asphyxian t"  a p p e a r s  i n  

t h i s  l i s t ,  i t  i m p l i e s  t h a t  t h e  gas  o r  vapor  i s  n o t  t r u l y  t o x i c ,  b u t  can 

n e v e r t h e l e s s  c a u s e  harm through d e p l e t i o n  of oxygen i n  t h e  a tmosphere .  

A l l  such d e s i g n a t i o n s  were made by A r t h u r  D. L i t t l e ,  based upon a  rev iew 

of t o x i c o l o g i c a l  d a t a .  Subs tances  w i t h  IDLH's of 50,000 ppm can a l s o  be 

c o n s i d e r e d  s i m p l e  a s p h y x i a n t s  f o r  t h e  purposes  o f  t h i s  a n a l y s i s ,  a l t h o u g h  

it must b e  r e a l i z e d  t h a t  some of t h e  s u b s t a n c e s  w i t h  t h i s  IDLH do have 

a d d i t i o n a l  t o x i c o l o g i c a l  e f f e c t s .  

Tab le  12-7 s e p a r a t e l y  combines a l l  s i m p l e  a s p h y x i a n t s  and a l l  

commodities w i t h  n o t  o t h e r w i s e  s p e c i f i e d  (NOS) d e s i g n a t i o n s ,  and ,  i n  i ts  

second column, p r e s e n t s  t h e  f r a c t i o n  of a l l  s p i l l s  a s s o c i a t e d  w i t h  e a c h  

s p e c i f i c  commodity o r  t y p e  of commodity. These r e s u l t s  a r e  e s s e n t i a l l y  

t h e  c o n d i t i o n a l  p r o b a b i l i t i e s  o f  release. They are n o t  u s e f u l  as y e t ,  

however, because  t h e  c a t e g o r y  of NOS m a t e r i a l s  is  comprised o f  m a t e r i a l s  

w i t h  u n d e f i n a b l e  p r o p e r t i e s .  Thus, i t  is assumed t h a t  t h e  NOS m a t e r i a l s  

a r e  d i s t r i b u t e d  i n  t e rms  of a d v e r s e  impact  in a  f a s h i o n  s i m i l a r  t o  t h e  

b e t t e r  i d e n t i f i e d  commodities,  and "ad jus ted"  c o n d i t i o n a l  ~ r o b a b i l i t i e ' s  

o f  release a r e  computed w i t h  s i m p l e  r a t i o s .  These are p r e s e n t e d  i n  t h e  

t h i r d  column o f  t h e  t a b l e .  



TABLE 12-6. NON-ELWMABLE COMPRESSED GAS SPILL DATB (1976) 

C o m o d i  t y  

Anhydrous ammonia 

Argon 

Boron t r i f  l u o r i d e  

C h l o r i n e  

Compressed g a s  (NOS) 

Carbon d i o x i d e  

Dich lorod i f luoromethane  

D i s p e r s a n t  g a s  (XOS) 

F e r t  . a m o n i a t i n g  s o l .  

F i r e  e x t i n g u i s h e r s  

Helium 

Hydrogen C h l o r i d e  

?lonochlorodif  luorome thane  

Ni t rogen  f e r t i l i z e r  s o l u b l e  

Ni t rogen  

Oxygen 

Number of  
R e l e a s e s  

8 0  

1 

2 

11 

4 0 

9 

3 

i 

2 

6 

1 

5 

1 

3 

3 

6 

IDLH 
( P P ~ )  

500 

Asphyxiant 

100 

2 5  
3 

50,000 

50,000 
3 

? 

50,000 ( e s t . )  

Asphyxiant 

100 

50,000 ( e s t . )  

? 

Asphyxiant 

- 
L 



TABLE 12-7. DATA ANALYSIS RESULTS FOR NON-FLAMMABLE 
COMPRESSED GASES 

Xote:  !4onochlorodifluoromethane is  chosen as r e p r e s e n t a t i v e  of 
t h e  c l a s s  o f  s i m p l e  a s p h y x i a n t s .  Boron t r i c h l o r i d e  *.*, ,  
r e p l a c e s  boron t r i f l u o r i d e  because  of l a c k  o f  d a t a  on t h e  
l a t t e r  compound. Oxygen i s  d e l e t e d  from c o n s i d e r a t i o n  
because  of i t s  unusua l  p r o p e r t i e s  and p o t e n t i a l  e f f e c t s .  

P ( a d j  u s t e d )  

0.656 

0.197 

0.090 

- 
0 . 0 4 1  

0.016 

- 

1.000 

L 

P 

0 .461  

0 .138 

0 .063  

0 .254 

0 .029 

0 .011  

0.034 

1 .000 

. 
Commodity 

Anhydrous ammonia 

Asphyxiants  

C h l o r i n e  

NOS compounds 

Hydrogen c h l o r i d e  

Boron t r i c h i o r i d e  

Oxygen 



S i m i l a r  e v a l u a t i o n s  were performed f o r  each of t h e  ocher  11 

commodity c a t e g o r i e s ,  u s ing  a p p r o p r i a t e  measures of  haza rd  p o t e n t i a l .  

The r e s u l t s  of t h e s e  a r e  p r e s e n t e d  below, t o g e t h e r  w i t h  a b r i e f  d i s -  

c u s s i o n  of t h e  s p e c i f i c  approach used .  

5 . Flammable Compressed Gases 

The OHM d a t a  b a s e  shows 14 s u b s t a n c e s  o r  t y p e s  of m a t e r i a l s  t o  b e  

r e s p o n s i b l e  f o r  t h e  262 releases of flammable compressed g a s e s  recorded  

i n  1976. Four of t h e s e  m a t e r i a l s  account  f o r  a t o t a l  of on ly  e i g h t  

s p i l l s  and can reasonably  b e  exc luded  from f u r t h e r  c o n s i d e r a t i o n .  Three 

o t h e r  s u b s t a n c e s  a r e  of t h e  same chemica l  fami ly  and can  b e  r e p r e s e n t e d  

by anhydrous dimethylamine.  Once NOS m a t e r i a l s  a r e  d e l e t e d ,  t h e  a d j u s t e d  

c o n d i t i o n a l  p r o b a b i l i t i e s  a r e  de te rmined  t o  be t h o s e  p r e sen t ed  below: 

Commodity P ( a d j u s t e d )  
C 

Lique f i ed  Pe t ro leum Gas 0.827 

Hydrogen 0.054 

Butad iene  0.049 

E t h y l e n e  0.023 

Hydrogen s u l f i d e  0.023 

Dimethylamine 0.024 

1 .ooo 

6. Flammable L iqu id s  

Flammable l i q u i d s  accounted f o r  a lmos t  51% of t h e  r e l e a s e s  r e p o r t e d  

t o  t h e  OHM d u r i n g  1976. Because of t h e  wide v a r i e t y  of compounds 

encompassed by t h i s  c a t e g o r y ,  and t h e  f a c t  t h a t  most commodities are 

grouped under vague head ings ,  such as "cement l i q u i d  NOS" (accounted  

f o r  288 r e l e a s e s ) ,  i t  i s  neces sa ry  t o  app ly  a c o n s i d e r a b l e  amount of 

judgment i n  t h e  s e l e c t i o n  of materials t h a t  are r e p r e s e n t a t i v e .  

The most s p i l l s  (42.07%) invo lved  a s i n g l e  c a t ego ry  f o r  p a i n t s ,  

enamels,  l a c q u e r s ,  and s t a i n s .  The s o l v e n t s  used i n  t h e s e  fo rmu la t i ons  ' 

i n c l u d e  a wide range  of  hydrocarbons,  a l c o h o l s ,  e s t e r s ,  ke tones ,  and 

g l y c o l  esters. Notably,  t h e  h i g h l y  t o x i c  s o l v e n t s  such as benzene,  



t 2 t r a c n l o r o e t n a n e ,  and carbon t e t r a c h l o r i d e  have Seen l a r g e l y  e l i a i n a  t ed  

i n  r e c e n t  y e a r s ,  s o  t h e  pr imary hazard  from s p i l l s  i s  t h a t  from f i r e s .  

To "model" t h i s  group of s u b s t a n c e s ,  t h e  s o l v e n t  t o l u e n e  i s  chosen a s  

r e p r e s e n t a t i v e .  It d i s p l a y s  a  moderate t o  high f l ammab i l i t y  hazard  a s  

w e l l  a s  a  moderate l e v e l  of t o x i c i t y .  

NOS m a t e r i a l s  accounted  f o r  32.77% of r e l e a s e s .  These a r e  

cons ide r ed  as m a t e r i a l s  o f  u n d e f i n a b l e  c h a r a c t e r i s t i c s ,  so  they a r e  

excluded from t h e  f i n a l  s e l e c t i o n .  S i m i l a r l y ,  ano the r  4.51% of s p i l l s  

a r e  excluded s i n c e  they  i nvo lve  a  r e l a t i v e l y  few s p i l l s ,  each of  a  l a r g e  

number of compounds. 

Gaso l i ne ,  ke rosene ,  v a r i o u s  naph tha s ,  and o t h e r  hazardous m a t e r i a l s  

de r i ved  from petroleum account  f o r '  17.18% o r  so  of r z l e a s e s .  To cover  

t h e  ca t ego ry  f u l l y ,  i t  i s  assumed t h a t  8.6% of s p i l l s  i nvo lve  g a s o l i n e ,  

and t h e  remainder  i nvo lve  xylene.  Thus, both  h i g h l y  flammable and 

moderate ly  flammable l i q u i d s  a r e  i nc luded .  

Alcohols  of v a r i o u s  t y p e s  account  f o r  3.4% of s p i l l s .  ? le thy l  

a l c o h o l  is c o n s e r v a t i v e l y  cnosen as be ing  r e p r e s e n t a t i v e  due t o  i t s  

t o x i c i t y  and widesprzad use .  

Conso l ida t ion  of t h e s e  d a t a  l e a d s  t o  t h e  fo l l owing  r e l a t i o n s h i p :  

Commodity 

Toluene 

Gaso l ine  

Xyl en e  

Me thy1  alcoho 1 

PC ( a d j  us  t e d )  

0.673 

0.136 

0.136 

0.055 

1.000 

7 i"' Combustible L iqu id s  

F u l l y  69.2% of c o m b m t i b l e  l i q u i d  s p i l l s  i nvo lve  NOS m a t e r i a l s  o r  

one o r  two  s p i l l s  each f o r  a v a r i e t y  of  s p e c i f i c  subs t ances .  The r e s t  

i nvo lve  v a r i o u s  f u e l  o i l s ,  ke rosene ,  and o t h e r  b a s i c  petroleum p roduc t s .  

S i n c e  t h e s e  l i q u i d s  a r e  of r e l a t i v e l y  low v o l a t i l i t y  and, t h e r e f o r e ,  

p r e s e n t  n e g l i g i b l e  vapor -d i spers ion  haza rd s ,  f u e l  o i l  No. 2  is  s e l e c t e d  

as r e p r e s e n t a t i v e  of t h e  e n t i r e  group. 



Flammable S o l i d s  ( S p e c i a l  Hazard) 

The 12 ,063  hazardous-mate r ia l  i n c i d e n t  r e p o r t s  c o n t a i n  approx imate ly  

50 i nvo lv ing  flammable s o l i d s  w i t h  unusua l  p r o p e r t i e s .  Among t h o s e  

i n  which t h e  hazardous m a t e r i a l  i s  s p e c i f i c a l l y  i d e n t i f i e d ,  abou t  one- 

h a l f  i n v o l v e s  phosphorus and i t s  compounds and t h e  o t h e r  h a l f  i n v o l v e s  

sodium and i t s  compounds. Consequent ly ,  phosphorus ( 1 1  s p i l l s )  and 

sodium h y d r o s u l f i t e  ( 9  s p i l l s )  a r e  chosen a s  r e p r e s e n t a t i v e ,  and each 

is  a s s i g n e d  a c o n d i t i o n a l  p r o b a b i l i t y  of 0.3.  

Flammable S o l i d s  (Ordinary Hazards) 

No more than  1 9  of t h e  12,063 s p i l l s  i nvo lve  t h e  r a t h e r  o rd ina ry  

combus t i b l e  m a t e r i a l s  de s igna t ed  a s  flammable s o l i d s .  Because of t h e  

common n a t u r e  of t h e i r  haza rd s ,  and t h e  low inc idence  of s p i l l s ,  t h i s  

c a t e g o r y  i s  excluded from f u r t h e r  c o n s i d e r a t  ion .  

1 0 .  Oxid iz iqg  M a t e r i a l s  

The 112 r e l e a s e s  r e co rded  f o r  o x i d i z i n g  m a t e r i a l s  i nvo lve  36 

i n d i v i d u a l  commodities o r  t ype  i d e n t i f i e r s .  On a  g r o s s  b a s i s ,  t h e s e  can 

b e  s e g r e g a t e d  i n t o  t h e  fo l l owing  groups: 

Conmodit y No. S p i l l s  

h n o n i u m  n i t r a t e  and compounds 38 0.3393 

Others  w i t h  1 o r  2  s p i l l s  2 3 0.2054 

Oxid iz ing  material-NOS 

S o d i m  compounds 

Calcium h y p o c h l o r i t e  mix 

N i t r o  c a rbo  n i t r a t e  

- . +emangana t e  po tash  

A f t e r  s p e c i f i c  hazardous m a t e r i a l s  a r e  s e l e c t e d  as r e p r e s e n t a t i v e  

of subgroups,  and t h e  NOS, poor ly  d e f i n e d ,  o r  low-frequency-of-spi l lage 

subs t ances  a r e  d e l e t e d ,  t h e  f i n a l  l ist becomes: 



Comodi  t y  

.Anunonium n i t r a t e  

Sodium c h l o r a t e  

Calcium h y p o c h l o r i t e  

11. Organic  Perox ides  

Organic  perox ides  account  f o r  26 of t h e  r e p o r t e d  s p i l l s ,  w i t h  19 of 

them l i s t e d  f o r  u n s p e c i f i e d  hazardous m a t e r i a l s  and t h e  r e s t  f o r  two 

s p e c i f i c  compounds. To r e p r e s e n t  t h e  e n t i r e  group,  a s i n g l e  s p e c i f i c  

compound is s e l e c t e d ;  v i z . ,  t e r t - b u t y l  hydroperox ide .  It i s  an  o x i -  

d i z e r ,  flammable, and may exp lode  i n  f i r e s .  

12.  Poison Class A 

Of t h e  12,063 s p i l l s  r e p o r t e d  i n  1976, o n l y  8 invo lved  C la s s  A 

poisons .  Phosgene accounted f o r  f o u r  i n c i d e n t s ,  wh i l e  f o u r  o t h e r  

compounds each accounted  f o r  a s i n g l e  even t .  Phosgene and n i t r o g e n  

t e t r o x i d e  a r e  chosen a s  r e p r e s e n t a t i v e  of t h e  group,  each w i th  a  

c o n d i t i o n a l  p r o b a b i l i t y  ass ignment  o f  0 .5 .  

13 .  Poison Class B 

Class B po i sons  were involved i n  554 r e l e a s e s  du r ing  1976, a s  

f o l l ows :  

Commodity 

NOS m a t e r i a l s  

Organic  phospha tes  

C a r b o l i c  a c i d  

D in i t r opheno l  s o l u t i o n  

Cyanide compounds 

Mercury compounds 

Pa ra th ion  

Me thy1  p a r a t h i o n  

A n i l i n e  

A l l  o t h e r s  

No. S p i l l s  



By d e f i n i t i o n ,  a l l  t h e s e  hazardous a a t e r i a l s  a r e  u s u a l l y  s o l i d s  o r  

l i q u i d s .  I n  t h e  c a s e  of s o l i d s ,  i t  is d i f f i c u l t  t o  env i s ion  a  s c e n a r i o  

i n  which t h e r e  would be  widespread i n j u r y  t o  t h e  p u b l i c .  I n  t h e  c a s e  of  

l i q u i d s ,  however, one must be  concerned wi th  evo lu t ion  of t o x i c  vapor ,  

a s  we l l  a s  t h e  p o s s i b i l i t y  of pool  f i r e s  when t h e  hazardous m a t e r i a l  i s  

a l s o  a  flammable l i q u i d .  

To account f o r  t h e s e  f a c t o r s ,  d a t a  were reviewed t o  determine t h e  

s p l i t  between s p i l l s  of l i q u i d s  and those  of t h e  s o l i d s .  T h i s  i n d i c a t e d  

t h a t  about  85% involved  l i q u i d s ,  wh i l e  t h e  remainder involved s o l i d s .  

Then, s p e c i f i c  compounds were chosen t o  r e f l e c t  t h e  wide range of pro- 

p e r t i e s  of t h e s e  hazardous m a t e r i a l s .  T h i s  r e s u l t e d  i n  t h e  l i s t :  

Commodity P ( a d j u s t e d )  - C 
* 

Me thy 1 bromide 0.01 

Xylene 5 0.20 
L 

A n i l i n e  0.20 
L 

~ i t r o b e n z e n e  ' 0.20 

Others  ' 0.39 

14 .  I r r i t a t i n g  M a t e r i a l s  

S p i l l s  of i r r i t a n t s  and e t i o l o g i c  a g e n t s  a r e  r a r e .  Nine were 

r epo r t ed  f o r  a l l  modes of  t r a n s p o r t a t i o n  i n  1976, and even then,  a t  

l e a s t  one  of t h e s e  ( t h e  s i n g l e  s p i l l  l i s t e d  f o r  an e t i o l o g i c  agent )  

was i n c o r r e c t l y  placed in t h i s  ca t ego ry .  S ince  i t  is h ighly  u n l i k e l y  

f o r  s i g n i f i c a n t  i n j u r i e s  t o  t a k e  p l a c e  when i r r i t a n t s  a r e  s p i l l e d ,  t h i s  

ca t ego ry  is excluded from f u r t h e r  c o n s i d e r a t i o n .  

* 
Actua l ly  a  l i q u e f i e d  gas  of h igh  t o x i c i t y .  

'A r e p r e s e n t a t i v e  hydrocarbon i n  which many t o x i c  s o l i d s  a r e  d i s s o l v e d .  

'A combust ible  l i q u i d  w i t h  t o x i c  vapor s .  

'A s o l i d  o r  l i q u i d  w i t h  l i t t l e  o r  no c a p a b i l i t y  t o  d i s p e r s e  a n d l o r  
o the rwi se  cause  harmful e f f e c t s .  Examples i nc lude  dry  s o l i d s  t h a t  
a r e  non-flammable a s  w e l l  a s  water  s o l u t i o n s  of p e s t i c i d e s .  



15. Corrosive X a t e r i a l s  

Of a l l  hazardous m a t e r i a l  s p i l l s  from a l l  nodes i n  1976, about  34% 

involved c o r r o s i v e  m a t e r i a l s .  For r a i l r o a d s  a l o n e ,  they accounted f o r  

about  40% of a l l  r epo r t ed  r e l e a s e s  over  a  inul t i -year  2er iod .  I n  terms 

o f  dea ths  and i n j u r i e s  (us ing  r e s u l t s  from a complete mult i -year  a n z l y s i s  

of Federa l  Rai l road  Adminis t ra t ion  (FRA) a c c i d e n t  r e c o r d s ) ,  they d i d  n o t  

cause  any dea ths ,  but  d i d  cause  1 ,555  (53%) of t h e  2,930 i n j u r i e s  t h a t  

were r epo r t ed .  

The most common i n j u r y  i s  a  s k i n  burn caused by phys i ca l  con tac t  

w i th  a  c o r r o s i v e  subs tance .  Also of concern are s i t u a t i o n s  i n  which 

fumes from a s p i l l e d  subs t ance  i n j u r e  people downwind from t h e  s p i l l .  

The fo l lowing  r e s u l t s  of t h e  a n a l y s i s  f o r  c o r r o s i v e  m a t e r i a l s  pay s p e c i a l  

a t t e n t i o n  t o  subs t ances  which a r e  p a r t i c u l a r l y  troublesome i n  t h i s  

regard  : 

Comodi  t y  P ( ad jus t ed )  -C 

Phosphoric a c i d  0.39 

Sodium hydroxide ( c a u s t i c  soda) 0 .35 

S u l f u r i c  a c i d ,  fuming 0.15 

Hydrochlor ic  a c i d  0.10 

Bromine 0.01 

F . LYPACT-ASSESSMENT METHODS 

For each chemical  group, va r ious  p o s s i b l e  pos t - r e l ea se  s c e n a r i o s  

were i d e n t i f i e d ,  a s  d i scussed  i n  Sec t ion  C. For each s c e n a r i o ,  a  

q u a n t i t a t i v e  impact model w a s  developed. These models a r e  descr ibed  i n  

Appendix C. Input  d a t a  r equ i r ed  by each model i nc lude ,  among o t h e r s :  

The volume of hazardous m a t e r i a l  t h a t  is r e l e a s e d  
( a  random v a r i a b l e  e s t i m a t e  of whose p r o b a b i l i t y  
d i s t r i b u t i o n  i s  p re sen t sd  i n  Chapter 1 0 ) ;  

D e n s i t i e s  of  i g n i t i o n  sou rces  (d i s cus sed  i n  Appendix D) ; and 

Atmospheric s t a b i l i t y  c o n d i t i o n s  ( a l s o  d i s cus sed  i n  
Appendix D) . 



For s a c h  c a t e g o r y  of c h e m i c a l s ,  a  c o n d i t i o n a l  s c e n a r i o  ? r o b a j i l i ~ :  

h a s  t o  b e  a s s i g n e d .  I n  o t h e r  words ,  g i v e n  a  r s l e a s e  of n a t s r i a l  ia 

some c a t e g o r y ,  i f  t h e r e  a r e  f o u r  m u t u a l l y  e x c l u s i v e  p o s t - r e l e a s e  

s c e n a r i o s ,  what i s  t h e  p r o b a b i l i t y  of o c c u r r e n c e  of e a c h  one? Informed 

e s t i m a t e s  of t h e s e  p r o b a b i l i t i e s  were  made and a r e  p r e s e n t e d  i n  t h e  

f o l l o w i n g  s u b s e c t i o n s .  For  most c a t e g o r i e s  of m a t e r i a l s ,  an  examina t icn  

of t h e  r e s u l t s  p r e s e n t e d  in S e c t i o n  G shows t h a t  t h e  o v e r a l l  impact 

e s t i m a t e s  a r e  n o t  s e n s i t i v e  t o  t h e  p a r t i c u l a r  c h o i c e  o f  s c e n a r i o  proba- 

b i l i t i e s .  The one  e x c e p t i o n  is "flammable compressed gases . "  For t h i s  

c a t e g o r y ,  improved p r o b a b i l i t y  e s t i m a t e s  shou ld  be  made a s  a d d i t i o n a l  

i n £  ormat i o n  is  g e n e r a t e d  over  t ime.  

1. . S c e n a r i o  P r o b a b i l i t i e s  

Non-f lamrnable Compressed Gases 

L i q u i d  r e l e a s i n g  w i t h  f l a s h i n g  

Flammable Compressed Gases 

Flame j e t  
Pool  f i r e  
BLEVE ( f i r e b a l l  on ly )  
Vapor c loud  d i s p e r s i o n  
Vapor c loud  d e t o n a t i o n  
BLEVE and r o c k e t i n g  

8 Flammable L i q u i d s  

Poo l  f i r e  
No i g n i t i o n  

Combustible L i q u i d s  

Pool  f i r e  
No i g n i t i o n  

Flammable S o l i d s  

I g n i t i o n  
No i g n i t i o n  

S c e n a r i o  P r o b a b i l i t y  

Oxid iz inn  P l a t e r i a l s  

Detonat ion 
No impact 



Organic Peroxides 

De tona t  ion 
So impact 

Class  A Poisons 

Liquid  r e l e a s e  wi th  f l a s h i n g  

Class  B Poisons 

Pool f i r e  
No i g n i t i o n  

6 Corrosives 

Vaporizat ion 

G .  SUMMARY OF IXPACT-ASSESSMENT RESULTS 

1. Background 

Th i s  s e c t i o n  p re sen t s  t h e  r e s u l t s  of t h e  o v e r a l l  impact-assessment 

a n a l y s i s .  These r e s u l t s  evolved from a p p l i c a t i o n  of t h e  models desc r ibed  

i n  Appendix C i n  a  manner d e t a i l e d  i n  Appendix D.  

2 .  Yon-flammable Compressed Gases 

Table 12-8 summarizes r e s u l t s  f o r  t h e  ca tegory  of non-f l a m a b l e  

compressed gases .  The s c e n a r i o  of primary i n t e r e s t  is t h e  r e l e a s e  of 

l i q u i d  from a ruptured  tank c a r .  A s  i t  v e n t s  from t h e  tank,  some p a r t  

of t h e  l i q u i d  w i l l  f l ash-vapor ize  t o  form a t o x i c  vapor c loud .  The 

rena inder ,  which is assumed t o  have cooled  down t o  i t s  b o i l i n g  po in t  a t  

ambien t -p re s su re ,  w i l l  form a pool t h a t  b o i l s  and vapor i zes  cont inuously.  

The a p p r o p r i a t e  assessment models were used t o  address  s e p a r a t e l y  

t h e  in i t ia l  r e l e a s e  of vapor and t h e  subsequent  evo lu t ion  from t h e  

pool.  Resu l t s  were compared and impact zones chosen from t h e  s e t  of 

answers a s s o c i a t e d  wi th  t h e  g r e a t e s t  impact. For s e l e c t e d  average 

environmental cond i t i ons ,  t h e  weighted-average a r e a s  of p o t e n t i a l  impact 

f o r  l e t h a l i t y ,  s u b l e t h a l  i n j u r y ,  and s i g n i f i c a n t  i r r i t a t i o n  a r e  presented  

i n  t h e  f i r s t  row of t h e  t a b l e  as a func t ion  of t h e  volume of m a t e r i a l  

a c t u a l l y  escaping from t h e  tank.  The second row s i m i l a r l y  p re sen t s  
.:. b I. 





r e s u l t s  from t h e  most s eve re  acc iden t  t h a t  could f e a s i b l y  b e  env i s ioned .  

In  t h i s  p a r t i c u l a r  ca se ,  t h e  m a t s r i a l  is l i q u e f i e d  c h l o r i n e ,  and i t  i s  

presumed t o  have been r e l e a s e d  dur ing  an i n v e r s i o n  of t h e  atmosphere,  a  

cond i t i on  which suppor t s  t h e  propaga t icn  of a  t o x i c  cloud ove r  l a r g e  

d i s t a n c e s .  

Each of t h e  t h r e e  zones should  be  cons idered  a s  unique r e g i o n s  

wi th  no ove r l ap .  For example, g iven  t h e  r e l e a s e  of 75,000 g a l l o n s  

under t y p i c a l  c i rcumstances ,  it should b e  understood t h a t  t h e  a r ea  of 

p o t e n t i a l  l e t h a l i t y  i s  2.0 sq.  km; t h a t  t h e  a r e a  of s u b l e t h a l  i n j u r y  

covers  a  d i f f e r e n t  a r e a  of 3.7 sq .  km; and t h a t  t h e  a r e a  i n  which humans 

may be  d i s t r e s s e d ,  b u t  n o t  t r u l y  i n j u r e d ,  i s  y e t  a  d i f f e r e n t  15.4 sq .  'a. 

3. Flammable Compressed Gases 

The most d i f f i c u l t  ca tegory  t o  cons ide r  i s  t h a t  of flammable 

compressed gases .  Depending upon t h e  circumstances sur rounding  t h e  

acc iden t  , one  can va r ious ly  expec t  : 

Formation of a flame je t  due t o  i g n i t e d  vent ing  gas  
( l i t e r a l l y  a  huge b lowtorch) ;  

A p o o l  f i r e ;  

.., t. 
A BLEVE r e s u l t i n g  i n  a  f i r e b a l l  and a rocke t ing  s e c t i o n  
of t h e  tank; and/or  

w A vapor cloud t h a t  d i s p e r s e s  and r e s u l t s  i n  a  vapor 
f l a s h  f i r e  when i g n i t e d ;  a  vapor  c loud de tona t ion ;  and/ 
o r  t o x i c  vapor i n h a l a t i o n  impact.  

Table 12-9 provides  e s t i m a t e s  of t h e  average  impact f o r  flame j e t s ,  

pool f i r e s ,  and t h e  f i r e b a l l  p o r t i o n  of t h e  BLEVE as a  func t ion  of  t h e  

amount s p i l l e d .  The column e n t i t l e d  "P robab i l i t y "  con ta in s  e s t i m a t e s  of 

t h e  p r o b a b i l i t y  t h a t  any scena r io  w i l l  occur ,  assuming t h a t  some r e l e a s e  

of hazardous m a t e r i a l s  occurs .  The f i r s t  and second columns f o r  impacts 

provide t he  a r e a s  i n  which wooden s t r u c t u r e s  may be  i gn i t ed .  Areas 

des igna ted  by 0.0 i n  t h i s  and fo l lowing  t a b l e s  should be  i n t e r p r e t e d  a s  

i n d i c a t i n g  t h a t  t h e  impact zone is s m a l l e r  than can be reasonably 

es t imated  ( u s u a l l y  less than  30 sq. m.) . 
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T a b l e  i2-10 ? r e s e n t s  e s t i m a t e s  ( a v e r a g e  c a s e )  f o r  vapor  c loud  

d i s p e r s i o n  and vapor  c loud  d e t o n a t i o n .  For  t h e  f i r s t  o f  t h e s e  s c e n a r i o s ,  

t h r e e  columns a r e  f o r  l e t h a l  zones  i n  u r b a n ,  suburban ,  and r u r a l  s e t t i n g s ,  

r e s p e c t i v e l y .  The answers  d i f f e r  b e c a u s e  of v a r i a t i o n s  i n  i g n i t i o n  

s o u r c e  d e n s i t i e s .  S i m i l a r l y ,  t h r e e  columns p r o v i d e  e s t  imat e s  f o r  a r e a s  

in which b u i l d i n g s  may i g n i t e  due t o  t h e i r  p r e s e n c e  w i t h i n  a  b u r n i n g  

vapor  c loud .  

The l a t t e r  s c e n a r i o  is  . addressed  i n  t h e  second h a l f  of t h e  t a b l e .  

I n  o r d e r ,  t h e  impac t s  covered  a r e :  

L e t h a l  i n j u r y  t o  o u t d o o r  p o p u l a t i o n s  due t o  lung  
hemorrhage ; 

S u b l e t h a l  i n j u r y  t o  o u t d o o r  p o p u l a t i o n s  due t o  eardrum 
r u p t u r e  o r  missile impact ;  

L e t h a l  i n j u r y  t o  i n d o o r  p o p u l a t i o n s  due t o  b u i l d i n g  
damage o r  c o l l a p s e ;  

S u b l e t h a l  i n j u r y  t o  i n d o o r  p o p u l a t i o n s  due t o  b u i l d i n g  
damage o r  c o l l a p s e ;  

S u b s t a n t i a l  b u i l d i n g  damage; and 

Glass breakage .  

T a b l e  12-11 p r e s e n t s  e s t i m a t e s  f o r  impac t s  due t o  t a n k  c a r  

r o c k e t i n g .  A d d i t i o n a l l y ,  i t  p r e s e n t s  compos i te  a v e r a g e s  f o r  t h e  t h r e e  

s e t t i n g s  c o n s i d e r e d .  These a r e  weighted a v e r a g e s  u s i n g  t h e  p r o b a b i l i -  

ties i n  t h e  " P r o b a b i l i t y "  column. 

F i n a l l y ,  t h e  last t a b l e  of t h i s  se t ,  T a b l e  12-12, p r e s e n t s  t h e  

w o r s t  c a s e  s c e n a r i o s  v i s u a l i z e d ;  v i z . ,  a  release of  hydrogen s u l f i d e  

du.r%ag an i n v e r s i o n ,  and a remote  a c c i d e n t  s e t t i n g  i n  which t h e  c loud  i s  

n o t  i g n i t e d  w h i l e  in a  flammable c o n d i t i o n .  

4 .  Flammable L i a u i d s  

The s e t  of s c e n a r i o s  f o r  flammable l i q u i d  r e l e a s e s  i s  r a t h e r  

l i m i t e d  i n  scope.  Simply s t a t e d ,  e i t h e r  t h e  s p i l l e d  l i q u i d  i s  i g n i t e d  

t o  form a p o o l  f i r e ,  o r  i t  s l o w l y  e v a p o r a t e s  t o  p r o v i d e  a t o x i c  vapor  

plume problem. R e s u l t s  of t h e  a n a l y s i s  a r e  s e l f - e x p l a n a t o r y  and 

p r e s e n t e d  i n  Tab le  12-13. 
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5. Other  Hazardous N a t e r i a l s  

Tab l e s  12-14 th rough  12-20 i n c l u s i v e  p r e sen t  r e s u l t s  f o r  a l l  o t h e r  

haza rdous -ma te r i a l  c a t e g o r i e s  cons ide r ed  i n  t h e  impact-assessment 

a n a l y s i s .  X s  above, r e s u l t s  are s e l f  - exp l ana to ry .  
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A s  p a r t  of t h i s  p r o j e c t ,  Ar thur  D. L i t t l e ,  I n c . ,  assembled a  
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"Hazardous M a t e r i a l s  T r a n s p o r t a t i o n - - P a r t  2: R a d i o a c t i v e  X a t e r i a l s  
and Wastes (A B i b l i o g r a p h y  w i t h  A b s t r a c t s )  ," P e r i o d  Covered : 

'1964-1977, NTIS Report  No. PS-7710406, J u n e  1977. 

The b i b l i o g r a p h y  p r e s e n t s  s t u d i e s  on t h e  h a z a r d s ,  r i s k s ,  and 
u n c e r t a i n t y  of t r a n s p o r t i n g  r a d i o a c t i v e  wastes and m a t e r i a l s .  
The d e s i g n  of s h i p p i n g  c o n t a i n e r s  and s p e c i a l  l a b e l s  f o r  
i d e n t i f i c a t i o n  p u r p o s e s  f o r  t r a n s p o r t i n g  f u e l s  and was tes  a r e  
a l s o  c i t e d .  S t u d i e s  are i n c l u d e d  on l e g i s l a t i o n  d e a l i n g  w i t h  
t h e  s a f e t y  and h e a l t h  o f  t h e  p o p u l a t i o n  and t h e  env i ronmenta l  
problems a s s o c i a t e d  w i t h  t r a n s p o r t i n g  r a d i o a c t i v e  m a t e r i a l s .  
(Th is  updated b i b l i o g r a p h y  c o n t a i n s  130 a b s t r a c t s ,  24 of which 
a r e  new e n t r i e s  t o  t h e  p r e v i o u s  e d i t i o n . )  



Henderson,  3 .  C . ,  s t  a l . ,  "Survey Study of Techn iquss  t o  ? r e v e n t  o r  
Reduce Discharges  of Hazardous Chemicals ,"  B a t t e l l e  Columbus L a b s . ,  
Ohio,  F i n a l  R e p o r t ,  NTIS Repor t  No. AD-A020 1 7 3 / l s t ,  August 1975. 

A program was conducted f o r  t h e  O f f i c e  of Research and 
Development, U.S. Coast  Guard, t o  i n v e s t i g a t e  both  o f f - t h e -  
s h e l f  and c o n c e p t u a l  t e c h n i q u e s  f o r  p r e v e n t i n g  o r  r e d u c i n g  
t h e  d i s c h a r g e  of hazardous  chemica l s  from a n  endangered 
mar ine  v e s s e 1 , o r  t o  s t o p  o r  reduce  t h e  d i s c h a r g e  from an  
a c t u a l  l e a k .  F i r s t ,  approx imate ly  50 methods a n d / o r  t y p e s  
o f  equipment were i d e n t i f i e d .  Next,  t h e  c o m p a t i b i l i t y  of 
each  of t h e  c o n c e p t s  and equipment w i t h  t h e  Chemical 
Response I n f o r m a t i o n  System (CHRIS) l i s t  of hazardous  
c h e m i c a l s  w a s  de te rmined  on a r e l a t i v e  b a s i s .  The c o n c e p t s  
wers  t h e n  e v a l u a t s d  on t h e  b a s i s  of t h e i r  r e l a t i v e  chemica l  
c o m p a t i b i l i t y  i n  combina t ion  w i t h  o v e r a l l  u s e f u l n e s s  and t h e  
v a r i o u s  t y p e s  of o n - s i t e  o p e r a t i o n s  t o  which t h e y  a p p l i e d .  

A l l a n ,  i). S . ,  and  Harris, G. H . ,  "Chemical Response I n f o r m a t i o n  System f o r  
Multimodal Acc iden t s  (CHRISMA)--A R e e v a l u a t i o n  of CHRIS f o r  A 1 1  
Nodes o f  T r a n s p o r t a t i o n , "  A r t h u r  D. L i t t l e ,  I n c . ,  Cambridge, Xass., 
F i n a l  Repor t ,  NTIS Report  No. AD-A016 29616 ST, A p r i l  1975. 

T h i s  r e p o r t  examines t h e  need f o r  improved t e c h n i c a l  and 
o t h e r  i n f o r m a t i o n  f o r  mee t ing  emergencies  connec ted  w i t h  
t h e  t r a n s p o r t a t i o n  of hazardous  materials, p a r t i c u l a r l y  
a c t u a l  o r  p o t e n t i a l  chemica l  d i s c h a r g e s , r e g a r d l e s s  o f  mode. 
The Chemical  Hazards  Response I n f o r m a t i o n  System (CHRIS), 
under development by t h e  Uni ted  S t a t e s  Coast  Guard t o  f u r n i s h  
in-depth  gu idance  d u r i n g  emergencies  i n v o l v i n g  w a t e r b o r n e  
t r a n s p o r t ,  was s e e n  as a l i k e l y  p r o t o t y p e  f o r  o t h e r  modes 
as w e l l .  I t  is concluded t h a t  t h e  expanded s y s t e m  would 
indeed  be b e n e f i c i a l  i n  r e d u c i n g  l o s s e s  t o  l i f e ,  p r o p e r t y ,  
and t h e  environment .  

J a q u e t t e ,  D.  L., " P o s s i b i l i t i e s  and P r o b a b i l i t i e s  i n  Assessment of t h e  
Hazards of t h e  I m p o r t a t i o n  of L i q u e f i e d  N a t u r a l  Gas," Rand Corp. ,  
S a n t a  Monica, C a l i f o r n i a ,  NTIS Report  No. AD-A019 353/2ST, A p r i l  1975. 

T h e r e  are a t  least f o u r  main r e s e a r c h  a r e a s  t h a t  s u s t  b e  
a d d r e s s e d  i n  d e v e l o p i n g  e s t i m a t e s  of t h e  r i s k  t o  p o p u l a t i o n  and 
p r o p e r t y  from t h e  i m p o r t a t i o n  of l a r g e  q u a n t i t i e s  of LNG. The 
r e p o r t  examines t h e  a v a i l a b l e  r e s e a r c h  approaches  d i r e c t e d  
toward one of t h e s e ,  t h e  assessment  of t h e  p o s s i b l e  r e l e a s e  
s c e n a r i o s  and,  in p a r t i c u l a r ,  t h e i r  a s s o c i a t e d  p r o b a b i l i t i e s .  
The c h a r a c t e r  and need f o r  more r e s e a r c h  are d i s c u s s e d .  



A c a l l a h ,  S . ,  e t  a l . ,  "Supplene2t--Task 111: Summary or' LSG S a f e -  L !; 
Research , "  A r t h u r  D .  L i t t l e ,  I n c . ,  Cambridge, Y a s s . ,  f o r  
3OT/Office of t h e  S e c r e t a r y  of T r a n s p o r t a t i o n  (0ST)-Off ice  of 
P i p e l i n e  S a f e t y ,  Report  No. PB273378, Decembsr 1974. 

R e s u l t s  from major p u b l i s h e d  r e s e a r c h  programs r e l a t e d  
t o  assessment  and a l l e v i a t i o n  of p o t e n t i a l  LYG h a z a r d s  
a r e  d e s c r i b e d .  Topics  covered i n c l u d e :  v a p o r i z a t i o n  
and d i s p e r s i o n  from LXG s p i l l s ,  b o i l i n g  h e a t  t r a n s f e r  
r a t e s  f o r  LNG on w a t e r ,  s u p e r h e a t  " e x p l o s i o n s , "  t ank  
s t r a t i f i c a t i o n  and r o l l o v e r ,  t h e r m a l  r a d i a t i o n  from 
LUG p o o l  f i r e s ,  d e t o n a t i o n  c o n d i t i o n s ,  p o o l  s p r e a d  and 
the rmal  r a d i a t i o n  from i g n i t e d  LVG r e l e a s e s  on w a t e r ,  
aef  l a g r a t i o n  of n a t u r a l  g a s - a i r  vapor  c l o u d s ,  and LUG 
f i r e  c o n t r o l  and s u p p r e s s i o n  r e s e a r c h .  I n  a d d i t i o n  t o  
d e s c r i p t i v e  m a t e r i a l ,  a n  e x t e n s i v e  b i b l i o g r a p h y  is 
i n c l u d e d  and f u t u r e  r e s e a r c h  needs  a r e  s u g g e s t e d .  

F r i d i n g e r ,  C. E . , e  t .  a l .  , "Development of Performance-or iented 
S p e c i f i c a t i o n s  f o r  Drums and P a i l s  f o r  Packaging o f  Hazardous 
M a t e r i a l s  f o r  T r a n s p o r t a t i o n , "  Naval S u r f a c e  Weapons C e n t e r ,  
S i l v e r S p r i n g s ,  XI), f o r  DOT, O f f i c e  of Hazardous X a t e r i a l ,  F i n a l  
Report  No. PB 240 647, December 1974. 

Hazard c l a s s i f i c a t i o n s ,  performance requ i rements  and t e s t s ,  
and a  c o n t a i n e r  r a t i n g  sys tem were developed.  The 
r a t i o n a l e  behind t h e  development is  p r e s e n t e d  i n  t h e  r e p o r t .  
Tes t  p l a n s  f o r  q u a l i f i c a t i o n  and p e r i o d i c  t e s t i n g  and 
d e t a i l e d  test p r o c e d u r e s  were p r e p a r e d .  T e s t s  inc luded  
were l e a k ,  d i s t o r t i o n ,  2 r e s s u r e - p r o o f ,  r e p e t i t i v e  s h ~ k  ,. 
( v i b r a t i o n )  , yes t s t r e n g t h - s t a c k i n g  , drop ,  p u n c t u r e ,  
and t empera tu re  c y c l e .  A r e p r e s e n t a t i v e  sample of 
drums and p a i l s n o w  r e g u l a t e d  by DOT was s u b j e c t e d  t o  t h e  
t e s t  program. D e t a i l s  of t h e  t e s t  r e s u l t s  a r e  inc luded  
i n  t h e  r e p o r t .  

Lind,  C .  D . ,  "Explosion Hazards Assoc ia ted  w i t h  S p i l l s  of Large 
Q u a n t i t i e s  of Hazardous Xate r ia l su - -Phase  I: Naval L'eapons 
C e n t e r ,  China Lake, C a l i f o r n i a ,  f o r  USCG, Washington, D . C . ,  
F i n a l  Repor t ,  NTIS Report  No. AD/A-001 242/75L, October  1974. 

The r e p o r t  documents t h e  r e s u l t s  o f  Phase  I of a  program 
whose o b j e c t  is t o  q u a n t i f y  t h e  e x p l o s i o n  h a z a r d s  a s s o c i a t e d  
w i t h  s p i l l s  of l a r g e  q u a n t i t i e s  of hazardous  m a t e r i a l  s u c h  
a s  l i q u e f i e d  n a t u r a l  gas (LNG), l i q u e f i e d  pe t ro leum gas  
(LPG), o r  e t h y l e n e .  The p r i n c i p a l  r e s u l t s  a r e :  (1) a  pheno- 
menolog ica l  d e s c r i p t i o n  of a  s p i l l ,  (2 )  a n  examina t ion  of 
t h e  d e t o n a t i o n  p r o p e r t i e s  of methane, ( 3 )  a  q u a l i t a t i v e  theory  
of non- ideal  e x p l o s i o n s ,  and (4 )  a  p l a n  f o r  Phase I1 of 
t h e  s t u d y .  



Vassalo, F.  X . ,  e t  a l . ,  "Review of Proposed S p e c i f i c a t i o n s  Xelatin;: to 
t h e  Shipment of Ethylene i n  Tank Cars a t  Cryogenic ~ e n p e r a t u r e s , "  
Calspan Corp., Buffa lo ,  N . Y . ,  f o r  DOTjFsderal Rai lroad Adminis t ra t ion  
("1, Off ice  of R&D, F i n a l  Report No. FRA-OR4D 25-41, September 1974. 

This  r e p o r t  reviews proposed s p e c i f i c a t i o n s  and sh ippe r  
r e g u l a t i o n s  f o r  113 s e r i e s  tank  c a r s  f o r  t r a n s p o r t i n g  l i q u i d  
e thylene  a t  cryogenic temperatures .  The s tudy  was l i m i t e d  i n  
scope and was t o  be d i r e c t e d  p r imar i ly  a t  t h e  hold ing  time 
requirements  necessary f o r  s a f e  shipment of t h e  commodity. 

. Apparent d e f i c i e n c i e s  a r e  noted i n  t h e  proposed i n - t r a n s i t  
p re s su re  r i s e  s p e c i f i c a t i o n ;  a  candida te  modif ica t ion  is 
,descr ibed .  

Arthur D .  L i t t l e ,  I n c . ,  "A Kodal Economic and Safe ty  Analysis  of t h e  
Transpor ta t ion  of Hazardous Substances i n  Bulk , ' I  f o r  U .  S . Depart- 

.merit of Commerce, Yari t ime Adminis t ra t ion ,  Report No. C-76446, 
Yay 1974. 

The o b j e c t i v e  of  t h e  s tudy was t o  ana lyze  q u a n t i t a t i v e l y  t h e  
economics and s a f e t y  of t r a n s p o r t i n g  s e l e c t e d  bulk hazardous 
subs tances ,  o the r  than o i l ,  by in l and  waterway and overland 
( r a i l ,  t r u c k ,  and poss ib ly  p i p e l i n e )  modes, s o  t h a t  t h e  c o s t s  
and r i s k s  a s soc ia t ed  with the  d i f f e r e n t  modes could be 
compared. There were t h r e e  major components t o  t h i s  process:  
(1)  choosing t h e  subs tances ,  or ig in-des ignat ion  combinations, 
and shipment c h a r a c t e r i s t i c s  t o  be s t u d i e d ;  ( 2 )  determining 
a l l  c o s t s  involved i n  t r a n s p o r t i n g  each subs tance  between 
the  designated po in t s  by barge and r e l e v a n t  overland modes; 
and (3)  determining t h e  frequency and q u a n t i t y  of s p i l l s  
l i k e l y  with each mode and t h e  r e s u l t a n t  r i s k  t o  people,  
p rope r ty ,  and t h e  environment. 

Lyman, W . ,  e t  a l ,  "Survey Study t o  S e l e c t ,  a  Limited Number of Hazardous 
N a t e r i a l s  t a  Define Amelioration Requirements--Vols. I and 11," 
Arthur D. L i t t l e ,  I n c . ,  Cambridge, Mass., f o r  USCG Of f i ce  of R&D, 
Washington, D . C . ,  F i n a l  Report ,  NTIS Report No. AD/A-004 3 1 1 / 7 5 ~ ,  
March 1974. 

The work e n t a i l e d  t h e  c a t e g o r i z a t i o n  of hazardous chemicals 
according t o  phys ica l  and chemical c h a r a c t e r i s t i c s  t h a t  were 
perceived t o  be amenable and important t o  t h e  development of 
amel iora t ion  techniques.  A t o t a l  of 400 hazardous chemicals 
deemed t o  encompass most of t h e  more c r i t i c a l  chemicals i n  
t e r m  of q u a n t i t y  shipped and t h e  s e v e r i t y  of t h e  hazards 
presented were a s soc ia t ed  wi.th each of approximately 30 
amel iora t ion  ca t egor i e s .  A r e p r e s e n t a t i v e  chemical was then - 
s e l e c t e d  f o r  each category with t h e  i n t e n t  t h a t  i t  would 
provide the  b a s i s  f o r  searching  f o r ,  eva lua t ing ,  and develop- 
ing  amel iora t ion  methods from each category.  The represen- 
t a t i v e  chemicals were chosen by a s s e s s i n g  t h e  chemical and 
phys ica l  behavior of t h e  chemicals ,  t h e i r  r i s k  i n d i c e s ,  and 
o the r  p r a c t i c a l  cons ide ra t ions .  



L i p p i a n ,  J. :?. , "The T r a n s p o r t a t i o a  of  '-razar?olis > ! a t e r i a l s  : 
T r a n s p o r t  of Benzene by Tank C a r , "  I n t e r n  T r a i n i n g  C e n t e r ,  U . S .  
Amy H a t e r i e l  Command, Texarkana,  Texas ,  > l a s t e r ' s  T h e s i s ,  ? ITIS  
Report  No. XD771105, Yay 1973. 

S p e c i f i c  recommendations on t h e  i d e n t i f i c a t i o n  and l a b e l i n g  
of t h e  h a z a r d s  a s s o c i a t e d  w i t h  benzene a r e  d i s c u s s e d  and a  
r i s k  r a t i n g  model i s  s u g g e s t e d  f o r  g e n e r a l  u s e  i n  t h e  
t r a n s p o r t a t i o n  of hazardous  m a t e r i a l s .  Through u s e  of a  
g r o s s  h a z a r d  a n a l y s i s  and a  f a u l t  t r e e  a n a l y s i s ,  t h e  b a s i c  
pa ramete rs  invo lved  i n  t h e  t r a n s p o r t  of benzene a r e  
de te rmined .  

L a s s e i g n e ,  A. H . ,  "Hazard C l a s s i f i c a t i o n  of E x p l o s i v e s ,  Flammable and 
Oxid iz ing  M a t e r i a l s  f o r  T r a n s p o r t a t i o n - - E v a l u a t i o n  of T e s t  
Hethods," G.E. Apollo and Ground Systems, Bay S t .  L o u i s ,  H i s s . ,  
f o r  DOTIOffice of Hazardous X a t e r i a l s  (OHM), F i n a l  Xeport ,  STIS 
Report  No. PB225 422, May 1973. 

The work d e s c r i b e d  h e r e i n  c o r r e l a t e s  proposed e x p l o s i v e s  
t e s t i n g  w i t h  proposed t e s t i n g  f o r  t h e  c l a s s i f i c a t i o n  of o t h z r  
r e l a t e d  t y p e s  of hazardous  m a t e r i a l s - - i n o r g a n i c  o x i d i z e r s ,  
o r g a n i c  p e r o x i d e s ,  and flammable s o l i d s .  The work a l s o  
p r o v i d e s  i n f o r m a t i o n  r e l a t i v e  t o  a d d i t i o n a l  hazard  c l a s s i -  
f i c a t i o n  t e s t i n g ,  f u r t h e r  r e f i n e m e n t s  i n  hazard  c l a s s i f i c a t i o n  
t e s t  methodology,and expanded hazard  c l a s s i f i c a t i o n  t e s t  
c r i t e r i a .  

"U.S.C.G. O i l  P o l l u t i o n  I n v e s t i g a t i o n  and C o n t r o l  School :  On-Scene 
C o o r d i n a t o r s  Hanual,  " C . G. Reserve T r a i n i n g  C e n t e r ,  Yorkt own, 
V a . ,  NTIS Re;ort No. AD-758-511, November 1972. 

The r e p o r t  i s  a handbook f o r  a  F e d e r a l  On-scene C o o r d i n a t o r  
f o r  u s e  i n  combat ing o i l  and hazardous-mate r ia l  s p i l l s .  
It i n c l u d e s  t h e  N a t i o n a l ,  Reg iona l ,  and Loca l  Contingency 
P l a n s ,  g u i d e l i n e s  f o r  t h e  c o o r d i n a t o r ,  and a c a s e  s t u d y  of 
an  o i l  s p i l l  i n v o l v i n g  t h e  USNS T m l e  i n  New York h a r b o r .  

"U.S.C.G O i l  P o l l u t i o n  I n v e s t i g a t i o n  and C o n t r o l  School :  I n v e s t i g a t o r ' s  
Manual," C.G. Reserve T r a i n i n g  C e n t e r ,  Yorktown, V a . ,  NTIS 

- ..a.a Report  No. AD-758,510, November 1972. 

The r e p o r t  i s  a handbook f o r  w a t e r  p o l l u t i o n  i n v e s t i g a t o r s .  
It i n c l u d e s  a p p l i c a b l e  l aws ,  t h e  Miranda c a s e ,  c r i m i n a l  
i n v e s t i g a t i v e  p r o c e d u r e s ,  r e p o r t  w r i t i n g  g u i d e l i n e s ,  sample  
r e p o r t s ,  pho tograph ic  t e c h n i q u e s ,  ev idence  g a t h e r i n g ,  and 
an  o u t l i n e  of t a n k e r l t e r m i n a l  o i l  t r a n s f e r  o p e r a t i o n s .  



Xath, G .  J . ,  2 t  a l . ,  "A Study of Hazardous  : . l a t e r i a l s  I n f o r n a t i o n  Nceds 
and I d e n t i f i c a t i o n  Systems f o r  T r a n s p o r t a t i o n  P u r p o s e s , "  Nor thwes te rn  
U n i v e r s i t y  Design and Development C e n t e r ,  Evans ton ,  I l l . ,  f o r  
DOT/OHE.I, F i n a l  Repor t  No. TSX-20-72-4, Xay 1972. 

I n f o r m a t i o n  needs  and methods t o  t r a n s m i t  t h a t  i n f o r m a t i o n  a r e  
a n a l y z e d  t o  d e t e r m i n e  t h e  b a s i c  r e q u i r e m e n t s  of  a h a z a r d -  
i d e n t i f i c a t i o n  s y s t e m  f o r  packages  c o n t a i n i n g ,  and v e h i c l e s  
c a r r y i n g ,  haza rdous  m a t e r i a l s .  P e r s o n s  who come i n  c o n t a c t  
w i t h  h a z a r d o u s - m a t e r i a l  sh ipments  are i d e n t i f i e d  and a typo- 
l o g y  deve loped .  I n f o r m a t i o n  n e e d s  ( t y p e ,  amount, and t i m i n g )  
are l i s t e d  by c a t e g o r y ,  and s i x t e e n  e x i s t i n g  l a b e l i n g  sys tems  
a r e  e v a l u a t e d  a c c o r d i n g  t o  t h e s e  and human f a c t o r s  c r i t e r i a .  

Env i ronmenta l  P r o t e c t i o n  Agency, Washington,  D . C . ,  " C o n t r o l  of Hazardous 
N a t e r i a l  S p i l l s , "  P r e s e n t e d  a t  t h e  P r o c e e d i n g s  of t h e  N a t i o n a l  
Conference  on C o n t r o l  of Hazardous M a t e r i a l  S p i l l ; ,  Houston,  
Texas ,  NTIS Repor t  30. PB-228 73615, Xarch 1972. 

C o n t e n t s  i n c l u d e :  The p r o t e c t i o n  of t h e  environment  from 
h a z a r d o u s - m a t e r i a l  s p i l l s ;  p r e v e n t i o n  of  haza rdous  m a t e r i a l  
s p i l l s  i n  heavy p r o c e s s  i n d u s t r i e s ;  c o n t i n g e n c y  p l a n n i n g  f o r  
r e s p o n s e  t o  h a z a r d o u s - m a t e r l a l  s p i l l s ;  t h e  con ta inment  of 
haza rdous  m a t e r i a l  s p i l l s ;  t h e  d e t e c t i o n  and i d e n t i f i c a t i o n  
of h a z a r d o u s - m a t e r i a l  s p i l l s ;  t r e a t m e n t  sys tems  f o r  w a t e r s  
con tamina ted  by haza rdous  m a t e r i a l s ;  t h e  e f f e c t s  of  hazardous-  
m a t e r i a l  s p i l l s  on t h e  env i ronment ;  eco logy  r e s t o r a t i o n  of  
waterways f o l l o w i n g  h a z a r d o u s - m a t e r i a l  s p i l l s .  

Ostrem, F. E .  , and  L i b o v i c z ,  B .  , "A Survey of  Env i ronmenta l  Condi t  i o n s  
I n c i d e n t  t o  t h e  T r a n s p o r t a t i o n  of Y a t e r i a l s , "  Genera l  American 
T r a n s p o r t a t i o n  C o r p o r a t i o n ,  Niles, Ill . ,  f o r  DOTICHN, F i n a l  
Repor t  No. 1512-1, October  1971.  

A s u r v e y  was conducted t o  compi le ,  a n a l y z e  and summarize 
e n v i r o n m e n t a l  d a t a  d e f i n i n g  t h e  t r a n s p o r t a t i o n  environment .  
The c u r r e n t  a v a i l a b i l i t y  of  i n f o r m a t i o n  d e s c r i b i n g  t h e  

- c o n d i t i o n s  of  v i b r a t i o n ,  shock ,  impac t ,  h e a t ,  c o l d ,  compress ion,  
p u n c t u r e ,  a b r a s i o n ,  humid i ty  and t e m p e r a t u r e  is a s s e s s e d  
and  s i g n i f i c a n t  d a t a  p r e s e n t e d .  Summaries of t h e  d a t a  a r e  
g i v e n  t o  show t h e  ex t remes  of  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  f o r  
each e lement  of  t h e  t r a n s p o r t a t i o n  c y c l e  ( i n - t r a n s i t ,  
s t o r a g e  and h a n d l i n g )  where p o s s i b l e .  



S u l l e r d i c k ,  Iu'. . A . ,  ? t  a l . ,  "A Study t o  Xeduce t h e  Hazards of  tan^ Car 
T r a n s p o r t a t i o n , "  C o r n e l l  A e r o n a u t i c a l  Lab. I n c . ,  B u f f a l o ,  X.Y., 
f o r  DOTIFRA, F i n a l  Report  No. FM-RT-71-74, November 1970. 

P r i n c i p a l  o b j e c t i v e s  v e r e  t o  (1 )  d e f i n e  the rmal  i n p u t s  and 
a s s o c i a t e d  vapor  g e n e r a t i o n  r a t e s  f o r  hazardous  m a t e r i a l s  
t r a n s p o r t e d  i n  t a n k  c a r s  when s u b j e c t e d  t o  f i r e  e x p o s u r e ;  
(2)  develop performance s p e c i f i c a t i o n s  and c o n c e p t u a l  d e s i g n  
and a p p l i c a t i o n  r e q u i r e m e n t s  f o r  s a f e t y  d e v i c e s  p r e v e n t i n g  
c a t a s t r o p h i c  c a r  f a i l u r e s ;  and (3)  f o r m u l a t e  a  r e s e a r c h  
program f o r  t h e  d e s i g n  and t e s t  v e r i f i c a t i o n  of recommended 
s a f e t y  d e v i c e s .  Prime e f f o r t  was d i r e c t e d  toward t h e  
p r e v e n t i o n  of c a t a s t r o p h i c  r u p t u r e  of l a r g e - c a p a c i t y ,  
p ressure - type  c a r s .  A number of shor tcomings  w i t h  e x i s t i n g  
s a f e t y - r e l i e f  s p e c i f i c a t i o n s  were i n d i c a t e d .  A s t a g e d  
s a f e t y  r e l i e f  sys tem was recommended f o r  c a r s  w i t h  l i q u e f i e d  
compressed gas l a d i n g s .  

3aijson, G. ';.I., 2 t  a l . ,  "Control  of S p i l l a g e  of Hazardous P o l l u t i n g  
Subs tances  ," B a t t e l l e  Xemorial  I n s t i t u t e ,  R ich land ,  Vash ing ton ,  
NTIS Report  No. PB-197 596,  November 1970. 

An e v a l u a t i o n  of t h e  w a t e r  q u a l i t y  a s p e c t s  germane t o  t h e  
s p i l l a a e  of hazardous  p o l l u t i n g  s u b s t a n c e s  i s  developed.  
Emphasis i s  p l a c e d  on d e f i n i t i o n  and c l a s s i f i c a t i o n  of chemi- 
c a l  m a t e r i a l s ;  t h e  n a t u r e  of t h e  s o u r c e  of s p i l l a g e  and p a s t  
e x p e r i e n c e ;  a n a l y s i s  of t h e  r e l a t i v e  t h r e a t  t o  w a t e r  
q u a l i t y  o f f e r e d  by such s u b s t a n c e s ;  a  review of p r e s e n t l y  
a v a i l a b l e  d e t e c t i o n ,  c o n t r o l ,  and removal technology,  and their  
r e l a t i o n s h i p  t o  wa te r  q u a l i t y  s t a n d a r d s ;  and t h e  r e l e v a n t  
a d m i n i s t r a t i v e ,  enforcement ,  and cos t - recovery  a s p e c c s .  
Over 250 chemica l s  and compounds, g e n e r a l l y  t h o s e  i n  l a r g e -  
s c a l e  p r o d u c t i o n  and u t i l i z a t i o n ,  a r e  p r i o r i t y - r a n k e d  i n  
o r d e r  of r e l a t i v e  t h r e a t  t o  w a t e r  q u a l i t y .  

"Cont ro l  of Hazardous P o l l u t i n g  Subs tances , "  U.S.C.G, Washington, D . C . ,  
F i n a l  Repor t ,  NTIS Report  No. PB-199 193, October 1970. 

T h i s  s t u d y  d e a l s  w i t h  only  t h e  wa te r  p o l l u t i o n  a s p e c t .  Focus 
was p l a c e d  on a c c i d e n t a l  s p i l l s  and e f f l u e n t  d i s c h a r g e s  i n  
e x c e s s  of t h o s e  a u t h o r i z e d .  The s t u d y  s u p p o r t s  a  r e p o r t  on 
t h e  need f o r  l e g i s l a t i o n  t o  impose l i a b i l i t y  and f i n a n c i a l  
r e s p o n s i b i l i t y  requ i rements  f o r  t h e  c o s t  of removal of 
hazardous  s u b s t a n c e s  d i s c h a r g e d  from v e s s e l s  and onshore  and 
of f s h o r e  f a c i l i t i e s .  I n  a d d i t i o n ,  t h e  s t u d y  i n c l u d e s  an  
e x t e n s i v e  b i b l i o g r a p h y .  



3002-Allen and Hamilton, I n c . ,  Yashington,  D .  C .  , ".in Appra isa l  of t h e  
Problem of t h e  Handl ing,  T r a n s p o r t a t i o n ,  and Disposa l  of Toxic 
and Other Hazardous Y a t e r i a l s  ," f o r  DOT, F i n a l  Report ,  NTIS 
Rsport  No. "-236 599/7ST, January 1970. 

The r e p o r t  p r e sen t s  d e t a i l e d  n a r r a t i v e ,  t a b l e s ,  and graphs 
a s  fol lows:  Hazardous-material  c l a s s i f i c a t i o n ;  types  and 
q u a n t i t i e s  of hazardous m a t e r i a l s ;  a c c i d e n t s  i nvo lv ing  
hazardous m a t e r i a l s ;  t r a n s p o r t a t i o n  environment;  d i s p o s a l  
of hazardous m a t e r i a l s ;  and r e f e r e n c e s  and c o n t a c t s .  
Hazardous m a t e r i a l s  d i s cus sed  a r e  flammable m a t e r i a l s ,  
compressed gases ,  c o r r o s i v e  m a t e r i a l s ,  e x p l o s i v e s ,  o x i d i z e r s ,  
p i s t o n s  i n c l u d i n g  chemical  w a r f a r e  agen t s  and p e s t i c i d e s ,  
i n f e c t i o u s  a g e n t s , r a d i o a c t i v e  m a t e r i a l s ,  and molten 
m a t e r i a l s  . 

Nat iona l  Academy of Sc i ences ,  Washington, D . C . ,  "A Study of 
T ranspo r t a t i on  of Hazardous Sfa te r ia l s  ," S ~ u d y  Group a t  Warrentown, 
Va., NTIS Report Xo. AD-692 182, Xay 1969. 

This  r e p o r t  c o n s t i t u t e s  t h e  f i n d i n g s  of a  s tudy  undertaken 
May 7-9, 1969, f o r  t h e  s p e c i f i c  purposes of a p p r a i s i n g  
e x i s t i n g  knowledge, p rocedures ,  and p r a c t i c e s  of a l l  t r a n s -  
p o r t a t i o n  modes; exp lo r ing  improved o r  r ev i sed  concepts  f o r  
approach t o  r e g u l a t i o n s ,  based on s c i e n t i f i c  knowledge and 
eng inee r ing  methods; and s u i t e d  t o  t h e  p r a c t i c e s  and 
m a t e r i a l s  of an i n c r e a s i n g l y  t e c h n o l o g i c a l  c u l t u r e ;  i d e n t i -  
f y i n g  e x i s t i n g  and new re sou rces  and f a c i l i t i e s  needed t o  
suppor t  more technology-oriented approaches t o  p u b l i c  s a f ezy  
r e g u l a t i o n ;  and recommending immediate and longer  term -.* I -  

a c t i o n s  f o r  improving t h e  p r e s e n t  r e g u l a t o r y  system f o r  
hazardous m a t e r i a l s  t r a n s p o r t a t i o n .  
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James,  R .  K . ,  Chairman, " S p e c i a l  S a f e t y  I n q u i r y :  Improved S a f e t y  
S t a n d a r d s  f o r  I n s u l a t e d  P r e s s u r e  Tank C a r s , "  Hear ing  convened 
by FRA, T r a n s c r i p t  of P r o c e e d i n g s  p u b l i s h e d  by Acme g e p o r t i n g  
Co. ,  Washington,  D . C . ,  A p r i l  1978 .  

The s u b j e c t  of  t h e  h e a r i n g s  i s  t h e  need t o  improve 
p r e s e n t  s a f e t y  s t a n d a r d s  f o r  t h e  d e s i g n  and 
c o n s t r u c t i o n  o f  new and e x i s t i n g  DOT S p e c i f i c a t i o n  
1 0 5 - i n s u l a t e d  p r e s s u r e  t a n k  c a r s .  

James,  R. K . ,  Chairman, " S p e c i a l  S a f e t y  I n q u i r y :  R e t r o f i t t i n g  
T i m e t a b l e  f o r  1121114 U n i n s u l a t e d  P r e s s u r e  Tank C a r s , "  Hear ing  
convened by FRA, T r a n s c r i p t  o f  P roceed ings  p u b l i s h e d  by ACXE 
R e p o r t i n g  Co. ,  Washington,  D . C . ,  A p r i l  1978.  

The purpose  o f  t h e  h e a r i n g  i s  t o  o b t a i n  i n f o m a t i o n  
on whe the r  i t  i s  p o s s i b l e  t o  speed  up t h e  s c h e d u l e  
f o r  i n s t a l l a t i o n  o f  s p e c i a l  s a f e t y  d e v i c e s  on 
u n i n s u l a t e d  p r e s s u r e  t ank  c a r s .  

P e t e r s ,  D . ,  and Yin, S.  K . ,  '?.Jon-Destructive Impact  between R a i l r o a d  C a r s :  
I 1  

Exper imenta l  and A n a l y t i c a l  S t u d y ,  Schoo l  o f  E n g i n e e r i n g  and 
Appl ied  S c i e n c e  - Washington Univ. ,  S t .  L o u i s ,  Hc., f o r  DOT/FRZ- - 
O f f i c e  of  X&D, Rept .  No. FRA-ORD-761247, J a n u a r y  1977. 

A computer s i m u l a t i o n  o f  t h e  dynamics o f  r a i l  c a r  
impac t s  i s  compared w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  
from f u l l - s c a l e  s w i t c h y a r d  i m p a c t s .  The compared 
c a s e s  i n v o l v e  impac t s  between a  s t a n d i n g  l i g h t  hopper 
c a r  and a  moving, f u l l y  loaded  t a n k  c a r  a t  speeds  
r a n g i n g  from 2  mph t o  8  mph. The moni tored dynamic 
r e s p o n s e s  i n c l u d e  v e r t i c a l  c a r  mot ions ,  d r a f t  g e a r  
t r a v e l ,  l o n g i t u d i n a l  c o u p l e r  f o r c e s ,  c a r  body 
a c c e l e r a t i o n s ,  and v e r t i c a l  b o l s t e r  l o a d s .  

Johnson ,  M. R., "Development o f  Performance S p e c i f i c a t i o n s  f o r  LPG 
Tank Cars" ,  I I T  Resea rch  I n s t . ,  Chicago,  I l l . ,  f o r  DOT/FRA, 
Cont. Xo. P.O. 74282, F i n a l  Repor t ,  J a n u a r y  1977. 

The M a t e r i a l  T r a n s p o r t a t i o n  Bureau h a s  proposed 
r e q u i r e m e n t s  t h a t  112A and 114A t a n k  c a r s  b e  
equipped w i t h  a  the rmal  p r o t e c t i o n  sys tem,  a  t ank  
head p u n c t u r e  r e s i s t a n c e  s y s  tern, a  s a f e t y  r e l i e f  
v a l v e ,  and a  c o u p l e r  r e s t r a i n t  sys tem.  The s p e c i f i c  
r equ i rements  f o r  each  of t h e s e  sys tems  a r e  d e f i n e d  
by pe r fo rmance  s t a n d a r d s .  Over t h e  l a s t  s e v e r a l  



y e a r s  r e s u l t s  have been c b t a i n e d  from a  nuaber  o f  
r e s e a r c h  programs which have been conducted to  
s t u d y  v a r i o u s  a s p e c t s  o f  t h e  t a n k  c a r  s a f e t y  problem. 
The r e l a t i o n s h i p s  o f  t h e s e  r e s u l t s  t o  t h e  performance 
s t a n d a r d s  which have now been proposed f o r  t h e  t ank  
c a r  s a f e t y  sys tems  a r e  d e s c r i b e d .  

"Firial  S t a n d a r d s ,  C l a s s i f i c a t i o n ,  and D e s i g n a t i o n  o f  L i n e s  o f  C l a s s  I 
R a i l r o a d s  i n  t h e  Uni ted  S t a t e s " ,  Vols .  I and 11, Dept.  o f  
T r a n s p o r t a t i o n ,  J a n u a r y  1977. 

T h i s  r e p o r t  f o l l o w s  a  thorough p u b l i c  rev iew 
of  t h e  P r e l i m i n a r y  S t a n d a r d s  C l a s s i f i c a t i o n  
and D e s i g n a t i o n  o f  L i n e s  o f  C l a s s  I R a i l r o a d s  
i n  t h e  Uni ted  S t a t e s  p u b l i s h e d  by t h e  Department 
on August  3 ,  1976,  p u r s u a n t  t o  S e c t i o n  503 o f  t h e  
R a i l r o a d  R e v i t a l i z a t i o n  and R e g u l a t o r y  Reform Act. 
of 1976 (P.L. 94-210) ( t h e  A c t ) .  The r e v i e w  p r o c e s s  
was conducted by t h e  Rail S e r v i c e s  P l a n n i n g  O f f i c e  
o f  t h e  I n t e r s t a t e  Commerce Commission which 
cu lmina ted  i n  t h e i r  p u b l i c a t i o n  o f  an E v a l u a t i o n  
Repor t  o f  t h e  S e c r e t a r y  o f  T r a n s p o r t a t i o n ' s  
P r e l i m i n a r y  C l a s s i f i c a t i o n  and D e s i g n a t i o n  o f  
R a i l  L i n e s .  T h i s  E v a l u a t i o n  R e p o r t , a l o n g  w i t h  
t h e  p u b l i c  t e s t imony  e l i c i t e d  a t  t h e  h e a r i n g s , w a s  
c o n s i d e r e d  by t h e  Department i n  p r e p a r a t i o n  o f  
t h i s  F i n a l  Repor t .  Volume I of  t h e  F i n a l  Report  
e s t a b l i s h e s  f i v e  s t a n d a r d s  f o r  t h e  c l a s s i f i c a t i o n  
of t h e  Class I r a i l  sys tem:  (1 )  d e n s i t y ,  ( 2 )  s e r v i c e  
t o  major  m a r k e t s ,  ( 3 )  a p p r o p r i a t e  l e v e l s  o f  c a p a c i t y ,  
( 4 )  n a t i o n a l  d e f e n s e ,  and (5 )  l i n e  p o t e n t i a l l y  
s u b j e c t  t o  abandonment under  s t a t u t o r y  and I C C  
p r o c e d u r e s .  F i n a l  Volume I1 c o n t a i n s  d e s i g n a t i o n s  
of a l l  C l a s s  I R a i l r o a d  l i n e s  i n  t h e  Uni ted  S t a t e s  
based upon t h e  s t a n d a r d s  developed i n  F i n a l  
Volume I.  Each C l a s s  I R a i l r o a d  l i n e  segment i n  
t h e  n a t i o n a l  r a i l  network w a s  s u b j e c t e d  t o  i n d i v i d u a l  
a n a l y s i s ,  u s i n g  t h e  most c u r r e n t  i n f o r m a t i o n  
a v a i l a b l e .  D e s i g n a t i o n  and i d e n t i f i c a t i o n  o f  
i n d i v i d u a l  l i n e  segments i n  t h e  U.S. r a i l r o a d  
network s t r u c t u r e  a r e  p r e s e n t e d  u s i n g  a compute r ized  
network i n f o r m a t i o n  s y s  tem. S t a t i s t i c a l  summaries 
o f  r o u t e  m i l e a g e  by l i n e  d e s i g n a t i o n  a r e  p r e s e n t e d .  
C r o s s - r e f e r e n c e  i n f o r m a t i o n  is p r e s e n t e d .  Also ,  
an  e n l a r g e d  fo ld -ou t  n a t i o n a l  network map d i s p l a y i n g  
t h e  l i n e  d e s i g n a t i o n s  by c a t e g o r y  i s  prov ided .  



J ~ h x o n ,  >!. X., " E v a l u a t i o n  o f  P r o t o t y p e  Head S h i e l d  f o r  Hazardous 
> l a t e r i a l  Tank C a r , "  IIT Xesearch I n s t i t u t e ,  Ch icago ,  I l l . ,  
f o r  DOT/FU-Office o f  X & D ,  F i n a l  Rept .  So .  FiU/ORD 75 /96 ,  
Decenber 1976 .  

The s t r u c t u r a l  i n t e g r i t y  of  a  p r o t o t y p e  t a n k  c a r  
head s h i e l d  f o r  haza rdous  m a t e r i a l  r a i l r o a d  t ank  
c a r s  was e v a l u a t e d  under  c o n d i t i o n s  o f  f r e i g h t  c a r  
c o u p l i n g  a t  modera te  t o  h i g h  s p e e d s .  T e s t  d a t a  
were o b t a i n e d  when t h e  c a r  was impacted i n t o  s t a n d i n g  
c a r s  o v e r  a  3-to 9 mph speed  r a n g e .  The t e s t s  produced 
no v i s i b l e  damage t o  t h e  s h i e l d  o r  t h e  s t r u c t u r e  
c o n n e c t i n g  i t  t o  t h e  t a n k  c a r ,  b u t  they demons t ra ted  
t h e  p r e s e n c e  o f  s e v e r e  v i b r a t i o n s  r e s u l t i n g  from t h e  
c a r  impac t .  The l i k e l i h o o d  o f  f a t i g u e  damage was 
i n d i c a t e d  i n  t h e  c o n n e c t i n g  s t r u c t u r a l  members where 
t h e  we igh t  o f  t h e  s h i e l d  was s u p p o r t e d .  

Hahn, E .  E .  , " I n c r e a s e d  R a i l  T r a n s i t  V e h i c l e  C r a s h w o r t h i n e s s  i n  
Head-On C o l l i s i o n s  , ' I  I I T  Resea rch  I n s t i t u t e ,  Chicago,  I l l .  , 
f o r  DOT/TSC, C o n t r a c t  No. DOT-TSC-1052, August 1976.  

ABSTRACT. A computer code f o r  model ing t h e  
c o l l i s i o n  o f  two c o n s i s t s  o f  u rban  r a i l c a r s  
was deve loped .  Th i s  code was used  t o  e s t a b l i s h  
t h e  c r i t i c a l  p a r a m e t e r s  which govern  whe the r  t h e  
c a r s  w i l l  c r u s h ,  d i s p l a c e  v e r t i c a l l y  and o v e r r i d e ,  
o r  c r u s h  w i t h  subsequen t  o v e r r i d e .  The d r a f t  
g e a r  s h e a r  p i n  f a i l u r e  l o a d ,  s p r i n g  c o n s t a n t  and 
t r a v e l  a s  w e l l  a s  t h e  a n t i c l i m b e r  h o r i z o n t a l  f o r c e  
c h a r a c t e r i s t i c s  were found t o  be  i m p o r t a n t  p a r a m e t e r s .  . . ~, . ,, 

A complex and a  s i m p l i f i e d  model o f  two i m p a c t i n g  
c o n s i s t s  were  modeled and run  on t h e  computer .  I t  
was conc luded  t h a t  a c c u r a t e  r e s u l t s  c o u l d  b e  o b t a i n e d  
from a s i m p l i f i e d  model. A c c e l e r a t i o n  p u l s e  s h a p e s  
were  o b t a i n e d ,  s u i t a b l e  f o r  u s e  i n  d e t e r m i n i n g  t h e  
n a t u r e  and s e v e r i t y  o f  p a s s e n g e r  i n j u r y  i n  a  head-on 
c o l l i s i o n .  

Tong, P . ,  "Mechanics o f  T r a i n  C o l l i s i o n " ,  DOT/TSC, Cambridge, Mass . ,  
f o r  DOT/FRA - O f f i c e  of  R&D, F i n a l  Rept.  No. FRA-OR&D-76-246, 
A p r i l  1976.  

A s i m p l e  and a  more d e t a i l e d  mathemat ica l  model 
f o r  t h e  s i m u l a t i o n  o f  t r a i n  c o l l i s i o n s  i s  p r e s e n t e d .  
The s t u d y  p r e s e n t s  c o n s i d e r a b l e  i n s i g h t  a s  t o  t h e  
c a u s e s  and consequences  o f  t r a i n  mot ions  i n  impac t .  
Comparison o f  model p r e d i c t i o n s  w i t h  two f u l l  s c a l e  
t r a i n - t o - t r a i n  impact t e s t s  shows good c o r r e l a t i o n .  
Methods f o r  c o n t r o l l i n g  t r a i n  motion and k i n e t i c  
ene rgy  d i s s i p a t i o n  f o r  t h e  m i n i m i z a t i o n  o f  t r a i n  
c o l l i s i o n - i n d u c e d  damage a r e  s u g g e s t e d .  



P e t e r s ,  9. A . ,  e t  a l . ,  "Tank Car Head P u n c t u r e  Yechanisns  School 
o f  E n g i n e e r i n g  and Appl ied  S c i e n c e  - Yash ing ton  C n i v . ,  S t .  
L o u i s ,  Yo., f o r  30T/F'2A, Rep t .  !Jo. FiW-ORD-76/269, F i n a l  
Repor t ,  J u n e  1976.  

T h i s  r e p o r t  i s  concerned  w i t h  t h e  d e s c r i p t i o n  
and a n a l y s i s  o f  head p u n c t u r e  mechanisms. Three  
c l a s s i f i c a t i o n  y a r d  a c c i d e n t s  and o n e  main l i n e  
a c c i d e n t  were  s t u d i e d  i n  d e t a i l ,  t r a i n - t o - t r a i n  
c o l l i s i o n  t e s t s  were  a n a l y z e d  and t h e  r e s u l t s  
o f  impact  e x p e r i m e n t s  were  e v a l u a t e d .  The main 
c o n c l u s i o n  o f  t h e  r e p o r t  i s  t h a t  head p u n c t u r e  
i n  c l a s s i f i c a t i o n  y a r d s  i s  i n v a r i a b l y  due t o  
overspeed  impac t .  

Lee ,  E .  H . ,  and Y a l l e t t ,  R .  L . ,  " S t r u c t u r a l  A n a l y s i s  and Design f o r  
!I Energy A b s o r p t i o n  i n  Impact ,  D i v i s i o n  of  Appl ied  Yechanics  - 

S t a n f o r d  Univ. , S t a n f o r d ,  C a l i f . ,  f o r  DOT O f f i c e  o f  
U n i v e r s i t y  Research (OST), F i n a l  Rept .  Yo. DOT-TST-76-44, 
December 1975.  

X g e n e r a l  a s s e s s m e n t  o f  t h e  n a t u r e  of t h e  d y x m i c  
problem o f  a n a l y z i n g  t h e  c o l l i s i o n  o f  a  v e h i c l e  is 
g i v e n .  E l a s  t i c - p l a s  t i c  t h e o r y  i s  used .  Theorems 
a r e  g i v e n  which p r o v i d e  approx imat ions  t o  t h e  naximum 
p l a s t i c  d e f o r m a t i o n  and t h e  d u r a t i o n  of p l a s t i c  f low 
w i t h o u t  d e t e r m i n i n g  t h e  whole  s o l u t i o n .  A p p l i c a t i o n  
of  t h e s e  t o  s i n p l e  models i s  p r e s e n t e d .  The a b i l i t y  
o f  porous  m e t a l  t o  a b s o r b  energy  o f  d e f o r m a t i o n  i s  
a l s o  a n a l y z e d  by s o l v i n g  t h e  m i c r o s c o p i c  problem 
o f  c o l l a p s e  of  t h e  c a v i t i e s .  T e s t s  o f  t h e  b e h a v i o r  
o f  porous  m e t a l  i n  impac t  a r e  p r e s e n t e d  and r e l a t s d  
t o  q u a s i s t a t i c  measurements o f  i ts d e f o r m a t i o n  
p r o p e r t i e s .  

Kennedy, R. G . ,  and Lloyd,  F. H . ,  "A >lethodology f o r  E v a l u a t i n g  t h e  
Economic Impacts  o f  Applying R a i l r o a d  S a f e t y  S t a n d a r d s  
Vols.  I and 11, CONSAD Research Corp. ,  P i t t s b u r g h ,  P a . ,  
f o r  WT/FRA, F i n a l  Rept .  No. RP-41, October  1974.  

T h i s  r e p o r t  p r e s e n t s  a n  e v a l u a t i o n  o f  s a f e t y  
s t a n d a r d s  proposed by t h e  F e d e r a l  R a i l r o a d  
A d m i n i s t r a t i o n  and a l l o w s  f o r  d e t a i l e d  a n a l y s i s  
o f  i n d i v i d u a i  equipment ,  t r a c k ,  and human f a c t o r s  
s t a n d a r d s .  D i s c u s s i o n s  a r e  g i v e n  o f  o t h e r  a s p e c t s  
of  t h e  methodology such  a s  t h e  p r o p e r  a n a l y s i s  
t i m e  s p a n ,  t h e  e f f e c t s  o f  i n f l a t i o n  and i n t e r e s t  
r a t e s ,  q u a n t i f i c a t i o n  problems and t h e  r o l e  o f  
s e n s i t i v i t y  a n a l y s i s .  S p e c i a l  a t  t e n t i o n  is g i v e n  



to  a c z i d e n t s  and a c c i d s n t  ? r = d i c t i o n  and a l s o  
t o  d a t a  a- aila ability and d a t a  a c q u i s i t i o n .  .h 
example i s  g i v e n  o f  t h e  u s e  o f  t h e  ne thodo logy  
u s i n g  t h e  s a f e t y  s t a n d a r d s  a d d r e s s e d  t o  p l a i n  
b e a r i n g s  on f r e i g h c  c a r s .  Volume 2  of  t h i s  
r e p o r t  i s  t h e  manual whose s t ep -by-s tep  p rocedures  
a r e  i n t e n d e d  f o r  t h e  i m p l e n e n t a t i o n  o f  economic 
impact  a n a l y s i s .  I n  d e v e l o p i n g  t h i s  manual,  h i g h  
p r i o r i t y  was p l a c e d  on p r e s e n t i n g  workab le  
p r o c e d u r e s  t h a t  can b e  used immediate ly  f o r  
economic impac t  e v a l u a t i o n .  S p e c i a l  a t t e n t i o n  
is given t o  a c c i d e n t s  and a c c i d e n t  p r e d i c t i o n ,  
d i s c o u n t i n g ,  q u a n t i f i c a t i o n  problems and t h e  r o l e  
of  s e n s i t i v i t y  a n a l y s i s .  A comple te ly  worked 
example i s  p r e s e n t e d  i n  t h e  appendix .  

A s s o c i a t i o n  of  American R a i l r o a d s  ( A M )  Advisory  Committee, "Car and 
Locomotive Cyc loped ia , "  ( a  t h i r d  e d i t i o n )  Simons-Boardman 
P u b l i s h i n g  C o r p o r a t i o n ,  N . Y . ,  1974.  

D e f i n i t i o n s  and i l l u s t r a t i o n s  o f  r a i l r o a d  c a r s  
and locomot ives  and t h e i r  components b u i l t  f o r  
domes t i c  and e x p o r t  s e r v i c e ,  i n c l u d i n g  shop 
p r a c t i c e s  and e l e c t r i c a l  fundamenta l s .  

Adams, D. E . ,  e t  a l . ,  " R a i l  Hazardous Y a t e r i a l  Tank Car Design S tudy , "  
Ca l span ,  B u f f a l o ,  N .  Y . ,  f o r  DOT/FRA, C o n t r a c t  80. DOT-FR-20069, 
P r e l i m .  Repor t  , Calspan 3ep t .  No. ZL-5226-D-4, A p r i l  19 75. 

T h i s  r e p o r t  p r o v i d e s  t h e  b a s i s  f o r  d e f i n i n g  
p r a c t i c a l  and economical  s a f e t y  improvements 
and i d e n t i f i e s  t h e  s a f e t y  r e s e a r c h  gaps which 
must be  c l o s e d  b e f o r e  a  p r o t o t y p e  t a n k  c a r  can 
b e  d e s i g n e d  t o  o p t i m a l  s a f e t y / e c o n o m i c  
c o n s i d e r a t i o n s .  S i x  a r e a s  were  g iven  p a r t i c u l a r  
c o n s i d e r a t i o n  because  o f  t h e i r  g r e a t e r  p o t e n t i a l  
f o r  s u c c e s s  f o r  112A/114A s e r i e s  t ank  c a r s .  These 
were  : (1 )  o p e r a t i o n a l  changes ,  (2)  head s h i e l d s ,  
( 3 )  modi f i ed  c o u p l e r s ,  (4 )  the rmal  i n s u l a t i o n ,  

. ,.*. a (5)  t a n k  m a t e r i a l  changes ,  and (6 )  s a f e t y  r e l i e f  
sys tem m o d i f i c a t i o n s .  Head s h i e l d s  and modi f i ed  
c o u p l e r s  were  found l i k e l y  t o  be  "cos t - b e n e f i c i a l  . " 
O t h e r  t a n k  c a r  r e s e a r c h  is  reviewed and an improved 
the rmal  model f o r  c a l c u l a t i n g  t h e  e f f e c t s  on a  t a n k  
c a r  exposed t o  f i r e  is  p r e s e n t e d .  S u b s t a n t i a l  
improvements i n  c a r  s a f e t y  appear  t o  b e  f e a s i b l e  
w i t h o u t  r e s o r t  t o  t h e  u s e  of  e x o t i c  m a t e r i a l s  o r  
f a b r i c a t i o n  t e c h n i q u e s  which cou ld  n o t  be  
accommodated by e x i s t i n g  t ank  c a r  manufac tu r ing  
f a c i l i t i e s .  



r. . ? i l k i n s o n ,  >I. T . ,  e t  a l . ,  "A S r ruc :u ra l  Study o f  X a i l  Tank C a r s , "  
L o u i s i a n a  Tech K n i v e r s i t y  , 3us  t o n ,  La. , f o r  DOTITRI, 
C o n t r a c t  90.  DOT-FIi-30056, J u n e  1975.  

X r ev iew and e v a l u a t i o n  of t h e  p r e s e n t  
s p e c i f i c a t i o n s  under  which t a n k  c a r s  a r e  
d e s i g n e d  is  made from a  s t r u c t u r a l  v i e w p o i n t .  
D e f i c i e n c i e s  i n  t h e s e  s p e c i f i c a t i o n s  a r e  
r e p o r t e d  and s p e c i f i c  m o d i f i c a t i o n s  a r e  
recommended. The r e s u l t s  o f  a  f i n i t e  e l ement  
model and a n  e x p e r i m e n t a l  model o f  a  q u a r t e r -  
s c a l e  DOT 112X340W c a r  a r e  r e p o r t e d .  These  
r e s u l t s  d e m o n s t r a t e  t h a t  s t r e s s e s  c a l c u l a t e d  
by s i m p l e  beam models o f  t a n k  c a r s  a r e  
n o n - c o n s e r v a t i v e .  F i n i t e  e l ement  a n a l y s e s  
a r e  a l s c  i n c l u d e d  on f u l l - s c a l e  DOT 111 and 
DOT 112 c a r s .  These s t u d i e s  show t h a t  t h e s e  
c a r s  f a i l  t o  s a t i s f y  t h e  p r e s e n t  d e s i g n  
r e q u i r e m e n t s  i n  t h e  .UR s p e c i f i c a t i o n s .  

Xohenemser, K .  H . ,  e t  a l . ,  "Computer S i m u l a t i o n  of  Tank Car Bead 
P u n c t u r e  Xechanisns  C l a s s i f i c a t i o n  Yard A c c i d e n t s , "  School  
of  E n g i n e e r i n g  and Appl ied  S c i e n c e  - Washington Univ . ,  
S t .  L o u i s ,  Yo., f o r  DOT/FRA O f f i c e  of  R&D, P r e l i m .  Rsp t .  
Xo. FU-OR&D-75-23, February  1975. 

Development o f  means f o r  i d e n t i f y i n g  p o s s i b l e  
p u n c t u r e  mechanisms and q u a n t i f y i n g  t h e  c o u p l e r  
f o r c e s  i n v o l v e d  i s  t h e  s u b j e c t  o f  t h i s  r e p o r t .  
X ma themat ica l  model,  c a p a b l e  of  s i m u l a t i n g  t r a i n  
a c t i o n  i n  t h e  v e r t i c a l  p l a n e ,  h a s  been  developed 
and used  f o r  s i m u l a t i o n  o f  t h r e e  c l a s s i f i c a t i o n  
y a r d  a c c i d e n t s .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  
model and t h e  r e s u l t s  o f  s i m u l a t i o n  a r e  p r e s e n t e d .  
The c o n c l u s i o n s  o f  t h i s  r e p o r t  must b e  c o n s i d e r e d  
t e n t a t i v e  u n t i l  t h e  r e s u l t s  of  v e r i f i c a t i o n  s t u d i e s  
become a v a i l a b l e .  

Adarns , D .  E .  , "Cos t1Benef i t  A n a l y s i s  o f  Thermal S h i e l d  C o a t i n g s  Appl ied  
t o  112A1114A S e r i e s  Tank Cars, I' Calspan Corp. ,  B u f f a l o ,  N.  Y .  , 
f o r  DOTIFRA - O f f i c e  o f  R&D, F i n a l  R e p o r t ,  Rept .  No. FRA-OR&D 
75-39, December 1974.  

T h i s  r e p o r t  u p d a t e s  t h e  a n a l y s i s  done by AARIRPI 
on a c c i d e n t  l o s s e s .  H i s t o r i c a l  d a t a  f o r  i n s u l a t e d  
105k t a n k  c a r s  were compared w i t h  u n i n s u l a t e d  
112A/114A t a n k  c a r s .  R e s u l t s  i n d i c a t e  t h a t  t h e  
" e f f i c i e n c y "  ( i . e . ,  e x p e c t e d  e f f e c t i v e n e s s )  of t h e  



t h e r n a l  s h i e l d  appea r s  to  be n e a r l y  100 percent--  
a t  l e a s t  i n  t h e  c r i t i c a l  hou r s .  Computer 
c a l c u l a t i o n s  of t h e  t empera tures  and p r e s s u r e s  
produced i n  tank c a r s  have i n d i c a t e d  t h a t  
s i g n i f i c a n t  r e d u c t i o n s  i n  t ank  r u p t u r e  a r e  
expec ted  f o r  even t h i n  i n s u l a t i o n s  i f  t h e  
i n s u l a t i o n  remains a t t a c h e d  t o  t he  t ank  du r ing  
t h e  f i r e .  

Townsend, W . ,  e t  a l . ,  "Comparison o f  Thermal ly  Coated and E n i n s u l a t e d  
R a i l  Tank Cars F i l l e d  w i t h  LPG Sub j ec t ed  t o  a F i r e  Environment," 
B a l l i s t i c  Research Labs. - U.S. Army, Aberdeen Prov ing  Ground, 
XD , f o r  DOT/FRA - O f f i c e  o f  R&D, F i n a l  Rept .  No. FRA-OR&D 
75-32, December 1974. 

T.do f i r e  t e s t s  were conducted on 1 2 8 - k i l o l i t e r ,  
h igh-pressure  r a i l  t ank  c a r s  f i l l e d  w i t h  
l i q u i f i e d  pe t ro leum gas .  Both t ank  c a r s  were 
exposed t o  an i n t e n s e  hydrocarbon f i r e  a f t e r  
be ing  o u t f i t t e d  w i t h  a p p r o p r i a t e  i n s t r u m e n t a t i o n .  
The i n s t r u m e n t a t i o n  was moni tored and i t s  o u t p u t  
recorded  throughout  t h e  f i r e  t e s t s .  To t e s t  t h e  
f e a s i b i l i t y  of i n s u l a t i n g  r a i l r o a d  t ank  c a r s  t o  
p r o t e c t  them from f i r e  exposure ,  one of t h e  c a r s  
was coa t ed  w i t h  a  0.318 c e n t i m e t e r  (cm) thermal  s h i e l d .  
A comparison of d a t a  c o n c l u s i v e l y  shows t h a t  a 
thermal  s h i e l d  s i g n i f i c a n t l y  a l t e r s  t h e  thermal  
response  of  a  r a i l  tank c a r  i n  a  f i r e  environment.  

Anderson, C . ,  e t  a l . ,  "The E f f e c t s  o f  a  F i r e  Environment on  a  R a i l  
Tank Car F i l l e d  w i t h  LPG," B a l l i s t i c  Research L a b o r a t o r i e s  
- U.S. Army, Aberdeen Prov ing  Ground, XD., f o r  DOTIFRA - 
O f f i c e  o f  R&D, F i n a l  Rept.  No. FRA-OR&D 75-31, September 
1974. 

A 127 k i l o l i t e r  (33,600 g a l l o n )  r a i l r o a d  tank  
c a r  was ins t rumented  and f i l l e d  w i t h  l i q u e f i e d  
pe t ro leum g a s .  A l a r g e  JP-4 f u e l  poo l  f i r e  then  
engul fed  t h e  t ank  c a r ,  and measurements o f  
t empera ture ,  p r e s s u r e ,  e t c . ,  were recorded  as 
a  f u n c t i o n  o f  t ime. A f t e r  24.5 minutes ,  t h e  
c a r  f a i l e d  c a t a s t r o p h i c a l l y  v i a  s t r e s s - r u p t u r e .  
Mass flow r a t e s  and a  d i s c h a r g e  c o e f f i c i e n t  
have been ob t a ined  f o r  t h e  r e l i e f  v a l v e .  An 
a n a l y t i c a l  exp re s s ion  has  been d e r i v e d  and then 
used t o  o b t a i n  t h e  h e a t  f l u x  t o  t h e  we t t ed  s u r f a c e  
of  t h e  t ank  c a r .  



Anderson, C .  , and S o r r i s ,  E . G .  , " F r a p e n t a t i o n  and Y e t a l l u r g i c a l  .i2al;.-sis 
o f  Tank Car RXY 2 0 l 1 ' ,  a a l l i s  t i c  Research Labs - U.S. Army, 
Aberdeen Prov ing  Ground, XI)., DOTIFRA - O f f i c e  o f  R&D, F i n a l  
Rept.  No. ERA-OR&D 75-30, A p r i l  1974. 

On 28 J u l y  1973,  t h e  B a l l i s t i c  Research 
L a b o r a t o r i e s  performed a  f u l l - s c a l e  f i r e  t e s t  
on a  33,000-gal lon,  DOT 112A340W n o n - i n s u l a t e d ,  
p r e s s u r e ,  r a i l  t a n k  c a r  f o r  t h e  F e d e r a l  R a i l r o a d  
A d m i n i s t r a t i o n  and A s s o c i a t i o n  o f  American 
R a i l r o a d s .  The c a r  was f i l l e d  w i t h  l i q u e f i e d  
pe t ro leum g a s  (LPG). A f t e r  24.5 ininutes o f  
exposure  t o  t h e  f i r e ,  t h e  t a n k  c a r  r u p t u r e d .  
T h i s  r e p o r t  concerns  t h e  mapping o f  t h e  f ragments  
and m e t a l l u r g i c a l  a n a l y s i s  o f  t h e  r u p t u r e d  c a r ,  
a l o n g  w i t h  a n  i n v e s t i g a t i o n  o f  t h e  cause  and 
i n i t i a l  l o c a t i o n  o f  f a i l u r e .  

Adams, D .  E .  , e  t a l .  , "Cos t /Benef i t  A n a l y s i s  o f  Head S h i e l d s  f o r  
112X/lllrA ! ~ r i e s  Tank C a r s , "  Calspan Corp. ,  B u f f a l o ,  N . Y . ,  
f o r  DOTIF? . - O f f i c e  o f  R&D, F i n a l  Rept.  No. FRA-OR&D 75-34, 
Xarch 1971.  

T h i s  a n a l y s i s  was based on a  r e d i s t r i b u t i o n  o f  
a c c i d e n t  d o l l a r  l o s s e s  u s i n g  d a t a  from AARIRPI. 
H i s t o r i c a l  d a t a  a r e  too  l i m i t e d  t o  p r o v i d e  t h e  
c o r r e c t  d i s t r i b u t i o n  o f  l o s s e s  between head and 
s h e l l  p u n c t u r e s .  S u p p o r t i n g  e v i d e n c e  is  p r e s e n t e d  
i n d i c a t i n g  t h a t  d o l l a r  l o s s e s  a r e  s t r o n g l y  r e l a t e d  ..* '. 
t o  p u n c t u r e  d i s t r i b u t i o n  f o r  a more e x t e n s i v e  s e t  o f  
d a t a  i n c l u d i n g  a l l  c l a s s e s  o f  t ank  c a r s .  I t  was 
concluded t h a t  head s h i e l d s  on new and e x i s t i n g  112A/ 
114A p r e s s u r e - t y p e  t a n k  c a r s  would be  c o s t  b e n e f i c i a l .  

Anderson, C . ,  e t  a l . ,  "Ra i l road  Tank Car F i r e  T e s t :  T e s t  No. 7 , "  
B a l l i s t i c  Research L a b o r a t o r i e s  - U .  S .  Army, hberdeen  
Prov ing  Ground, MD. ,  f o r  DOTIFRA - O f f i c e  of R&D, F i n a l  
Rept.  No. FRA-OR&D 75-37, December 1973. 

A f i r e  t e s t  was conducted on a  m e - f i f t h  s c a l e  model 
p r e s s u r i z e d  r a i l r o a d  t a n k  c a r  o n  7  February 1973. 
The t a n k  c a r  model had a  the rmal  i n s u l a t i a n  o f  
4  i n c h e s  (10.16 cm) of p o l y u r e t h a n e  encased i n  a  
0.125-inch (0.318-cm) s t e e l  j a c k e t .  The model w a s  
loaded  w i t h  propane and then  e n g u l f e d  i n  a  JP-4 
j e t  f u e l  f i r e .  



Anderson,  C .  , s c  a l .  , " R a i l r o a d  Tank Car F i r s  T e s t  : T e s t  So .  5, " 

a a l l i s  t i c  Research Labs - U. S . Amy , Xberdeen Prov ing  Sraund ,  
L%., f o r  DOTIFiU - O f f i c e  of  Rd3, F i n a l  Rept.  Yo. FM-ORhD 
75-36, August 1973.  

The Department of  T r a n s p o r t a t i o n  i s  c o n d u c t i n g  
an e x t e n s i v e  r e s e a r c h  program d e s i g n e d  t o  deve lop  
methods t o  minimize  p e r s o n a l  i n j u r y  and damage t o  
p r o p e r t y  caused by f i r e  from r u p t u r e d  r a i l r o a d  
t a n k  c a r s  f i l l e d  w i t h  haza rdous  m a t e r i a l s .  The 
Ballis t i c  Research L a b o r a t o r i e s  were  r e q u e s t e d  
by t h e  Department o f  T r a n s p o r t a t i o n  t o  conduct  a  
s e r i e s  o f  f i e l d  t e s t s  w i t h  s c a l e d  model and 
s  t a n d a r d - s i z e  r a i l r o a d  t a n k  c a r s .  The t e s t  
d e s c r i b e d  i n  t h i s  r e p o r t  i s  one o f  t h e  s c a l e d  
model s e r i e s  which had no the rmal  p r o t e c t i v e  c o a t i n g ,  
and where t h e  r e l i e f  v a l v e  was tu rned  n i n e t y  d e g r e e s  
frcm t h e  v e r t i c a l .  

L e v i n e ,  D . ,  and Dancer,  D. Y., " F i r e  P r o t e c t i o n  of R a i l r o a d  Tank Cars  
C a r r y i n g  Hazardous X a t e r i a l s  - A n a l y t i c a l  C a l c u l a t i o n s  and 
Labora to ry  S c r e e n i n g  o f  Thermal I n s u l a t i o n  C a n d i d a t e s , "  Yaval 
Ordnance Lab . ,  White Oak, XI., f o r  DOTIFRA, NTIS Rept .  
No. AD-747 974,  J u l y  1972.  

T h i s  r e p o r t  d e s c r i b e s  a  l a b o r a t o r y  s c r e e n i n g  
program t o  s e l e c t  two the rmal  i n s u l a t i o n  
c a n d i d a t e s  f o r  use  i n  f u t u r e  f i r e  t e s t s  of  
f i f  t h - s c a l e  and f u l l - s c a l e  LPG t a n k  c a r s .  
Also  i n c l u d e d  a r e  a n a l y t i c a l  c a l c u l a t i o n s  t o  
p r e d i c t  p r e s s u r e s  and l i q u i d  l e v e l s  i n  LPG 
t a n k  c a r s  b e i n g  h e a t e d  by f i r e s .  (Author)  

E v e r e t t ,  J. E. ,  and P h i l l i p s ,  E .  X . ,  "Hazardous M a t e r i a l s  Tank Cars  - 
Tank Head P , r o t e c t i v e  ' S h i e l d '  o r  ' ~ u m p e r  ' Design," . U R ,  
Chicago,  I l l . ,  f o r  DOT/FRA, NTIS Rept .  No. PB-202 624-1, 
January  1972. 

The o b j e c t i v e  o f  t h e  s t u d y  was t o  d e s i g n  a  
r a i l r o a d  t a n k  c a r  head p r o t e c t i v e  d e v i c e  which 
w i l l  r educe  t h e  f requency  of  head p u n c t u r e s  i n  
a c c i d e n t s .  Acc iden t  d a t a  were reviewed i n  
d e t a i l  f o r  t h e  p a s t  s i x  y e a r s  t o  c o r r e l a t e  head 
damage f requency  and s e v e r i t y  w i t h  v a r i o u s  types  
of  c a r s ,  t o  d e t e r m i n e  d i s t r i b u t i o n  p a t  t e r n s  of  
damage o v e r  head s u r f a c e s ,  and t o  a s s e s s  t h e  
c o s t s  t o  t h e  r a i l r o a d  s h i p p i n g  i n d u s t r y  o f  head 
p u n c t u r e s .  F u l l - s c a l e  head impact  t e s t s ,  
p r e v i o u s l y  r u n ,  were  a l s o  reviewed.  From t h e s e  
two rev iews ,  d e s i g n  c r i t e r i a  were  e s t a b l i s h e d  
and used t o  d e s i g n  a  l a r g e  number o f  schemes 
which were t h e n  s u b j e c t e d  t o  a  comprehensive 
c o s t l b e n e f i t  a n a l y s i s .  (Author)  



,WR 3 e s e a r c n  and T e s t  Depar tment ,  "Caupler  S  t e e 1  Study , " Chicago ,  I l l .  , 
, U R  Rept .  Xo. R-107, December 1970.  

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  a  p r e l i m i n a r y  
s t u d y  of  t h e  p r o p e r t i e s  o f  "C" and "EM s t e e l s  i n  
"F" c o u p l e r s  s e l e c t e d  a t  random from s t o c k s  abou t  
t o  b e  u t i l i z e d  by r a i l r o a d s .  C l a s s  "EM c o u p l e r s  
were a l s o  i n v e s t i g a t e d .  The d a t a  i n  t h i s  r e p o r t  
do n o t  cons  t i  t u t e  a  random sample  o f  t h e  p r o p e r t i e s  
o f  s t e e l  i n  c o u p l e r s ,  b u t  they  do i n d i c a t e  t h e  
c h a r a c t e r i s t i c s  o f  t h e  s e v e r a l  c o u p l e r s  t h a t  
were  s t u d i e d .  

"Tne Dynamics and Economics o f  Railway T r a c k  Sys tems ,"  an  
I n t e r n a t i o n a l  Forum p u b l i s h e d  by Railway Systems and 
Yanagement Assoc . ,  Chicago,  I l l . , . F e b r u a r y  1970. 

P r e s e n t s  t e n  p a p e r s :  " R a i l r o a d  Track  
S t r u c t u r e s  - C u r r e n t  P r o g r e s s  and F u t u r e  
P l a n s " ;  "Track and Truck";  "Track f o r  
Today 's  and Tomorrow's Veh ic les" ;  "Youra 
Xailway - Queensland Government Rai lways";  
T r a n s p o r t  Work on  t h e  Swedish Railways";  
"German F e d e r a l  Railways";  " B r i t i s h  Railways";  
"Unconvent ional  Railway Track  S u p p o r t  Systems";  
"The I n f l u e n c e  o f  Track Dynamics on  t h e  Design 
o f  Advanced Track  S t r u c t u r e s " ;  " S e r v i c e  T e s t i n g  
C o n c r e t e  T i e s  i n  t h e  S e a r c h  f o r  Optimum Track".  



A d d i t i o n a l  ?,sf e r e n c e s  

M a t e r i a l s  T r a n s p o r t a t i o n  Bureau ,  " S p e c i f i c a t i o n  of P r e s s u r e  Tank Car 
Tanks",  DOT, Washington,  D . C . ,  F e d e r a l  R e g i s t e r  (49 P a r t s  1 7 3 ,  179)  
Docket No. HM-144, November 1976.  

AAB O p e r a t i o n s  and Y a i n t e n a n c e  Department - ? Iechan ica l  D i v i s i o n ,  
" S p e c i f i c a t i o n s  f o r  Tank C a r s ,  S t a n d a r d " ,  Washington,  D . C . ,  J u l y  1976.  

FRA O f f i c e  o f  R e s e a r c h ,  Development and Demons t ra t ion ,  "Impact  
P r o p e r t i e s  o f  S t e e l s  Taken f rom Four F a i l e d  Tank Cars , "  Washington.  D.C.,  
F i n a l  Rep t .  No. FRA-ORD 75-51, J u n e  1976.  

Railway P r o g r e s s  I n s t i t u t e  Committee o n  Tank C a r s ,  " P e t i t i o n  f o r  
Advanced N o t i c e  o f  Proposed Rulemaking," B e f o r e  t h e  M a t e r i a l s  
T r a n s p o r t a t i o n  Bureau,  DOT, Washington,  D . C . ,  March 1976.  

FRI, "A Comprehensive R a i l r o a d  S a f e t y  Repor t  ( i n c l u d i n g  an  A n a l y s i s  of 
t h e  S t a t e  P a r t i c i p a t i o n  Program) , "  S p e c i a l  Bepor t  t o  t h e  ? r e s i d e n t  and 
Congress ,  Washington,  D . C . ,  Rept .  Yo. FRA/RSS-7601, Yarch 1976 .  

"Comparison of V a r i o u s  Thermal Systems f o r  P r o t e c t i o n  o f  R a i l  Tank 
Cars  T e s t e d  a t  t h e  FRA/BRL T o r c h i n g  F a c i l i t y ,  December 1975.  

Hicho,  G.  E . ,  and Brady,  C. H . ,  "Hazardous M a t e r i a l s  Tank Cars - E v a l u a t i o n  
o f  Tank Car S h e l l  C o n s t r u c t i o n  Y a t e r i a l , "  f o r  DOT/FRX - O f f i c e  o f  
R&D,  F i n a l  Rept .  No. FRA/ORD-75-46, September 1975.  

X a n u f a c t u r i n g  Chemis ts  Assoc.  , "Ethy lene  Oxide  Tank C a r s , "  f o r  DOT - 
S e c r e t a r y .  Hazardous  M a t e r i a l s  R e g u l a t i o n s  Board ,  Summary R e p o r t ,  
Xugusc 1971.  

Clevenson,  S .  A . ,  and  Ullman, K. B.: "A Technique f o r  E v a l u a t i n g  Track  
C o n d i t i o n  Us ing  R a i l c a r  V i b r a t i o n s  P a p e r  p r e s e n t e d  a t  t h e  AIAA/ASKE 
1 2 t h  S t r u c t u r e s ,  S t r u c t u r a l  Dynamics and Y a t e r i a l s  Confe rence ,  
Anaheim, Ca. ,  A p r i l  1971.  

Yeyers ,. E .  T.  , "Track A n a l y s i s  Car Guides on Xa in tenance , "  Yodern 
R a i l r o a d s ,  Vol. 25, No. 1 0 ,  pp. 62-63, Oc tober  1970.  

U n i t e d  S t a t e s  S t e e l  R a i l r o a d  F a c t s ,  "Axles w i t h  Improved F a t i g u e  
S t r e n g t h , "  A p r i l  1969 .  

AAR, " F i e l d  Impact  T e s t  o f  Loaded F r e i g h t  Cars , "  S p e c i f i c a t i o n  Yo. 
73544.4.  
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Skogsberg,  A. Y . ,  and P h i l l i p s ,  E. A . ,  "Phase 11 Report  on I n s p e c t i o n  
of I n s u l a t i o n  J a c k e t  Type Thermal S h i e l d s  on Tank Cars i n  
A c c e l e r a t e d  L i f e  T e s t s , "  R P I - M  Tank Car S a f e t y  Research and 
Tes t  P r o j e c t ,  Phase li, Report  No. M-11-9-39, January  1978. 

Four 112A t a n k  c a r s  were  r e t r o f i t t e d  w i t h  one i n c h  m i n e r a l  
f i b e r  i n s u l a t i o n  and  a s t e e l  j a c k e t  and  s u b j e c t e d  t o  
a c c e l e r a t e d  l i f e  t e s t i n g .  I n s p e c t i o n s  a t  t h e  end of t h e  
t e s t s  r e v e a l e d  n o t h i n g  t o  i n d i c a t e  t h a t  t h i s  t y p e  o f  
i n s u l a t i o n  c o u l d  n o t  m a i n t a i n  i t s  i n t e g r i t y  f o r  t h e  l i f e  
of a  t a n k  c a r .  

T o r t e r ,  R .  N . ,  " E v a l u a t i o n  of RPI-AAR and BXL Torch F i r e  T e s t s  of Tank 
Car I n s u l a t i o n , "  XBI-.M Tank Car S a f e t y  Research and T e s t  P r o j e c t ,  
Phase  11, Report  No. RA-11-8-36, September 1976. 

This  r e p o r t  compares t h e  t o r c h  f i r e  t e s t  a p p a r a t u s  developed 
by RPI-AAR w i t h  t h a t  of t h e  Ballis t i c  Research Laboratory  
through t e s t s  on l a b o r a t o r y  s c a l e  and f u l l - s i z e  t a n k  c a r  
w a l l  s t r u c t u r e s .  The r e p o r t  conc ludes  t h a t  w h i l e  t h e  two 
a p p a r a t u s  do n o t  y i e l d  e n t i r e l y  c o n s i s t e n t  r e s u l t s ,  t h e  
economy and  r e p e a t a b i l i t y  of t e s t s  w i t h  t h e  RPI-AAR equip-  
ment i n d i c a t e  t h a t  t h e y  s h o u l d  b e  adop ted  f o r  t h e r m a l  
s h i e l d  q u a l i f y i n g  t e s t s  . 

P h i l l i p s ,  E. A . ,  Chairman, "Communication S e s s i o n  o f  P e t i t i o n  of RPI 
Committee on Tank Cars, " p r e s e n t e d  a t  Palmer House, Chicago, 
A p r i l  1976. 

These a r e  t h e  minutes  of a  symposium which reviewed t h e  work 
of RPI-AAR Tank Car S a f e t y  P r o j e c t  and t h e  DOT a c t i v i t i e s  
i n  t h a t  f i e l d .  Also p r e s e n t e d  is a  p e t i t i o n  t o  t h e  DOT 
concern ing  proposed rulemaking.  

Railway P r o g r e s s  I n s t i t u t e  (RPI ) ,  Committee on Tank Cars, " P e t i t i o n  
b e f o r e  t h e  N a t e r i a l s  T r a n s ? o r t a t i o n  Bureau,  U.S. Department or 
T r a n s p o r t a t i o n , "  March 1 5 ,  1976. 

While t h e  p e t i t i o n  c o n t a i n s  r e f e r e n c e s  t o  s e v e r a l  proposed 
r u l i n g s  and t o  r e s e a r c h  done by v a r i o u s  a g e n c i e s ,  t h e  main 
t h r u s t  of t h e  p e t i t i o n  is t o  pe rmi t  convers ion  of e x i s t i n g  
112A and 114A t a n k  c a r s  t o  an improved i n s u l a t e d  d e s i g n ,  
and t o  approve  t h e  i n s t a l l a t i o n  of head s h i e l d s .  



!IPI/XAR R a i l r o a d  Tank Car S a f e t y  Resea rch  and T e s t  P r o j e c t ,  " T e c h n i c a l  
P r o g r e s s  Zepor t  Yo. 31,  I n t e r i m  R e p o r t , "  February  1976.  

P r o g r e s s  i n  t h e  v a r i o u s  t a s k s  o f  t h e  R P I - M  e f f o r t  i s  
5 r i e f l y  d i s c u s s e d .  Of p a r t i c u l a r  i n t e r e s t  a r e  remarks  
made i n  r e s p o n s e  t o  F U  and NTSB recommendations.  Also  
i n c l u d e d  is  a  t a b u l a t i o n  o f  a c c i d e n t s  and 1% w a y b i l l  d a t a  
f o r  h a z a r d o u s  m a t e r i a l s .  

P h i l l i p s ,  E .  A . ,  and Skogsberg ,  A .  X., "2hase  11 Repor t  on  S p e c i f i c a t i o n s  
f o r  Thermal S h i e l d  Systems on DOT 112A (114A) Tank Cars  ," RPI-AAR 
Tank Car S a f e t y  Research P r o j e c t ,  Repor t  No. RA-11-7-34, 
J a n u a r y  1 9  76. 

Over 100 l a b o r a t o r y  tests and  s e v e r a l  f u l l - s c a l e  tests were 
conduc ted  t o  rneasure t h e  e f f e c t i v e n e s s  of  v a r i o u s  t ank  c a r  
i n s u l a t i n g  m a t e r i a l s .  The r e p o r t  conc ludes  t h a t  t h e  1abor.a- 
t o r y  a p p a r a t u s  s h o u l d  b e  used  i n  d e v e l o p i n g  a c c e p t a n c e  
c r i t e r i a  f o r  t h e r m a l  s h i e l d i n g .  

P h i l l i p s ,  E.  A. , "Phase  05  Repor t  on Head S h i e l d  F a t i g u e  T e s t s , "  
RPI-AAR Tank Car S a f e t y  Research and  T e s t  P r o j e c t ,  Phase  05 ,  
Repor t  No. RA-05-3-35, November 1975.  

The RPI-AAR Tank Car S a f e t y  P r o j e c t  conduc ted  a  series or' 
t e s t s  t o  one -ha l f - inch  t h i c k  h e a d  s h i e l d s  f o r  r a i l r o a d  t a n k  
c a r s .  From t h e  d a t a  o b t a i n e d ,  i n - s e r v i c e  l i f e  p r e d i c t i o n s  
were made f o r  each  of f o u r  a t t a c h m e n t  schemes.  Th i s  r e p o r t  
d e s c r i b e s  t h e  s t u d y  and recommends proposed s p e c i f i c a t i o n s  
f o r  head s h i e l d  a t t a c h m e n t  d e s i g n s .  . .+  I. 

RPIIAAR R a i l r o a d  Tank Car  S a f e t y  Research and T e s t  P r o j e c t ,  "Track- 
T r a i n  Dynamics Report--Volume 11--3armonic R o l l  S e r i e s ,  " Repor t  
No. R-173, Februa ry  1975.  

A documenta t ion  o f  t h e  American S t e e l  Foundr ies 'work  i n  
deve lop ing  c h a r a c t e r i s t i c s  o f  t h e  70-ton t r u c k  components,  
p h y s i c a l  r e s t r a i n t s ,  mechan ica l  p r o p e r t i e s ,  e t c .  

RPI/AAR R a i l r o a d  Tank Car  S a f e t y  Research and T e s t  P r o j e c t ,  "Track- 
T r a i n  Dynamics Report--Volume 111--Harmonic R o l l  S e r i e s , "  
Repor t  No. R-174, 

A document d e a l i n g  w i t h  work done by t h e  Track-Train-Dynamics 
Program t o  deve lop  comprehensive  v e h i c l e  models t o  p r e d i c t  
dynamic b e h a v i o r  and perform p a r a m e t r i c  s t u d i e s  . Also i n c l u d e d  
i n  t h i s  document is work done by A .  S t u c k i  Company t o  e v a l u a t e  
t h e  e f f e c t  o f  e c c e n t r i c  l o a d i n g  on t h e  r o l l  t e n d e n c i e s  of  
v a r i o u s  v e h i c l e s .  



RPI/,VJI Ra i l road  Tank Car S a f e t y  Besearcn and Tes t  P r o j e c t ,  "Track- 
T ra in  Dynamics Report  : Engineman's S e n s i t i v i t y  S t u d i e s ,  " 

T r a n s p o r t a t i o n  Sys t ens  Cen te r ,  Cambridge, Yass . , Report 
N O .  3-188. 

The r e p o r t  documents exper imenta l  s t u d i e s  of t h e  response  
of enginemen t o  va r ious  p h y s i c a l  s t i m u l i .  

R P I / M  Ra i l road  Tank Car S a f e t y  Research and Tes t  P r o j e c t ,  "Track- 
T ra in  Dynamics Report  : Track-Train Dynamics G u i d e l i n e s ,  " Report 
No. 185. 

This book con t a in s  g u i d e l i n e s  f o r  optimum h a n d l i n g ,  t r a i n  
makeup, t r a c k  c o n s i d e r a t i o n s ,  e t c .  The r e s u l t s  a r e  based  
on a  pa rame t r i c  s t udy  u s ing  v a l i d a t e d  a n a l y t i c a l  node l s .  

RPI/AAR Rai l road  Tank Car S a f e t y  Research and Tes t  P r o j e c t  , "Track- 
T ra in  Dynamics Report :  Summary of Phase I A c t i v i t i e s  ,"  
Report No. 180. 

This  is a  g e n e r a l  overview of t h e  work done i n  bo th  t h e  
exper imenta l  and a n a l y t i c a l  a r e a s  des igned  t o  ach i eve  Phase I 
o b j e c t i v e s .  D e t a i l s  of i n d i v i d u a l  a c t i v i t i e s  a r e  con t a ined  
i n  s p e c i f i c  books o r  manuals d e a l i n g  w i th  t h a t  s u b j e c t .  

RPI/AAR Rai l road  Tank Car S a f e t y  Research and Tes t  P r o j e c t ,  "Track- 
T ra in  Dynamics Report :  Accident  I n v e s t i g a t i o n , "  Report No. 175.  

Recommended procedures  f o r  de te rmin ing  t h e  cause  of 
dynamically r e l a t e d  de ra i lmen t s  and o t h e r  a c c i d e n t s .  

P e l l i n i ,  !J. S . ,  E ibe r ,  R. J . ,  and Olson, L. I . ,  "Phase 03 Report  on F r a c t u r e  
P r o p e r t i e s  o f  Tank Car S t ee l s - -Cha rac t e r i za t i on  and .4nalysis ,  " 
RPI-MR Tank Car S a f e t y  Research and .  Tes t  P r o j e c t ,  Phase 03,  
Report No. RA-03-4-32, August 1975. 

S t a t i s t i c a l  examinat ion of f r a c t u r e  p r o p e r t i e s  of t ank  c a r  
steels i n d i c a t e s  t h a t  b r i t t l e  f r a c t u r e  i s  no t  a  s i g n i f i c a n t  
problem. A c l e a r  r e l a t i o n s h i p  has  been demonstrated 
between ASTM F e r r i t e  g r a i n  s i z e  and dynamic t e a r  t e s t  
r a t i o n a l  c r i t e r i a .  

RPI/AAR Rai l road  Tank Car Sa fe ty  Research and T e s t  P r o j e c t ,  "Track- 
T ra in  Dynamics Report--Volume I--Harmonic R o l l  S e r i e s , "  Report 
No. R-172, November 1974. 

A comprehensive review of  t h e  problem, r e l a t i o n s h i p  of 
t r a c k  and c a r  des ign  t o  t h e  problem, recommended g u i d e l i n e s ,  
based  on b e s t  of t h e  p r e s e n t  knowledge, e t c . ) .  



Yate, D. P . ,  and P h i l l i p s ,  E .  A . ,  "Phase 10 Report on Development of 
Shelf  Couplers ,"  -1-AAEl Ra i l road  Tank Car Safe ty  Research and 
Tes t  P r o j e c t ,  Report No. RA-10-5-30, September 1974. 

Contained i n  t h i s  r e p o r t  i s  pre l iminary  des ign  and t e s t  d a t a  
compiled by a  coupler  foundry, o u t l i n i n g  t h e  s t r e n g t h  and 
f a b r i c a t i o n  complex i t i e s  of s h e l f  coup le r s .  Photographs and 
t e s t  d e s c r i p t i o n s  a r e  inc luded .  The r e p o r t  concludes t h a t  
s h e l f  coup le r s  would prevent  most o v e r r i d i n g  and t e l e s c o p i n g  
of t r a i n  c a r s  under cond i t i ons  approximated by t h e  t e s t s  i f  
t hose  couplers  a r e  p rope r ly  mated. 

Reedy, G.  E. , "Phase 05 Report on June  9 ,  1974 Accident Involving Head 
S h i e l d s , "  RPI-AAR Ra i l road  Tank Car Sa fe ty  Research and Test  
P r o j e c t ,  Report So. RA-05-2-29, August 1974. 

An acc iden t  i nvo lv ing  one c a r  equipped wi th  a  head s h i e l d  
i s  examined. In  t h a t  a c c i d e n t ,  t h e  head s h i e l d  performed 
w e l l ;  puncture  was avoided.  Furthermore,  t h e  s h i e l d  at tach- 
ment appears  adequate .  One a d d i t i o n a l  conc lus ion  is t h a t  
F couplers  a r e  e s s e n t i a l l y  i n e f f e c t i v e  i n  prevent ing  head 
damage. 

Krauskopf,  W. B . ,  "F ina l  Report on Phase 09 Extension Study of Tank 
Car Bottom F i t t i n g s , "  RPI-MR Ra i l road  Tank Car S a f e t y  Research 
and Tes t  P r o j e c t ,  Report No. RA-09-2-27, May 1974. 

Accident i n v e s t i g a t i o n  has  shown t h a t  t h e  bottom f i t t i n g s  
a r e  t h e  most v u l n e r a b l e  components of tank c a r s .  This  
r e p o r t  con ta in s  a  c o s t  b e n e f i t  a n a l y s i s  and a  number of 
recommendations f o r  improving t h e  r e s i s t a n c e  of bottom 
f i t t i n g s  t o  damage and leakage.  

RPIIAAR S a i l r o a d  Tank Car Sa fe ty  Research and T e s t  P r o j e c t ,  "Phase 10 
Report on February 9,  1974 Accident Involv ing  Type E Top and 
Bottom Shelf  Couplers ,"  Report No. RA-10-4-28, A p r i l  1974. 

This  is a r e p o r t  of an acc iden t  i nvo lv ing  a  tank c a r  which 
w a s  equipped wi th  Type E s h e l f  couplers .  During the  d e r a i l -  
ment, t he  couplers  remained i n t a c t  and prevented puncture  of 

r ..a. 4 t h e  tank c a r  head. The r e p o r t  i nc ludes  photographs of t h e  
couplers .  



P h i l l i p s ,  5.  A . ,  "Thase 10 Report  on J u l y  1, 1973 Accident  I n v o l v i n g  
Type E Top and Bottom S h e l f  Couple r s ,  " RPI-ILL7 R a i l r o a d  Tank 
Car S a f e t y  Research and T e s t  P r o j e c t ,  Repor t  Yo. RX-10-3-25, 
December 19 7 3. 

The r o l e  o f  s n e l f  c o u p l e r s  i n  a n  a c c i d e n t  i n v o l v i n g  t h e  
d e r a i l m e n t  and  p u n c t u r i n g  o f  l o a d e d  t a n k  c a r s  is examined. 
The r e p o r t  conc ludes  t h a t  t h e  s h e l f  c o u p l e r s  performed b e t t e r  
t h a n  s t a n d a r d  c o u p l e r s  would be  e x p e c t e d  t o  do,  a l t h o u g h  one 
a c c i d e n t  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  

RPI/&lR R a i l r o a d  Tank Car S a f e t y  Research and T e s t  P r o j e c t ,  "Track- 
T r a i n  Dynamics Report--Track-Train Dynamics "Bib l iography" ,  
Repor t  No. R.191, Yarch 1973. 

A three-volume p u b l i c a t i o n  o u t l i n i n g  i n  a b s t r a c t  form t h e  
c o n t e n t s  of o v e r  600 a r t i c l e s  r e l a t i n g  t o  Track T r a i n  Dynamics 
(TTD), i n c l u d i n g  a n  e x t e n s i v e  t h e s a u r u s  and key word index .  

Xeeay, C. E . ,  and P h i l l i ? ~ ,  E .  A . ,  " F i n a l  Phase  09 Report  on Tanks,  
F i t t i n g s ,  and Attachments i n  t h e  Yechan ica l  Environment of 
A c c i d e n t s , "  R P I - a  R a i l r o a d  Tank Car S a f e t y  Research and T e s t  
P r o j e c t ,  Repor t  No. 09-1-24, February 1973. 

I n  t h i s  r e p o r t ,  t h e  f a i l u r e s  of v a r i o u s  p a r t s  of t ank  c a r s  
a r e  examined and recommendations f o r  improved d e s i g n s  a r e  
promoted. S t r e s s e s  on s t u b  s i l l s  and o t h e r  body p a r t s  a r e  
c a l c u l a t e d .  Acc iden t s  i n v o l v i n g  t a n k  c a r  s p i l l s  a r e  l i s t e d  
and f a i l e d  components i d e n t i f i e d .  

E i l b e r ,  R. J . ,  Yaxey, W.  A. ,  and Duffy ,  A.  R . ,  "Phase 12 Report  on A n a l y s i s  
of F r a c t u r e  Behavior  o f  Tank Cars i n  Acc iden t s  , I 1  RPI-AAR R a i l r o a d  
Tank Car Research and T e s t  P r o j e c t ,  Repor t  No. RA-12-2-20, 
September 1972. 

A summary o f  t a n k  c a r s  which have been i n v o l v e d  i n  a c c i d e n t s  
is p r e s e n t e d  and c a t e g o r i z e d  by t h e  c a u s e  o f  c r a c k  i n i t i a t i o n .  
I n  a d d i t i o n ,  each c a t e g o r y  is s u b d i v i d e d  i n t o  f i v e  t y p e s  of 

- f r a c t u r e  behav ior .  The n a t u r e  and o r i g i n  o f  t a n k  c r a c k s  a r 2  
d i s c u s s e d  i n  t h e  c o n t e x t  o f  proposed c a r  m o d i f i c a t i o n s .  

Wes t i n ,  R. A , ,  "Phase 02 on D o l l a r  Loss Due t o  Exposure of Loaded 
Tank Cars t o  Fires--1975 th rough  1970,"  RPI-AAR R a i l r o a d  Tank Car 
S a f e t y  Research P r o j e c t ,  Repor t  No. RA-02-1-10, August 1972. 

The purpose  of t h e  s t u d y  i s  t o  e s t i m a t e  t h e  maximum probab le  
s a v i n g s  which might  be  r e a l i z e d  by p r e v e n t i n g  f i r e  damage t o  
loaded  t ank  c a r s .  Data on 3840 damaged c a r s  a r e  used  as a base .  
The b e n e f i t s  a r e  e s t i m a t e d  by assuming t h e  i n s t a l l a t i o n -  of 
v a r i o u s  p r o t e c t i v e  sys tems  t o  b e  100% e f f e c t i v e .  The c o s t s  
o f  such  systems were t h e n  used i n  a c o s t - b e n e f i t  a n a l y s i s .  



RP1I.W R a i l r o a d  Tank Car S a f e t y  Research and T e s t  P r o j e c t ,  " F i n a l  
Phase 02 Report  on Accident  A n a l y s i s  ," Report  No. RA-02-2-18, 
August 19 72. 

T h i s  r e p o r t  p r o v i d e s  a  summary of t a n k  c a r  a c c i d e n t s  and 
1% w a y b i l l s  f o r  t h e  p e r i o d  1965-1970. From t h e  d a t a ,  
e s t i m a t e s  o f  p r o b a b i l i t i e s  f o r  a c c i d e n t s  and t h e  e x ~ e c t e d  
c o s t  of such  a c c i d e n t s  a r e  d e r i v e d .  These e s t i m a t e s  l e a d  
t o  c o s t - b e n e f i t  a n a l y s e s  f o r  a number of proposed c a r  
m o d i f i c a t i o n s .  

Sims, R. D . ,  and P h i l l i p s ,  E .  A . ,  " F i n a l  Phase 1 0  Report  on Couple r s  and 
Truck Securement," R-PI-AAR R a i l r o a d  Tank Car S a f e t y  Research and 
T e s t  P r o j e c t ,  Repor t  No. RA-10-2-19, August 1972. 
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methods and p r a c t i c e s  c u r r e n t l y  employed f o r  package 
e v a l u a t i o n .  The package environment  is  s e p a r a t e d  i n t o  t h r e e  
d i s t i n c t  phases  : t r a n s p o r t a t i o n ,  s t o r a g e ,  and h a n d l i n g .  
The major test  methods i n t e n d e d  f o r  t h e  e n v i r o n m e n t a l  h a z a r d s  
p r i n c i p a l  t o  each phase  a r e  summarized, d i s c u s s e d ,  and where 
p o s s i b l e ,  e v a l u a t e d .  A set of recommended i n t e r i m  t e s t  
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APPENDIX B 

MODELS FOR GENERATING PROBABILITY DISTRIBUTION 
FOR THE N L N E R  OF CARS RELEASING AND THE AMOUNT RELEASED 

B . l  LNTRODUCTION 

I n  a d d i t i o n  t o  t h e  models f o r  e s t i m a t i n g  parameters  of 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 in Chapters  4,  8, 9 and 10 ,  models were developed f o r  

e s t ima t ing  i n  d e t a i l  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  of t h e  number of c a r s  

r e l e a s i n g  and t h e  amount r e l e a s e d .  These models are based on e x p l i c i t  

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  each p r o b a b i l i s t i c  f a c t o r  involved i n  t h e  

event  of a r e l e a s e .  These f a c t o r s  i nc lude  t r a i n  v e l o c i t y ;  t h e  number of 

c a r s  d e r a i l i n g ,  given t h e  v e l o c i t y ;  t h e  number of hazardous-mater ia l  c a r s  

d e r a i l i n g ,  g iven  t h e  t o t a l  number of c a r s  d e r a i l i n g ;  t h e  number of 

hazardous-mater ia l  c a r s  r e l e a s i n g ,  g iven  t h e  number d e r a i l i n g ;  and t h e  

amount r e l e a s e d ,  g iven  t h e  number r e l e a s i n g .  S e v e r a l  numer ica l  examples 

were developed us ing  t h e s e  modeis. 

Whereas t h e  "parameter models" are u s e f u l  f o r  g e n e r a l  s c e n a r i o s ,  t h e  

" d i s t r i b u t i o n  models" a r e  u s e f u l  f o r  more s p e c i f i c  s c e n a r i o s  t h a t  a r e  

not  covered by t h e  parameter models. The most important  example o < , y @ i s  

t ype  of a p p l i c a t i o n  is t h e  s i t u a t i o n  in which both  t h e  t o t a l  number of 

c a r s  on t h e  train and t h e  number of c a r s  c a r r y i n g  a hazardous m a t e r i a l  

a r e  s p e c i f i e d .  It might  be  of i n t e r e s t ,  i n  t h i s  s i t u a t i o n ,  t o  de te rmine  

t h e  p o t e n t i a l  r i s k  due  t o  a train of  a given s i z e  c a r r y i n g  a given amount 

of hazardous material. Computerized d i s t r i b u t i o n  models can b e  used f o r  

t h i s  purpose. 

The h e a r t  of t h e  d i s t r i b u t i o n  n o d e l  i s  t h e  p r o b a b f i i t y  d i s t r i b u t i o n  

of t h e  number of h a z a r d o u s a a t e r i a l  c a r s  d e r a i l i n g  as a func t ion  of t n e  

t o t a l  number of c a r s  d e r a i l i n g .  I n  t h i s  s i t u a t i o n ,  where t h e  t o t a l  

number of hazardous-mater ia l  c a r s  is unspec i f i ed ,  bu t  t h e  expected 

frequency i s  s p e c i f i e d ,  t h e  d i s t r i b u t i o n  i s  based on a s imple binomial  

d i s t r i b u t i o n  wi th  t h e  fo l lowing  parameters :  



o  The t o t a l  nuzber  o f  c a r s  d e r a i l i n g ;  and 

o  The e x p e c t e d  f r e q u e n c y  o f  h a z a r d o u s - n a t e r i a l  c a r s .  

For t h e  c a s e  where t h e  number of  h a z a r d o u s - m a t e r i a l  c a r s  on t h e  t r a i n  

and t h e  t o t a l  number of  c a r s  on t h e  t r a i n  a r e  s p e c i f i e d ,  t h e  d i s t r i j u t i o n  

govern ing  t h e  number of haza rdous  m a t e r i a l s  d e r a i l i n g  i s  b a s e d  on a  

h y p e r g e o m e t r i c  d i s t r i b u t i o n .  For b o t h  o f  t h e s e  c a s e s ,  t h e  d i s t r i b u t i o n s  

are c o m p l i c a t e d  by t h e  a s s u m p t i o n  t h a t  t h e  h a z a r d o u s - m a t e r i a l  c a r s  are 

b l o c k e d ,  t h e  s i z e  of t h e  b l o c k s  b e i n g  a n  i n p u t  p a r a m e t e r .  These  d i s t r i -  

bu t  i o n s  are d i s c u s s e d  i n  S e c t i o n  B . 3  

It s h o u l d  b e  no ted  t h a t ,  i n  a p p l y i n g  t h e  h y p e r g e o m e t r i c  model ,  t h e  

h i s t o r i c a l  a g g r e g a t e d  d i s t r i b u t i o n  f o r  t h e  number of c a r s  d e r a i l i n g  a s  

a  f u n c t i o n  of speed may n o t  b e  v a l i d .  F i g u r e  B - 1  shows t h e  r e l a t i o n s h i ?  

of t h e  a v e r a g e  number of cars d e r a i l i n g  f o r  s a i n l i n e  a c c i d e n t s  a s  a 

f u n c t i o n  of b o t h  speed  and N t h e  t o t a l  number o f  c a r s  i n  t h e  t r a i n .  
T ' 

The f i g u r e  shows t h a t  f o r  t r a i n  l e n g t h s  o f  a p p r o x i m a t e l y  26  c a r s  and 

l c n g e r ,  t h e  d i s t r i b u t i o n  of t h e  number o f  cars d e r a i l i n g  as a f u n c t i o n  of 

speed  may b e  a p p r o x i m a t e l y  i n d e p e n d e n t  o f  t r a i n  l e n g t h .  Thus,  when u s i n g  

t h e  hypergeomet r i c  s o d e l ,  t o g e t h e r  w i t h  a n  assumed t r a i n  l e n g t h  and t h e  

h i s t o r i c a l  d a t a  f o r  t h e  d i s t r i b u t i o n  o f  t h e  number o f  cars d e r a i l i n g ,  o n e  

i s  i m p l i c i t l y  assuming t h a t  t h e  t r a i n  l e n g t h  i s  26 c a r s  o r  l o n g e r .  Zven 

w i t h  t h i s  s t i p u l a t i o n ,  however, t h e  r e l a t i o n  is o n l y  approx i rca te .  

S e c t i o n  B.2 p r e s e n t s  t h e  l o g i c a l  f l o w  of t h e  v a r i o u s  p a r t s  of t h e  

compute r i zed  package t h a t  w a s  deve loped  t o  f a c i l i t a t e  u s e  o f  t h e  d i s  tri-  

b u t i o n  models.  S e c t i o n  8 . 3  d i s c u s s e s  t h e  d i s t r i b u t i o n  o f  t h e  number o f  

h a z a r d o u s  material c a r s  d e r a i l i n g ,  g i v e n  t h e  E o t a l  number of  c a r s  d e r a i l -  

i n g ,  and S e c t i o n  B . 4  p r e s e n t s  s a n e  examples .  

B .  2 LOGICAL FLOW OF COMPUTERIZED ANALYSIS PACKAGE 

The comple te  set  o f  programs i n  t h e  d i s t r i b u t i o n  model t r e a t s  t h e  

v a r i o u s  p h a s e s  of  t h e  p r o b a b i l i s t i c  p r o c e s s e s  i n  t h e  f o l l o w i n g  manner: 





The j o i n t  d i s t r i b u t i o n  of che number of c a r s  d e r a i l i n g  acd 

t h e  v e l o c i t y  i s  g iven  a s  a n  i n p u t  matrix. 

The d i s t r i b u t i o n  of  t h e  number of haza rdous -ma te r i a l  c a r s  

d e r a i l i n g  a s  a f u n c t i o n  of t h e  number of  c a r s  d e r a i l i n g  i s  

based on assumed b lock  s i z e  and e i t h e r  a hypergeomet r ic  o r  

b inomia l  d i s t r i b u t i o n .  (The d e t a i l s  of t h e s e  d i s t r i b u t i o n s  

a r e  p r e sen t ed  i n  S e c t i o n  B.3.) 

The d i s t r i b u t i o n  of t h e  number of haza rdous -ma te r i a l  c a r s  

r e l e a s i n g  as a f u n c t i o n  of t h e  number of haza rdous -ma te r i a l  

c a r s  d e r a i l i n g  is assumed t o  be a b inomia l  d i s t r i b u t i o n  w i t h  

parameter  q(v)  where v  i s  t h e  v e l o c i t y  c l a s s i f i c a t i o n  g iven  

i n  an i n p u t  v e c t o r .  The f u n c t i o n a l  form o f  t h i s  b inomia l  

d i s t r i b u t i o n  is as fo l l ows :  

PROB (NR 

= n !  
q ( v I k  (1 - q ( v ) )  

n-k 
k! ( n  -k) ! 1 

where 

N = number of haza rdous -ma te r i a l  c a r s  r e l e a s i n g ,  and 
R 

N~~ 
= number of hazardous-mate r ia l  c a r s  d e r a i l i n g .  

The d i s t r i b u t i o n  of t h e  amount r e l e a s e d ,  g i v e n  t h e  number of' 

c a r s  d e r a i l i n g ,  i s  assumed t o  b e  t h e  sum of  t h e  amounts 

r e l e a s e d  p e r  c a r .  The amounts r e l e a s e d  p e r  c a r  a r e  assumed 

t o  b e  independent ,  i d e n t i c a l l y  d i s t r i b u t e d  random v a r i a b l e s .  

The d i s t r i b u t i o n  of t h e  amount r e l e a s e d  per  c a r  is  based  on 

h i s t o r i c a l  d a t a  d i s c u s s e d  p r e v i o u s l y .  

The l o g i c a l  f low of t h e  s y n t h e s i z e d  computer models and t h e  

nece s sa ry  i n p u t s  a r e  d e p i c t e d  i n  F igure  3-2. The i n t e r a c t i o n  of some - 

of t h e  models can be  d e s c r i b e d  as fo l l ows :  



POrNH 

RUN & . P = Frequency of HazMat Cars 

q = pr (releaseiderail) 

NHD = No. of HazMat Cars Derailed 

No = No. of Cars Derailed 
N = No. of HazMat Cars Releasing 

P (NHD I ND) AR = Total Amount Released 

I 

FIGURE B-2. LOGICAL FLOW OF COMPUTERIZED DISTRIBUTION MODEL 



a RL?? t a k e s  a s e t  of N v a l u e s  (wnich have  a  j o i n t  p r o b a b i l i t y  
D 

mass f u n c t i o n  [?>IF] w i t h  v e l o c i t y )  , t o g e t h e r  w i t h  e i t h e r  p  

o r  N and p roduces  a  p r o b a b i l i t y  d i s t r i b u t i o n  of  N f o r  each 
H ' H D  

v a l u e  of X b a s e d  on t h e  d i s t r i b u t i o n s  p r e s e n t e d  i n  
D' 

S e c t i o n  3.3.  

FCN u s e s  t h e  o u t p u t  of  RLW, a  s e t  of q(v)  v a l u e s ,  and t h e  

j o i n t  d e n s i t y  of N and q ( v )  t o  produce a  s i n g l e  d i s t r i b u t i o n  
D 

f o r  t h e  number of h a z a r d o u s - m a t e r i a l  c a r s  r e l e a s i n g .  T h i s  

f u n c t i o n  assumes t h a t ,  a s  n o t e d ,  t h e  number of c a r s  r e l e a s i n g  

i s  b i n o m i a l l y  d i s t r i b u t e d  w i t h  pa ramete r  q ( v )  and N and 
H D '  

i t  combines t h i s  r e s u l t  w i t h  t h e  d e n s i t y  f u n c t i o n  f o r  each 

N. d i s t r i b u t i o n ,  g iven  q  and N 
AD D '  

Thus : 

p ( x R l q ,  xD) 1 P ( N ~  = j) p ( ~ ~ / ~ ,  xD, xm = j >  ( B - 2 )  

and j 

p  (NR) = 1 5 ~ ( ~ ~ 1 4 ,  ND) p (q  i ,  xD = j ) .  
i j 

CLXDIST t a k -  t h e  d i s t r i S u t i o n  f o r  N and mixes  i t  w i t h  t h e  
R .., 8 .  

semi -empi r i ca l  d i s t r i b u t i o n s  of amount r e l e a s e d ,  g i v e n  N 
R' 

t o  form an amount- re leased d i s t r i b u t i o n .  It i s  assumed t h a t  

t h e  r e l e a s e s  i n  a l l  o t h e r  c a r s ,  s o  t h a t  t h e  n - f o l d  c o n v o l u t i o n  

of  t h e  d i s t r i b u t i o n  of t h e  amount r e l e a s e d  p e r  c a r  r e p r e s e n t s  

t n e  d i s t r i b u t i o n  of t h e  amount r e l e a s e d  p e r  c a r  from n  c a r s .  

For n s 1 3 ,  t h e  c o n v o l u t i o n s  a r e  n u m e r i c a l l y  computed. For 

n  5 14 ,  t h e  n - f o l d  c o n v o l u t i o n  is assumed t o  b e  normal ly  

d i s t r i b u t e d  ( c e n t r a l  l i m i t  theorem) .  (See  f o r  example,  

F i g u r e  B-3 .) 

Examples of t h e  o u t p u t  of t h e  compute r i zed  package a r e  p r e s e n t e d  

i n  S e c t i o n  B.4. 





5 . 3  !,UTHCtUTICXL >IODZL FOR SV.ALL'ATI?IG THE Pi7OBABIiITY I)IS?ilZSLTIOS 
OF ,NHD,  G I ' E N  S (THE ?IL?IBER OF HAZARDOCS ->UTERIAL CAXS 3EX;\ILI!JC-, 
GIVEN THE TOTAL~SUWER OF C\?S DEFAILISG) 

The most imporcant  form of t h e  d i s t r i b u t i o n  n o d e l  can b e  a p p l i e d  t o  

a s p e c i f i c  s c e n a r i o  when t h 2  t o t a l  number of c a r s  and t h e  t o t a l  number of 

h a z a r d o u s - m a t e r i a l  c a r s  on a p a r t i c u l a r  t r a i n  a r e  s p e c i f i e d .  I f  t h e  

h a z a r d o u s - m a t e r i a l  c a r s  a r e  d i s t r i b u t e d  randomly th roughout  t h e  c o n s i s t ,  

then t h e  hypergeomet r ic  p r o b a b i l i t y  d i s t r i b u t i o n  c a n  b e  used  t o  d e t e r -  

n i n e  t h e  number of h a z a r d o u s - n a t e r i a l  c a r s  d e r a i l i n g ,  g i v e n  t h e  t o t a l  

number of c a r s  d e r a i l i n g .  I f  t h e  h a z a r d o u s - m a t e r i a l  c a r s  a r e  blocked 

i n  one o r  more b l o c k s ,  t h e n  t h e  d i s t r i b u t i o n  can  s t i l l  be used  on a 

hypergeomet r ic  d i s t r i b u t i o n ( o f  t h e  number of b l o c k s ) .  Thus,  most of 

t h e  models i n  t h i s  s e c t i o n  can b e  viewed as d e r i v a t i v s s  of t h e  hyper-  

geomet r ic  d i s t r i b u t i o n .  

The hypergeomet r ic  d i s t r i b u t i o n  i s  a p p r o p r i a t e  when t h e  nunber  of 

h a z a r d o u s - m a t e r i a l  c a r s  on t h e  t r a i n  is g i v e n .  Tnere  a r e  o t h e r  s i t u a t i o n s  

t h a t  might  o c c u r ,  however. When t h e  number of h a z a r d o u s - m a t e r i a l  c a r s  i s  

u n r e s t r i c t s d  and each  c a r  c o n t a i n s  hazardous  matsrials w i t h  a c e r t a i n  

p r o b a b i l i t y ,  then a  b inomia l  d i s t r i b u t i o n  i s  a p p r o p r i a t e .  I n  a d d i t i o n ,  

t h e  hazardous-mate r ia l  c a r s  on t h e  t r a i n  may b e  blocked t o g e t h e r .  A s  a 
c., B. 

r e s u l t  of t h e s e  o t h e r  c o n s i d e r a t i o n s ,  w e  c a n  u t i l i z e  t h e  f o l l o w i n g  

g e n e r a l  model t o  d e t e r m i n e  t h e  number o f  h a z a r d o u s - m a t e r i a l  c a r s  d e r a i l e d :  

1. The t r a i n  is s u b d i v i d e d  i n t o  b l o c k s  of l e n g t h  G and  s a c h  
5 

b l o c k  is e i t h e r  "hazardous materials" o r  "non-hazardous 

materials" independent  of o t h e r  b locks .  Note t h a t  t h i s  

t y p e  of model hand les  t h e  s i t u a t i o n  i n  which c a r s  a r e  

l o c a t e d  randomly (GH = l ) ,  as w e l l  a s  t h e  s i t u a t i o n  where 

a l l  t h e  hazardous-mate r ia l  c a r s  are b locked  ( G  = NH). H 
I n  a d d i t i o n ,  t h e r e  are s e v e r a l  i n t e r m e d i a t e  t y p e s  o f  s i t u a t i o n s .  

2 .  The number of hazardous-mate r ia l  b l o c k s  of c a r s  is  e i t h e r  

b inomia l  ( a s  t h e  t o t a l  number o f  h a z a r d o u s - m a t e r i a l  b l o c k s  

i s  u n r e s t r i c t e d )  o r  hypergeomet r ic  ( t h e  number of hazardous-  

m a t e r i a l  b l o c k s  is assumed) .  



For any giTW7en s i t u a t i o n ,  o n e  can compute t h e  number of naza rdous -  

m t e r i a l  c a r s  d e r a i l e d  from t h e  number of  h a z a r d o u s - m a t e r i a l  b l o c k s  

d e r a i l e d .  The t o t a l  number of b l o c k s  d e r a i l e d  depends  on t h e  t o t a l  

number o f  c a r s  d e r a i l e d ,  a s  w e l l  a s  t h e  l o c a t i o n  w i t h i n  t h e  f i r s t  

b l o c k  of t h e  f i r s t . d e r a i l i n g  c a r .  T h i s  i s  a somewhat i n v o l v e d  problem 

in c o m b i n a t o r i a l  mathemat ics  a n d ,  in  a d d i t i o n ,  one  o r  two of t h e  d e r a i l -  

i n g  b l o c k s  may b e  i n c o m p l e t e  ( f o r  example ,  o n l y  one  of t h e  cars in t h e  

b l o c k  migh t  b e  d e r a i l i n g ) .  

A l l  of t h e  p o s s i b l e  c a s e s  were c a r e f u l l y  examined and fo rmulas  

deve loped  f o r  t h e  number of  h a z a r d o u s - m a t e r i a l  c a r s  d e r a i l i n g .  The 

fo rmulas  w i l l  u s e  a form of t h e  h y p e r g e o m e t r i c  o r  b i n o m i a l  d i s t r i b u t i o n .  

For  conven ience ,  t h e  u n d e r l y i n g  d i s t r i b u t i o n  of t h e  number of haza rdous -  

m a t e r i a l  b l o c k s  d e r a i l i n g  is  deno ted  by g .  For  t h e  two c a s e s ,  

e x p r e s s i o n s  f o r  g a r e  a s  f o l l o w s :  

c ! ,  b! ( a  - b ) !  ( a  - c ) !  
g ( a ,  b ,  c ,  y) = ( c  - y ) !  y! (b  - y ) !  a !  ( a  - b - c + y ) !  

f o r  N g i v e n ;  H 
(Hypergeometr ic)  

and 

(Binominal)  
f o r  X n o t  g i v e n .  H 

I n  g e n e r a l :  

a = number of  b l o c k s ;  

. .-.a 
5 = number of b l o c k s  d e r a i l i n g ;  

c = number of h a z a r d o u s - m a t e r i a l  b l o c k s  on t r a i n ,  i f  g i v e n ;  and 

y = number o f  h a z a r d o u s - m a t e r i a l  b l o c k s  d e r a i l i n g .  



The a l g o r i t h m  f o r  computing t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  

number of h a z a r d o u s - m a t e r i a l  c a r s  d e r a i l i n g  i s  d e s c r i b e d  below. In  t h e  

f o r n u l a  t h a t  f o l l o w ,  x  r e p r e s e n t s  t h e  number of hazardous  m a t e r i a l  c a r s  

d e r a i l i n g .  

I n  deve lop ing  t h e s e  f o r m u l a s ,  t h e  f o l l o w i n g  l o g i c  was used.  I n  any  

d e r a i l n e n t ,  t h e r e  w i l l  g e n e r a l l y  b e  n  b l o c k s  of c a r s  d e r a i l i n g  where n  

i s  d e f i n e d  i n  t h e  a l g o r i t h m .  Of t h e s e  b l o c k s ,  n  - 2 w i l l  b e  of l e n g t h  

G and t h e  o t h e r  two w i l l  b e  s h o r t e r  o r  e q u a l  t o  G and must b e  handled 
H H 

s e p a r a t e l y .  The s ta r t  of t h e  d e r a i l m e n t  can  o c c u r  in any one  o f  G, 
d 

l o c a t i o n s  w i t h i n  t h e  f i r s t  d e r a i l i n g  b l o c k s .  T h i s  l o c a t i o n  de  termirces 

t h e  s i z e  of t h e  two b l o c k s  n o t  e q u a l  t o  l e n g t h  G and t h e  p o s s i b i l i t i e s  
H 

of t h e  t o t a l  number of c a r s  d e r a i l i n g .  A s  a n  example, i f  t h e  d e r a i l m e n t  

s t a r t s  a t  G - 1 l o c a t i o n  from t h e  s t a r t  o f  t h e  f i r s t  d e r a i l i n g  b lock ,  
H 

one can o b t a i n  a v a l u e  of x  = 1 f o r  t h e  number of h a z a r d o u s - m a t e r i a l  

c a r s  d e r a i l i n g ,  i f  t h e  f i r s t  b l o c k  is t h e  h a z a r d o u s - m a t e r i a l  b l o c k  and 

a l l  t h e  o t h e r  d e r a i l i n g  b l o c k s  a r e  non-hazardous m a t e r i a l s .  Thus, f o r  

s a c h  s i t u a t i o n  and f o r  each  l o c a t i o n  of t h e  s tar t  of t h e  d e r a i l m e n t ,  

what p o s s i b i l i t i e s  c o u l d  occur  i f  0, 1, o r  2 of t h e  d i f f e r e n t  s i z e  

d e r a i l i n g  b l o c k s  of n a t e r i a l s  were h a z a r d o u s - m a t s r i a l  b l o c k s  were 

computed. 

The a l g o r i t h m  f o r  computing t h e  d i s t r i b u t i o n  of x ,  ? ( x ) ,  is a s  

f o l l o w s :  



Compute (where  [ ]  d e n o t e s  s m a l l e s t  i n t e g e r  l e s s  t h a n  o r  

e q u a l  t o )  : 



There are four cases  ( A  through D ) :  

Case A :  

r '  I r < G (N i s  ne i ther  a mult ip le  of G nor one more than a 
n B l r i p l e  of G ) H H 

f o r x = l ,  2 ,  3 ,  ......, r - 1 ,  G + 1 ,  G + 2 ,  e t c .  H H 

for  x = r ,  GH + r ,  2G + r ,  etc.  H 



Case 3:  

r '  < r = G (N is a m u l t i p l e  of G ) - H D H 

f o r  x = 0, G H ,  2 G H ,  e t c .  

(a- 1 s )  

f o r  x = 1, ..., GH - 1, GH + 1, ... 



Case C :  

r '  - < r = G, + 1 (!:, is  one  more t h a n  a  x u l t i p l e  o f  G,) 

f o r  :< = 0 ,  CH, 2GH, e t c .  

Here 

1, i f  A h o l d s  

~ { A I  0 ,  o t h e r w i s e  

f o r  x = 1, G + 1, 2  G + 1, e t c .  and G f 1. 
H H H 

f o r  x = 2 ,  ...., GH - 1, G + 2 ,  e t c .  
H 



I 

r < S < r ( N 3  i s  n e i t h e r  a n u l t i p l e  of G no r  on2 - o r 2  t h a n  a 
ii - 3 

m u l t i p l e  o f  G ; t h e  number o r  b l o c k s  d s r a i l i n g  d ~ p e n d s  H 
on t h e  s t a r t i n g  p o i n c ;  e .g . ,  L f  G = 3 and K = 7 ,  t h e  H  
number of b l o c k s  d e r a i l i n g  c a n  be  2  a r  3 )  i.' 

Isr x = C!, GH,  2G e t c .  
H ' 

f o r  x = 1, 2 ,  ..., r - 1, GH + 1, 

r - 1 h 2 ( x ) ( h 2 ( x )  - 1 )  N T 
!J 

( n )  ( n  - 1 )  g - 9 n ,  - , h 2 ( x )  
G~ G~ 

( c o n t i n u e d )  



f o r  x = 
r 9  G~ + r 9  e tc .  



Two examples  o f  t h e  u s e  of  t h e  d i s t r i b u t i o n  models a r e  p r e s e n t e d  iil 

t h i s  s e c t i o n .  I n  t h e  f i r s t  example ,  we assume t h a t  t h e  b l o c k  l e n g t i  i s  

1; t h a t  i s ,  t h e  haza rdous  m a t e r i a l s  a r e  randomly d i s t r i b u t e d  th roughout  

t h e  t r a i n .  The number of h a z a r d o u s - m a t e r i a l  c a r s  i s  g i v e n ,  and t h u s  

t h e  d i s t r i b u t i o n  of t h e  number o f  h a z a r d o u s - m a t e r i a l  c a r s  d e r a i l i n g  i s  

hypergeomet r i c .  For t h e  sxample ,  we s p e c i f y  t h e  f o l l o w i n g :  

o  H a i n l i n e  d e r a i l m e n t s  

C l a s s  2 t r a c k  

v = 16-20 mpn 

X, = 5 5  c a r s  
1 

T = 600C g r o s s  t o n s  

X = ( a )  5 H 
(b )  10  

(d)  20. 

That  i s ,  we w i l l  compute P(N ) f o r  a t r a i n  of 55 c a r s ,  w i t h  5 haza:?aus- 
R 

m a t e r i a l  c a r s ;  t h e n  f o r  1 0  h a z a r d o u s - m a t e r i a l  c a r s ,  and s o  on. Let  

PA = 
t h e  p r o b a b i l i t y  of a t r a i n  d e r a i l n e n t  p e r  m i l e  f o r  
Class 2 t r a c k ,  p r o p o r t i o n a l  t o  t r a i n  g r o s s  tonnage.  

From Chapter  3 ,  t h e  a p p r o p r i a t e  c o n s t a n t  of p r o p o r t i o n a l i t y  i s  

1 .7  x  lo-' p e r  g r o s s  ton-mile.  

For  a t r a i n  o f  6000 g r o s s  t o n s  t r a v e l i n g  o n e  m i l e  on Class 2 

m a i n l i n e  t r a c k ,  t h e  p r o b a b i l i t y  of a  t r a i n  d e r a i l m e n t  p e r  m i l e  is: 



The p r o b a b i l i t y  t h a t  t h e  d e r a i l m e n t  speed i s  16-20 nph i s  0 .19.  

The computsr program f o r  P(S = 0 ,  1, . .. N ) f o r  a s p e c i f i a d  t r a i n  
R H 

l e n g t h  (Y ) and s p e c i f i e d  number o f  h a z a r d o u s - m a t e r i a l  c a r s  (IH) c a n  t h e n  
T 

be u t i l i z e d  w i t h  P(Y jv) f o r  t h e  g i v e n  speed  range.  
D 

p ( N D v )  w a s  s t o r e d  i n  a n  a r r a y .  R e l e a s e  p r o b a b i l i t y  f o r  m a i n l i n e  

d e r a i l m e n t s  a t  16-20 mph w a s  e q u a t e d  t o  t h e  e m p i r i c a l l y  obseri7ed v a l u e  

The program o u t p u t s  a r e  shown i n  T a b l e  B-1 .  For a f i x e d  t r a i n  

l e n g t h  (N = 5 5 ) ,  P(NR = 0 ,  1, ... N ) is  g i v e n  f o r  N = 5 ,  1 0 ,  15 ,  20.  
T H H 

The a v e r a g e  number of c a r s  r e l e a s i n g  and v a r i a n c e  a r e  a l s o  g i v e n  f o r  

e a c h N  P(N) c a n n o w b e d e t e r m i n e d .  
H ' Ii 

F o r N  = 5 5 a n d N  = 5 :  
T H 

- 4 P(?iR = 1 )  = i .O2 x 1 0  [PA from Eq. (B-25) ]  

X 

0.12 [ f rom T a b l e  B - 1  f o r  NH = 5 and Y = 4-.-  
R 

Thus , 
-6 

P ( N R =  1 )  = 2 .3  x 1 0  

I f  t h e r e  a r e  1 0  h a z a r d o u s - m a t e r i a l  c a r s  i n  a t r a i n  w i t h  35 c a r s ,  t h e n  

-6 P(NR = 1 )  = 1 . 0 2  x  1 0  

[From T a b l e  B-1 f o r  N = 10.  NR = 11.- 
H 



- - 
T 

= j j  
N = 33 

xT = 5 
H N = 10  

H 

N ? rob  (NR) N Prob  (S ) R R R' 
0 0.8572482E + 00 
1 0.1236413E + 00 0 0.7484290E 7 30  
2 0.1134764E - 0 1  1 0.1997443E f 00 
3 0.7298226E - 0 3  2 0.3792014E - 0 1  
4 0.2978739E - 04 3 0.6007895E - 0 2  
5 0.5752541E - C6 4 O.8000010E - 0 3  

Average  = 0.14865E + 00 5 0.8784710E - 0b 

V a r i a n c e  = 0.15399E + 00 6 0.7598733E - 05 
7 0.4878692E - 06  
8 0.2151541E - 07 
9 0 .57510295 - 09 

N = j j  
T 1 0  0.6962698E - 11 

N = 20 H Average  = 3.29730E + 00 
N V a r i a n c e  = 0.33241F f OC 
3 Prob  (NR) 

0 0.5861856E + 00 
1 0.2731214E + 00 
2 0.9394431E - 0 1  
3 0.2890730E - 0 1  N = 55 T 
L, 0.8106545E - 02 

N~ 
= 1 5  

5 0.2103000E - 02 
6 0.4986254E - 0 3  N R P r s b  (S?) 
7 0.1055594E - 0 3  0 0.6596730E + 00 
8 0.1948973E - 04 1 0.2459895E + 00 
9 0.3075554E - 05  2 0.6713533E - 0 1  

1 0  0.4096894E - 06 3 0.1602293E - a1 
11 0.4532435E - 07  4 0.3404927E - 02 
1 2  0.4113918E - 08 5 0.64631395 - 03 
1 3  0.3019449E - 09 6 0.1071813E - 35 
1 4  0.1761245E - 1 0  7 0.1507171E - 04 
1 5  0.7986510E - 1 2  
1 ' 

8 0.1746483E - 05  . . a?a 0.2733018E - 1 3  9 0.1624700E - 06 
1 7  0.6763145E - 1 5  1 0  0.1181556E - 07 
1 8  0.1131954E - 1 6  11 0.6509693E - 09 
1 9  0.1135558E - 1 8  1 2  0.2603567E - 10  
2 0 0.5100784E - 2 1  1 3  0.7078707E - 12 

1 4  0.1161912E - 1 3  
1 5  0.8627465E - 16 

Average  = 0.59459E + 00 Average  = 0.44594E + O G  
V a r i a n c e  = 0.76247E + 00 V a r i a n c e  = 0.53523E + 00 



Thus,  

The mean and v a r i a n c e  o b t a i n e d  from t h e  pa ramete r  model fo rmulas  

were compared w i t h  t h o s e  d e r i v e d  from t h e  d i s t r i b u t i o n  model, w i t h  t h e  

f o l l o w i n g  i n p u t  p a r a m e t e r s  : 

E(v) = 18  ( t h e  midpoin t  of t h e  s p e e d  r a n g e ) ,  and 

(E(v)12  = 324 ;  

and,  assuming t h a t  m a i n l i n e  d e r a i l m e n t s  a t  16-10 mph a r e  d i s t r i b u t e d  

e v e n l y  o v e r  t h e  speed r a n g e ,  then :  

E ( v l a 5 )  = 76.54, and 

E(v2)  = 326. 

The v a l u e s  of P f o r  t h e  d i f f e r e n t  NH v a l u e s  a r e  ( f o r  N = 55): T 

A comparison of t h e  results of t h i s  model w i t h  t h e  pa ramete r  n o d e l  

is c o n t a i n e d  in T a b l e s  5-2 and B - 3 .  
.....a 

L i e  means a r e  comparable ,  b u t  s i n c e  t h e  hypergeomet r ic  d i s t r i b u t i o n  

i n v o l v e s  a lower  v a r i a n c e  t h a n  t h e  b i n o m i a l  d i s t r i b u t i o n ,  t h e  v a r i a n c e  

of t h e  parameter  model is  h i g h e r .  



TABLE 8-3. COMPKRIS3X OF CM(Ya) 

Difference 

>!e an - :.lean, - 

.00919 

.01838 

.02756 

,03675 

\. 
-IH 

5 

1 0  

1 5  

20 

f; 

Yodel 1 i s  t h e  d i s t r i b u t i o n  model presented  i n  t h i s  Appendix. 
'- & ,. ,. 

>lode1 2 is t h e  model presented in Chapter 8. 

>lean ?; 
3 

>lode1 1" 

.I4865 

.29730 

.44594 

.59459 

3 i f  f e r ence  

(Varl - Var ) 2 

- .02590 

- ,05752 

- ,09488 

-. 13797 

1 

SIean Y *a 
Nodel 

,13946 

.27892 

.41838 

.55 784 

N 
H 

5 

1 0  

15 

20 

Var (YR) * 
Model 1 

.I5399 

.33241 

.53523 

,7624- 

Var(N ) 
R* * 

>lode 1 

.I7989 

.38993 

.63011 

.go044 



Example 2 : 

I n  a  second example, a  d e r a i l m e n t  was a n a l y z e d  assuming t h e  

h i s t o r i c a l  d i s t r i b u t i o n  of punc ture  p r o b a b i l i t i e s ,  v e l o c i t i e s ,  and 

d e r a i l s e n t  l e n g t h s .  The b l o c k  l e n g t h  was assumed t o  b s  f o u r .  To 

a n a l y z e  t h e  e f f e c t  of a major  change i n  i n p u t s ,  t h e  b inomia l  d i s t r i -  

b u t i o n  w i t h  a  i r  v a l u e  of 0 .5  ( f o r  t h e  p r o b a b i l i t y  of any c a r  c o n t e n t s  
H 

be ing  hazardous)  was u t i l i z e d  f o r  t h e  number o f  h a z a r d o u s - m a t s r l a l  c a r s  

d e r a i l i n g .  T a b l e  B-4 p r e s e n t s  t h e  r e s u l t i n g  d i s t r i b u t i o n  of t h e  number 

of c a r s  r e l e a s i 9 g  and t h e  amount r e l e a s e d .  

B.  J SUXXARY OF INPLIS .UD OUTPLTS FOR THE DISTRIBLTION YODELS 

The i n p u t s  t o  t h e  models i n c l u d e :  

;I 
H 

= f r a c t i o n  of a l l  c a r s  t h a t  c a r r y  hazardous  
m a t e r i a l ;  o r  

Y Y = number of h a z a r d o u s - m a t e r i a l  c a r s  aad t o t a l  c a r s  
H' T i n  a  t r a i n ;  

X s e t  of q v a l u e s  f o r  p u n c t u r e  p r o b a b i l i t i e s  ( t y p i c a l l y  a s  a 
f u n c t i o n  of v e l o c i t y )  ; 

X d i s t r i b u t i o n  f o r  N (number of c a r s  d e r a i l e d j ,  t y p i c a l l y  a s  a  
D f u n c t i o n  of v s l o c i t y .  

O u t ~ u t s  I n c l u d e :  

h d i s t r i b u t i o n  of t h e  numbsr o f  h a z a r d o u s - m a t e r i a l  c a r s  
r e l e a s i n g ;  and 

X d i s t r i b u t i o n  of t h e  amount of hazardous  m a t e r i a l s  r e l e a s e d .  



TABLE 3-4. DWBABILITY DISTBIBLT IONS ASST->II?;G -a = 3 . 5  

L 

3 l a t r i b u t i o n  of Yumber of D i s t r i b u t i o n  o f  Amount Ze leased  
Cars ?.eleasing ( g a l . )  

X P (NR = X) X p <;k 5 X) 

0 ,6450 1000 .730902 

1 .2026 5000 .759942 

2 .0806 9000 .792304 

3 ,0366 15000 .839248 

4 .0179 19000 ,861009 

3 .0090 25000 .893453 

6 .0045 35000 .949913 

7 .0021 45000 .970529 

8 .0010 55000 ,982561 

9 .0004 7 5000 .994365 

10 .0002 95000 .998154 

11 ,0001 125000 .999642 

12  .OOOO 175000 .999935 

225000 ,999947 

275000 .999947 





IYTRODUCT I O N  

T h i s  appendix p r o v i d e s  an overview o f  t h e  hazard-assessment  models 

u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n .  To a v o i d  l e n g t h y  d i s c u s s i o n s ,  each moael 

is d e s c r i b e d  s imply i n  terms o f  i t s  b a s i c  e q u a t i o n s .  D e r i v a t i o n s ,  t h e o r y ,  

major assumpt ions ,  and o t h e r  d e t a i l e d  a t t r i b u t e s  can b e  found i n  t h e  

r e f e r e n c e s  c i t e d .  

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

development of any new models. Nor d i d  s a t i s f a c t i o n  of b a s i c  o b j e c t i v e s  

a lways w a r r a n t  u t i l i z a t i o n  of t h c s e  a v a i l a b l e  models of t h e  g r e a t e s t  com- 

p l e x i t y .  R a t h e r ,  i t  w i l l  b e  s e e n  t h a t  t h e  s p e c i f i c  models s e l e c t e d  f o r  

use  a r e  t h o s e  which have  e i t h e r  been t r a d i t i o n a l l y  u t i l i z e d  f o r  a  g i v e n  

purpose ,  o r  whicn p r o v i d e  answers of an accuracy  comparable t o  t h a t  of 

o t h e r  s t u d y  e lements .  

Each moael i s  d e s i g n a t e d  by a  l e t t e r ,  by which t h i s  appendix  nay b e  

c r o s s - r e f e r e n c e d  t o  F i g u r e  12-3, which shows t h e  nsed  f o r ,  and u s e  o f ,  

each model. 

C. 2 IGNITION PROBABILITY ESTIMATION MODEL (A)  

The purpose  of an i g n i t i o n  p r o b a b i l i t y  e s t i m a t i o n  model i s  t o  p r o v i d e  

an i n d i c a t i o n  of "when" a  r e l e a s e d  volume of  f lammable o r  combus t ib le  

m a t e r i a l  i s  l i k e l y  t o  i g n i t e  ( i f  e v e r ) .  T h i s  knowledge is i m p o r t a n t  

because  t h e  t i m e  of i g n i t i o n  can have c o n s i d e r a b l e  i n f l u e n c e  upon t h e  

sequence of e v e n t s  t h a t  f o l l o w  a  r e l e a s e  and ,  consequen t ly ,  upon t h e  

impact  of t h e  r e l e a s e  t o  t h e  p u b l i c .  

When compressed g a s e s  a r e  r e l e a s e d ,  t h e r e  a r e  f i v e  major  f e a s i b l e  

s c e n a r i o s  t o  c o n s i d e r :  

1. I m e d i a t e  i g n i t i o n  of v e n t i n g  g a s e s  due t o  nearby i g n i t i o n  

s o u r c e s  o r  t h o s e  caused  by t h e  a c c i d e n t ,  f lame j e t  forms; 



3 .  N O  i m e d i a t s  i g n i t i o n  and vapor  c loud  t r a v e l s  downwind; 

l a t e r  i g n i t i o n  ca.uses f l a s h  f i r e  through c l o u d ;  

3 .  Sane a s  ( 2 )  above,  b u t  i g n i t i o n  l e a d s  t o  d e t o n a t i o n ;  

4. Tank c a r  BLEVE o r  o t h e n ~ i s e  e x p l o d e s ;  and 

5 .  No i g n i t i o n ;  impact  i s  due t o  g a s l v a p o r  i n h a l a t i o n  

t o x i c i t y .  

E s t i m a t e s  of c o n d i t i o n a l  p r o b a b i l i t i e s  of i g n i t i o n  f o r  t h e  f i r s t  and 

f o u r t h  o f  t h e s e  s c e n a r i o s ,  a s  w e l l  a s  f o r  s c e n a r i o s  i n v o l v i n g  n o n - v o l a t i l e  

l i q u i d s  and s o l i d s ,  a r e  p r e s e n t e d  i n  Chap te r  1 2  o f  t h i s  r e p o r t .  For a l l  

o t h e r  s c e n a r i o s ,  t h e  p r o b a b i l i t y  o f  i g n i t i o n  t o  any t ime a f t e r  r e l e a s e  is  
* 

given  by [ C l ]  : 

where 

rl = d e n s i t y  o f  i g n i t i o n  s o u r c e s ,  numberlkmz, 

f  = mean f requency  o f  a c t i v a t i o n  o f  i g n i t i o n  s o u r c e s ,  

a c t i v a t  i o n s / s o u r c e / s e c o n d  , 
a = f r a c t i o n  o f  c loud  a r e a  i n  flammable c o n d i t i o n ,  

d i m e n s i o n l e s s ,  
7 

A ( t )  = l a n d  a r e a  covered by c loud  a t  t ime  t ,  h-, 

t = e l a p s e d  t i m e  from r e l e a s e ,  s ,  and 

P ( t ?  = p r o b a b i l i t y  o f  c loud  i g n i t i o n  by t i m e  t .  

* 
See r e f e r e n c e s  a t  t h e  end o f  t h i s  Appendix. 



3 ILY.!E J E T  ;,lODEL ( 3 )  

3 2 f e r e n c s  [ C 2 ]  g r s s e n t s  a  r e v i e w  c f  i n v e s  t i g a t i c n s  d e a l i 2 g  with 

t h e  ? r e d i c t i o n s  o f  f l ame  s i z e s  f o r  t u r b u l e n t  g a s  j e t s .  Based  on i t s  

f i n d i n g s ,  i t  s u g g e s t s  u s e  o f  t h e  f o l l o w i n g  e q u a t i o n s  t o  d e f i n e  t h s  l e n g t h  

of t h e  f l a m e :  

a n d  

where  

K f  = a f a c t o r  (r 5.3) wh icn  degends  on  t h e  F roude  number, 

r = s t o i c h l o m e t r i c  a i r - f u e l  r a t i o  = kg o f  a i r  , 
kg o f  f u e l  

1 = m o l e c u l a r  v e i g h t s  o f  g a s  and a i r ,  r e s p e c t i v e l y ,  
I a 

r l  - - moles  o f  r e a c t a n t s  f o r  s t o i c h i o m e t r i c  c o m b u s t i o n ,  "' " 
moles  of  p r o d u c t s  

0 
T f  = a d i a b a t i c  f l a m e  t e m p e r a t u r e ,  K, 

0 
To = a m b i e n t  t e m p e r a t u r e ,  K 

I - = d i a m e t e r  o f  h c l e  i n  t a n k ,  m ,  and  

L = d e s i r e d  f l a m e  l e n g t h ,  m.  

The v a l u e  f o r  r is  o b t a i n e d  by b a l a n c i n g  t h e  c h e n i c a l  r e a c t i o n  q u a t i o n  

f o r  c o m p l e t e  combus t ion .  For  me thane ,  t h e  p r o c e d u r e  is  d e m o n s t r a t e d  b y :  

CH + C O  + ( 2  x 3 . 7 6 )  N2 - CO, 
4 2  - + 2H20 + ( 2  x 3 .76 )  X2 

r = ( 2  x 32)  + (2  x 3.76  x 28) 
1 6  

= 1 7 . 2  



The denominator is  t h e  we igh t  o f  metnans v h i c h  r e a c t s  w i t h  t h e  t o t a l   eight 

of  a i r  shown in t h e  nurneraior.  The p rocedure  is  r a z h e r  s e l f - e v i d e n t  i f  '-r 

i s  n o t e d  t h a t  a i r  c o n t a i n s  3.76 moles of n i t r o g e n  f o r  each n o l e  o f  oxygen. 

The v a l u e  o f  r is  a  s i m p l e  r a t i o  o f  t h e  number of moles of r e a c t a n t s  

t o  :he moles of p r o d u c t s .  I n  t h e  example,  t h e  r a t i o  i s :  

3 a = - =  
3 

1. (Note: N n o t  c o u n t e d . )  
2 

S i n c e  t h e  f lame forms a  cone a s  i t  t r a v e l s  away from i t s  s o u r c e ,  suo- 

s e q u e n t  r a d i a t i o n  i n t e n s i t y  e s t i m a t e s  a r e  f a c i l i t a t e d  by computat ion o f  t h e  

d i m e t e r  o f  a  c y l i n d r i c a l  f lame w i t h  e q u a l  volume t o  t h e  cone.  The s u g g e s t e d  

e q u a t i o n  [Sef. C2] f o r  use  is :  

a 2 $ D e  s i n  - + -  set - = 2 D 2 2 ' D 

wnere 

D = t h e  d e s i r e d  e q u i v a l e n t  c y l i n d r i c a l  f lame d i a m e t e r ,  m, and 
e  ..* .. 

9 = t h e  a n g l e  a t  which t h e  cone s p r e a d s  o u t .  

T y p i c a l  v a l u e s  f o r  3 a r s  s a i d  t o  l i e  between 10 and 20 d e g r s e s .  

S i n c e  i t  is n o t  p o s s i b l e  t o  d e f i n e  any p r e c i s e  v a l u e ,  a  s e l e c t i o n  o f  10 .7  

d e g r e e s  a l l o w s  s i m p l i f i c a t i o n  of Equa t ion  (C-4)  t o :  

The h e a t  f l u x  r e c e i v e d  by a  " t a r g e t "  o r  "observer"  from a  flame is  

g i v e n  by (Ref. C 2 ) .  



- 
= -/ie7.c f z c t a r  between f lame and t a r g e t ,  

A = t a r g e t  a b s o r p t i v i t y ,  
- = a t m o s p h e r i c  t r a n s m i s s i v i t y ,  
- - = f lame e r n i s s i v i t y ,  

* 2 OK& = Stefan-Boltzamann c o n s t a n t ,  W / n  - , 
0 

T, = e q u i v a l e n t  b lackbody flame t e m p e r a t u r e ,  K ,  

qL = h e a t  f l u x  r e c e i v e d  by t a r g e t ,  ~ l m *  , and 
2 S = s o l a r  i n s o l a t i o n  a t  t a r g e t ,  W/m . 

The view f a c t o r  F can be  e s t i m t e d  from an e x p r e s s i o n  g iven  on page 2 4 ;  

of Refe rence  C& f o r  a  c o n f i g u r a t i o n  i n v o l v i n g  a  r i g h t  c i r c u l a r  c y l i n d e r  a3d  

a  v e r t i c a l  p l a n e  w i t h  a  n o r n a l  p a s s i n g  through t h e  c e n t s r  o f  one  end o f  t h e  

c y l i n d e r  and p e r p e n d i c u l a r  t o  t h e  a x i s  of t h e  c y l i n d e r .  The e x p r e s s i o n  i s :  

I 

d  = d i s t a n c e  from t a r g e t  t o  c e n t e r  of c y l i n d e r ,  m y  

r = r a d i u s  of c y l i n d e r ,  m, 

- - l e n g t h  of c y l i n d e r ,  
3 2 

A = ( D + l ) - + L ,  

- ...,* 
Tile e m i s s i v i t y  o f  a  f lame is g e n e r a l l y  [C2] computed from: 

- 1 
where K ( m  ) is an emiss ion  c o e f f i c i s n t  ( a l s o  c a l l e d  t h e  a t t e n u t a t i o n  

c o e f f i c i e n t )  and d  is the  c h a r a c t e r i s t i c  t h i c k n e s s  dimension of t h e  Flzme 



Ln x e t s r s .  Fc r  an a l c o h o l ,  t h e  e a i s s l v i t y  can 3 e  a s  low a s  0 .067.  For 

o t h e r  s u b s t a n c e s ,  i t  s a y  approach a  v a l u e  o f  1 . 0 .  Because  of a l a c k  of 

readi l ly  a v a i l a b i e  e x p e r i m e n t a l  d a t a  f o r  x o s t  naza rdous  m a t e r i a l s  of  

i n t e r e s t ,  i t  is u s u a l l y  n e c e s s a r y  t o  assume a v a l u e  of  1 . 0  f o r  t h e  p a r a m e t e r ,  

t h u s  p r o v i d k g  an e lement  o f  c o n s e r v a t i s n  t o  t h e  a n a l y s i s .  

I n  a p p l i c a t i o n  of t h e  model,  a problem w a s  r e a l i z e d  i n  t h a t  i t  was 

d i f f i c u l t  t o  f i n d  a p p r o p r i a t e  f l a m e  t e m p e r a t u r e  d a t a  f o r  t h e  haza rdous  

m a t e r i a l s  of  c o n c e r n .  A d i a b a t i c  f l ame  t e m p e r a t u r e s  i n  t h e  l i t e r a t u r e  were  

e x c e s s i v e l y  h i g h ,  y e t  g e n e r a l l y  a v a i l a b l e .  Through compar ison o f  r e s u l t s  

o b t a i n e d  when a d i a b a t i c  and measured f l ame  t e m p e r a t u r e s  f o r  p ropane  a r e  used  

in t h e  model, i t  w a s ,  t h e r e f o r e ,  d e c i d e d  t o  u t i l i z e  a d i a b a t i c  f l ame  tempera- 

t u r e s ,  a n d  t o  c o n s e r v a t i v e l y  a d j u s t  r e s u l t s  by s e t t i n g  E t o  a v a l u e  o f  0 .06  

f o r  a l l  haza rdous  m a t e r i a l s .  I n  o t h e r  words,  i t  w a s  e s t i m a t e d  t h a t  abou t  

6Z of  t h e  energy  a v a i l a b l e  would b e  r a d i a t e d  from t h e  f l ame  wnen a d i a b a t i c  

f l ame  t emTera tu res  a r e  a s s u r e d .  

The Stefan-Zol tzamann c o n s t a n t  h a s  a v a l u e  of 3 .66 x  1 0  -8 ;J,m? - 0" 
A .  

The a b s o r p t i v i t y  of v a r i o u s  o b j e c t s  can  v a r y  w i t h  r e f l e c t i v e  p r o p e r t i e s  

a n d  c o l o r ,  and t h u s  can  a l s o  b e  c o n s e r v a t i v e l y  a s s i g n e d  a v a l u e  of  1 . 0 .  

The r a d i a t i o n  from t h e  f l ame  t o  s u r r o u n d i n g  c b j e c t s  w i l l  b e  p a r t i a l l y  

a t t e n u a t e d  by a b s o r p t i o n  and s c a t t e r i n g  a l o n g  t h e  i n t e r v e n i n g  p a t h  by w a t e r  

v a p o r ,  carbon d i o x i d e ,  d u s t ,  and  a e r o s o l  p a r t i c l e s .  On a c l e a r  humid day,  

c h e  major  component of a t t e n u a t i o n  w i l l  b e  t h a t  due t o  w a t e r  vapor .  

The t r a n s m i s s i v i t y  of water vapor  can b e  c a l c u l a t e d ,  g i v e n  t h e  d i s t a n c e  

Setween t h e  f l ame  and t h e  r e c e i v i n g  o b j e c t ,  :he t e n p e r a t u r e  o f  t h 2  f lame,  

t h e  r e c e i v e r  and t h e  i n t e r v e n i n g  a tmosphere ,  and t h e  r e l a t i v e  humid i ty .  

S p e c t r a l  d a t a  [C15] and t h e  mean p a t h  l e n g t h  a r e  t h e n  used  t o  d e t e r m i n e  
...*.a 

T t h e  ~ r a n s m i s s i v i t y  a t  wave n m b e r  3. me mean t r a n s m i s s i v i t y  i s  
Q ' 

g i v e n  by: 



- .  
where L is  t he  erniss ive  power o f  the  sou rce  a t  t h e  wave number ,. h 

u 

s ~ e c i a l i z e d  and compl.=x s o l u t i o n  t o  t h i s  equa t ion  was developed by Ar thu r  

D.  L i t t l e  some t ime ago. I t  was u t i l i z e d  i n  t h i s  s t udy  t o  p rov ide  e s t i m a t e s  

of a s  a  f u n c t i o n  of  d i s t a n c e  from t h e  f lame and o t h e r  v a r i a b l e s .  

C. 4 INSTILG'TA%EOLTS-SOURCE VAPOR DISPERSION HODEL (C) 

Concen t r a t i ons  a t  ground l e v e l  f o r  ga se s  o r  vapors  r e l e a s e d  i n s t a n -  

t aneous ly  a t  ground l e v e l  a r e  g iven  [CZ] by t h e  po in t - source  equa t i on :  

where 

m = 

CL ,a ,a = 
x y z  

mass of  gas  o r  vapor  r e l e a s e d ,  kg. 

v a r i a n c e  of t h e  Gaussian c o n c e n t r a t i o n  p r o f i l e s  i n  

t he  r e s p e c t i v e  d i r e c t i o n s ,  m, 

d i s t a n c e  from s o u r c e  i n  downwind c e n t e r l i n e  d i r e c t i o n ,  m ,  

c rosswind d i s t a n c e  from c e n t e r l i n e ,  m ,  

h e i g h t  i n  v e r t i c a l  d i r e c t i o n ,  m, 

wind v e l o c i t y ,  n / s ,  

e l ap sed  t ime from s p i l l ,  s ,  and 
3 c o n c e n t r a t i o n  of vapor o r  gas  in  a i r ,  kg/m . 

Graphs g i v i n g  a and ax a s  a  f u n c t i o n  of downwind d i s t a n c e  x and 
Y 

a tmospher ic  s t a b i l i t y  c l a s s  can be found i n  [CZ], [C5],  [Cb],  and o t h e r  

r e f e r e n c e s .  (The parameter  #I is commonly assumed t o  equa l  cx .) References  
X Y 

C5 and C6 a d d i t i o n a l l y  p rov ide  gu idance  on Sow t o  s e l e c t  t h e  a tmospher ic  

s t a b i l i t y  c l a s s  most p e r t i n e n t  t o  any given  combinat ion of wind and wea ther  

c o n d i t i o n s .  

Eva lua t ion  of t h e  a r e a  downwind t h a t  w i l l  expe r i ence  a  c o n c e n t r a t  ion 
* 

a t  o r  above a  s p e c i f i e d  l e v e l  C is f a c i l i t a t e d  by u se  o f  an  equa t i on  g i v i n g  
* 

t h e  wid th  of t h e  moving c loud  a s s o c i a t e d  w i t h  C . The a p p r o p r i a t e  exp re s s ion ,  

de r i ved  by n a n i p u l a t i o n  of  Equa t ion  (C-8), is : 



W = 2 3  rnax 
Y 

where iJ is t h e  wid th  of t h e  cloud a t  ground l e v e l  and C i s  t h e  contaminant 
max 

concen t r a t i on  a t  t h e  downwind c e n t e r l i n e  x d i s t a n c e  a t  which W is des i r ed .  
* 

Obviously,  t h e  s e l e c t e d  l e v e l  C must be l e s s  than o r  equa l  t o  C in o rde r  
rnax 

f o r  t h e  exp re s s ion  t o  be v a l i d .  

During t h e  va r ious  computations,  a l i m i t a t i o n  of t h i s  approach can be 

p a r t i a l l y  r e so lved  by us ing  a  downwind x va lue  i n  Equat ion (C-8) t h a t  is 

determined from Ref. C2: 

I 

x = x + 5 D ,  ( x l  r ep l aces  x  i n  Eq. (C-8)) 

where D i s  t h e  diameter  of t h e  source .  T h i s  adjustment  h e l p s  t o  r e s o l v e  

t h e  between t h e  assumption of a p o i n t  sou rce  and t h e  p o s s i b l e  

a c t u a l i t y  of a  s i g n i f i c a n t  sou rce  s i z e .  

C.  5  VAPOR FLASH FIRE YODEL (D) 

In  a  number of s t u d i e s ,  va r ious  r e s e a r c h e r s  have a t tempted  t o  d e a l  

wi th  t h e  problem of modeling t h e  e f f e c t s  of a  f l a s h  f i r e  through a  gaseous 

cloud o r  plume. Review of  t h e i r  r e s u l t s  dur ing  t h e  course  of t h i s  e f f o r t  

l e d  t o  t h e  conc lus ion  t h a t  t h e r e  is no c u r r e n t l y  a v a i l a b l e  model t h a t  is 

r ea sonab le  i n  a l l  assumptions.  Consequently,  i t  was decided t o  apply  

an approach t h a t  is l o g i c a l ,  somewhat conse rva t ive ,  and q u i t e  s t r a i g h t -  

forward. 

Given t h e  ground a r e a  encompassed by a  f lavmable cloud o r  plume, as 

determined from Models C o r  J desc r ibed  h e r e i n ,  one can make t h e  v a l i d  

obse rva t ion  t h a t  i g n i t i o n  of t h e  gas  o r  vapor a t  any po in t  w i l l  cause 

a  broad flame f r o n t  t o  pass  through a l l  p a r t s  of t h e  a f f e c t e d  a r e a .  For 

a  s p i l l  of s i g n i f i c a n t  magnitude, t h i s  f r o n t  i s  l i k e l y  t o  be measured i n  

t ens  of meters  of th ickness .  Obviously then,  people  caught  i n  t h e  cloud - 

unpro tec ted  would have a very  h igh  p r o b a b i l i t y  of s u f f e r i n g  l e t h a l  i n j u r i e s  

and, f o r  impact-assessment purposes ,  i t  can b e  assumed t h a t  t h i s  p r o b a b i l i t y  

is e s s e n t i a l l y  1 .0 .  



.in o b s e r v e r  o r  o t h e r  " t a r g e t "  t o  t h e  s i d e  of t h e  c l o u d  o r  p l u m ?  

 ill s e e  a  moving, p robab ly  r e c t a n g u l a r  f l ame  f r o n t  p a s s i n g  by a t  a  s ~ e e b  

dependent  on t h e  wind v e l o c i t y  and o t h e r  f a c t o r s .  A t  t h e  w o r s t ,  t h e  

r a d i a t i o n  i n t e n s i t y  e x p e r i e n c e d  by t h e  o b s e r v e r  would b e  g i v e n  by 

Equa t ion  (C-6) w i t h  t h e  view f a c t o r  F g i v e n  by: 

where  

A = one-half  t h z  wid th  of t h e  f l ame  f r o n t  t h i c k n e s s ,  m ,  

B = f lame f r o n t  h e i g h t ,  m, 

C = d i s t a n c e  between f l ame  edge and v e r t i c a l  t a r g e t s ,  m ,  and 

F = view f a c t o r ,  d i m e n s i o n l e s s .  

T h i s  e x p r e s s i o n  f o r  F i s  a s l i g h t l y  modi f i ed  form of a n  e q u a t i o n  

g i v e n  on  pages  15-50 of  Ref. C9 ( f o r  c o n f i g u r a t i o n  # a ) .  Based on  

o b s e r v a t i o n s  o f  f l a n e  f r o n t  t h i c k n e s s  i n  a b u r n i n g  plume o f  methane,  

"A" can b e  s a f e l y  a s s i g n e d  a v a l u e  o f  20  m e t e r s  f o r  a l a r g e  c l o u d  o r  

plume. Although t h e  v a l u e  f o r  "B" is  v i r t u a l l y  u n d e t e r m i n a b l e ,  a n  

e s t i m a t e  o f  30 meters s h o u l d  prove c o n s e r v a t i v e  f o r  most r e l e a s e s .  

Note: A p p l i c a t i o n  of t h e  model d e s c r i b e d  immediate ly  above 

in t e s t  problems r e s u l t e d  i n  t h e  c o n c l u s i o n  t h a t  the rmal  

r a d i a t i o n  damage t o  r e s o u r c e s  o u t s i d e  t h e  b u r n i n g  c l o u d  

o r  plume c a n n o t  b e  r e a s o n a b l y  a s s e s s e d  a t  t h i s  time. 

I n  consequence,  r e s u l t s  of t h i s  node1  were n o t  u t i l i z e d  

in t h e  f i n a l i z e d  impact-assessment  r e s u l t s .  R a t h e r ,  it 

was assumed t h a t  t h e  b a s i c  c o n s e r v a t i s m  o f  t h e  a n a l y s i s  

f o r  f l a s h  f i r e  damages w i t h i n  t h e  b u r n i n g  c l o u d  o r  plume 

f u l l y  a c c o u n t s  f o r  t h e s e  a d d i t i o n a l  zones  of impac t .  



C.6 D E T O N A T I O N  YODEL ( E )  

C e r t a i n  g a s e s  and vapors  d i s p e r s e d  i n  a i r  may d e t o n a t e  when t h z i r  

c o n c e n t r a t i o n s  a r e  w i t h i n  flammable l i m i t s  and s u f f i c i e n t  power is  

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

of e v a l u a t i n g  t h e  r e s u l t i n g  b l a s t  wave c h a r a c t e r i s t i c s  i n v o l v e s :  

1 )  Comparison of t h e  energy  r e l e a s e d  by a  u n i t  weight  of vapor  

upon d e t o n a t i o n  w i t h  t h a t  o f  a u n i t  weight  of TNT; and 

2) U t i l i z a t i o n  of e x t e n s i v e  d a t a  f o r  TXT and s c a l i n g  l a w s .  

The TNT y i e l d  e q u i v a l e n t  t o  t h e  d e t o n a t i o n  of a  mass o f  g a s  o r  

vapor  d i s p e r s e d  in a i r  i s  g iven  by: 

where 

M = t h e  mass o f  g a s  o r  vapor  l i b e r a t e d ,  l b . ,  

AH = h a z a r d o u s - m a t e r i a l  h e a t  of combustion a t  c o n s t a n t  
p r e s s u r e ,  B t u / l b  . , 

f  = f r a c t i o n  o f  hazardous  m a t e r i a l  a v a i l a b l e  f o r  d e t o n a t i o n ,  and 

w = t h e  e q u i v a l e n t  TNT y i e l d ,  l b .  

C u r v e - f i t t i n g  of t h e  o v e r p r e s s u r e  d a t a  g i v e n  i n  Ref. C7 and C 8  and 

a p p l i c a t i o n  o f  t r a d i t i o n a l  s c a l i n g  l a w s  a l l o w s  d e r i v a t i o n  o f  s i m p l e ,  

approximate  r e l a t i o n s h i p s  f o r  t h e  peak, o v e r p r e s s u r s ,  namely: 

r = r a d i a l  d i s t a n c e  from d e t o n a t i o n  s i t e ,  f t ,  

w = TNT' e q u i v a l e n t  , l b  . , and 

P 
= peak o v e r p r e s s u r e  a t  r ,  p s i .  



S i r n d a r l y ,  i t  i s  p o s s i b l e  t o  u t i l i z e  t a b u l a t e d  d a t a  (Ref .  CS)  t o  

d e r i v e  an  exp re s s ion  f o r  t h e  impulse  over  a  p a r t i c u l a r  range  of i n t e r e s t .  

.4n equa t i on  s o  de r i ved  i s :  

where I is  t h e  impulse  in u n i t s  of p s i - s ec ,  

The model is  a l s o  a p p l i c a b l e  t o  s o l i d s  and l i q u i d s  t h a t  have t h e  

p o t e n t i a l  t o  de tona t e  under c e r t a i n  c o n d i t i o n s .  Indeed ,  i t  i s  more 

a p p l i c a b l e  t o  such condensed-phase s u b s t a n c e s  t han  f o r  d i s p e r s e d  ga se s  

and vapors .  

C.  7 TAW C l l R  EXPLOSION MODEL (F) 

Under proper  c o n d i t i o n s ,  a  tank c a r  can undergo a  b o i l i n g  l i q u i d  

expanding vapor  exp, los ion (BLEVE). The even t  i s  no t  an  exp lo s ion  i n  

t h e  s e n s e  t h a t  a  s e v e r e  b l a s t  wave i s  gene ra t ed ,  bu t  r a t h e r  a l l u d e s  t o  

t h e  fo rmat ion  of a  massive f i r e b a l l  above t h e  t a n k  c a r .  

Refe rence  C10 p r e s e n t s  a model of f i r e b a l l  fo rmat ion  and combustion 

t h a t  r e q u i r e s  knowledge of two g e n e r a l l y  unknown paramete rs  f o r  hazardous 

m a t e r i a l s  ; v i z . ,  " cons t an t  equ iva l ence  r a t i o "  and a "cons t an t  e n t r a i n -  

ment c o e f f i c i e n t . "  I n  a d d i t i o n ,  it p r e s e n t s  expe r imen t a l  d a t a  f r on  

t e s t s  wi th  methane, e t hane ,  and propane,  and f avo rab ly  compares r e s u l t s  

wi th  t h o s e  p r e d i c t e d  by t h e  model. 

S ince  propane is  t h e  hazardous m a t e r i a l  a o s t  n o t o r i o u s  f o r  BLEVE's, 

and s i n c e  Ref. C10 prov ides  e m p i r i c a l  fo rmulas  f o r  a s s e s s i n g  propane 

f i r e b a l l  c h a r a c t e r i s t i c s ,  hazard  assessment  can b e  f a c i l i t a t e d  by u s ing  

t h e s e  formulas  across- the-board f o r  a l l  hazardous materials having t h e  

p o t e n t i a l  t o  BLEVE. Thi s  is a  g e n e r a l l y  c o n s e r v a t i v e  and r ea sonab l e  

a p p l i c a t i o n ,  g iven  t h e  s e v e r i t y  of t h e  t y p i c a l  i n c i d e n t  i nvo lv ing  

propane. 



The maximum d iamete r  (D), r i s e  h e i g h t  ( Z ) ,  and burnout  cime ( t )  

f o r  propane f i r e b a l l s  a r e  f u n c t i o n s  of t h e  i n i t i a l  volume (V) of f u e l  

a v a i l a b l e .  Exp re s s ions  p r e sen t ed  by t h e  c i t e d  r e f e r e n c e  a r e :  

D = 7.708 (v)  1 /3  
9 

Z = 12.73 (v)  11 3 
9 

t = 0.28 (v) 113  , 

where D and Z a r e  i n  u n i t s  o f  c e n t i m e t e r s ,  v  i n  c u b i c  c e n t i m e t e r s ,  and 

t i n  seconds .  

Assuming an  o p t i c a l l y  z.:ick f l ame,  one can e s t i m a t e  t h e  maximum 

r a d i a t i o n  i n t e n s i t y  r e c e i v e d  by a  t a r g e t  a t  d i s t a n c e  r from t h e  f i r e b a l l  

from Equat ion (C-6), u s ing  t h e  f o l l o w i n g  e x p r e s s i o n  t o  e s t i m a t e  a  va lue  

f o r  t h e  view f a c t o r  F: 

Another phenomenon t h a t  may accompany a tank  c a r  exp lo s ion  i s  

" rocke t i ng , "  i n  which t h e  t ank  tears c i r c u m f e r e n t i a l l y ,  forming t v ~ o  

" t u b s , "  one of which may then  r o c k e t  through t h e  a i r  due t o  t h e  r a p i d  

combustion o f  i t s  c o n t e n t s .  D e t a i l e d  s t u d i e s  of t h e  i a p a c t  of r o c k e t i n g  

a r e  n o t  a v a i l a b l e .  However, Ar thur  D .  L i t t l e ,  I n c . ,  has  ? repared  e s t i -  

mates  of t h e  maximum rocke t i ng  range ,  based on a s t u d y  by B a t t e l l e  

Columbus L a b o r a t o r i e s  (Ref. C16). The r e s u l t s  are shown i n  F igu re  C-1.  

These e s t i m a t e s  a r e  c o n s e r v a t i v e ,  s i n c e  t h e  observed r o c k e t i n g  d i s t a n c e s  

have n o t  exceeded about  60% of t h e  v a l u e s  shown. The a c t u a l  r o c k e t i n g  

range  w i l l  be  a  random v a r i a b l e ,  dependent on such f a c t o r s  as t h e  pro- 

p e r t i e s  o f  t h e  hazardous m a t e r i a l ,  t h e  l e n g t h  o f  t h e  t ub ,  t h e  a n g l e  a t  

which t h e  tub t a k e s  o f f ,  and t h e  d i ame te r  of t h e  t ank .  Adequately  

d e t a i l e d  estimates of t h e s e  f a c t o r s  are n o t  a v a i l a b l e .  We have t h e r e f o r e  

assumed a  " t y p i c a l "  r ocke t i ng  range of 300 mete rs .  It is  assumed t h a t  

under t h e  f l i g h t  pa th  of t h e  t ub ,  f o r  a width of 10  mete rs ,  people  w i l l  



Source: Arthur D. Little, Inc., estimates. 
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be i n j u r e d  and p rope r ty  damaged, due t o  t h e  s p i l l a g e  of burning m a t ~ r i a l .  

The l e t h a l  zone i s  ta1ken t o  b e  t h e  a c t u a l  a r e a  of impacts  of t h e  tub .  

Tfiis is e s t ima ted  t o  b e  t h e  l e n g t h  of a  t ank  t imes i t s  wid th ,  o r  
2 

20m x 3m o r  approximately 60m . 

C .8 LIQUID FLASH PICIDEL (G) 

When a compressed l i q u e f i e d  g a s  i s  r e l e a s e d  t o  t h e  atmosphere under 

p r e s s u r e ,  a  c e r t a i n  f r a c t i o n  of t h e  l i q u i d  w i l l  immediately vapor ize .  

The remaining m a t e r i a l ,  because of t h e  coo l ing  e f f e c t  produced, w i l l  

remain a s  l i q u i d  u n t i l  such t ime as i t  s t r i k e s  a  warmer s u r f a c e  ( t h e  

ground) ,  where aga in  an a d d i t i o n a l  f r a c t i o n  w i l l  i r m e d i a t e l y  vapor i ze .  

.4ny l i q u i d  which remains on t h e  ground w i l l  then  form a pool  which w i l l  

evapora t e  f a i r l y  r a p i d l y .  I f  t he  e n t i r e  ca rgo  i s  l o s t  r a p i d l y ,  a  l a r g e  

d i s t i n c t  vapor  cloud w i l l  t r a v e l  downwind, fol lowed by a  cons ide rab ly  

sma l l e r  plume of vapor evolving from t h e  evapora t ing  pool .  

The weight f r a c t i o n  of any s p e c i f i c  l i q u i d  which vapor i ze s  upon 

e x i t  from a t ank  can be e s t ima ted  from a s imple  energy b a l a n c e , y i e l a i n g  

t h e  exp re s s ion :  

where 

Cv = l i q u i d  h e a t  c a p a c i t y  of t h e  hazardous m a t e r i a l ,  J/kg°K, 

X = h e a t  of v a p o r i z a t i o n ,  J / kg ,  

Tb = n o r m a l b o i l i n g p o i n t ,  O K ,  

Ti = i n i t i a l  t empera ture  of  t h e  s t o r e d  l i q u i d ,  O K ,  and 

f = t h e  f r a c t i o n  of l i q u i d  t h a t  f l a s h e s .  

To "f" must b e  added t h e  f r a c t i o n  which r a p i d l y  b o i l s  o f f  a s  t h e  co ld  

l i q u i d  s t r i k e s  t h e  u s u a l l y  warmer ground, and an a d d i t i o n a l  f r a c t i o n  

a s s o c i a t e d  w i th  en t ra inment  of l i q u i d  a e r o s o l s .  S ince  an a n a l y t i c a l  

approach is u n a v a i l a b l e  f o r  e s t i m a t i o n  of t h e s e  l a t t e r  f r a c t i o n s ,  bu t  

i t  has  been e s t ima ted  t h a t  each subsequent  v a p o r i z a t i o n  p roces s  



i n c r e a s e s  "f" h y  a  f a c t o r  r ang ing  from 1 . 0  t o  1 . 0 ,  t h e  t o t a l  f r a c t i o n  

of l i q u i d  which f l a s h e s  can be r ea sonab ly  w e l l  determined by m u l t i p l y i n g  

t h e  computed va lue  f o r  "f" i n  Equa t ion  (C-19) by 1 .5 .  

C. 9  POOL SIZE YODEL (H) 

It i s  v i r t u a l l y  an imposs ib l e  t a s k  t o  a c c u r a t e l y  e s t i m a t e  t h e  ground 

a r e a  t h a t  w i l l  be covered when a g iven  amount of a l i q u i d  i s  r e l e a s e d  from 

a s t o r a g e  v e s s e l  and a  p a r t i c u l a r  l o c a t i o n  i s  n o t  s p e c i f i e d .  Numer~us  

f a c t o r s  such  a s  s o i l  p o r o s i t y ,  s l o p e  of t h e  ground, v e g e t a t i o n ,  p r e sence  

of d e p r e s s i o n s ,  and v i s c o s i t y  of t h e  f l u i d  can a l l  s i g n i f i c a n t l y  a f f e c t  

t h e  outcome. Yet some e s t i m a t e  of t h e  exposed s u r f a c e  a r e a  i s  nece s sa ry  

f o r  vapor d i s p e r s i o n  a s  w e l l  a s  l i q u i d  pool  burn ing  model a p p l i c a t i o n s .  

I n  t h e  vapor d i s p e r s i o n  model, a  pool  d i ame te r  is used i n  

Equat ion (C-10) where it a l l o w s  ad jus tment  of downwind c e n t e r l i n e  x  

d i s t a n c e s  t o  account  f o r  l i m i t a t i o n s  o f  t h e  ?o in t - sou rce  assumption 

I n s p e c t i o n  of t h e  i n p a c t  of t h e  d iamete r  upon f i n a l  r e s u l t s  i n d i c a t e s  chat  

l a r g e r  pool  d i ame te r s  l e a d  t o  s l i g h t l y  s m a l l e r  hazard  zone a r e a s .  Thus, 

i t  i s  c o n s e r v a t i v e  t o  unde re s t ima t e  t h e  pool s i z e .  

I n  t h e  pool  burn ing  model, i n c r e a s i n g  pool  d i ame te r s  p rov ide  i n c r e a s -  

i n g  flame h e i g h t s  and,  consequen t l y ,  i n c r e a s e s  i n  t h e  the rmal  r a d i a t i o n  

f l u x  r ece ived  a t  any chosen l o c a t i o n .  S imul taneous ly ,  however, l a r g e  

pool s i z e s  reduce t h e  o v e r a l l  t i m e  t o  burnout ,  and l e a d  t o  r e d u c t i o n s  i n  

t h e  t o t a l  t ime - in t eg ra t ed  r a d i a t i o n  exposure  a t  any l o c a t i o n .  These 

c o u n t e r a c t i n g  a f f e c t s  s e r v e  t o  reduce  t h e  i n f l u e n c e  of pool  s i z e  upon 

f i n a l  r e s u l t s .  

- .*,a Given t h e  s u b s t a n t i a l  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  any r i g o r o u s  

a n a l y t i c a l  e s t i m a t i o n  approach f o r  t h e  pool  s i z e ,  i t  i s  cons ide r ed  

r ea sonab l e  f o r  t h e  purposes  of t h i s  s t u d y  t o  s imply assume t h a t  any amount 

of s p i l l e d  l i q u i d  w i l l  s p r ead  t o  a  mean pool  dep th  of approx imate ly  3 cm. 

The d iamete r  of t h e  pool  can than  b e  e s t ima t ed  from: 



where 

J v = t h e  volume of l i q u i d  r e l e a s e d ,  n , and 

D = t h e  poo l  d i a m e t e r ,  m. 

The 2001 d i a m e t e r s  p r e d i c t e d  by t h i s  e q u a t i o n  a r e  i n t u i t i v e l y  s e e n  t o  

b e  of t h e  c o r r e c t  o r d e r  of magni tude.  S p i l l s  of 30,000 g a l l o n s  r e s u l t  

hi p o o l s  of 228 f e e t  i n  d i a m e t e r ;  t h o s e  of 50 g a l l o n s  i n  p o o l s  of 

9 .3  f e e t  i n  d i a m e t e r .  

C.10 POOL EVAPORATION RATE MODEL (Ij 

The r a t e  of v a p o r i z a t i o n  of a l i q u i d  poo l  is  a complex f u n c t i o n  of 

chemical  and p h y s i c a l  p r o p e r t i e s  ( b o t h  l i q u i d  and  s u b s t r a t e ) ,  h e a t -  

t r a n s f  e r  e f f e c t s ,  and m a s s - t r a n s f e r  phenomena. N e v e r t h e i e s s ,  i t  i s  

p o s s i b l e  t o  o b t a i n  c o n s e r v a t i v e  e s t i n a t e s  of v a p o r i z a t i o n  r a t e s  in a 

f a i r l y  straightforward f a s h i o n  by assuming t h e  l i q u i d  t z m p e r a t u r e  t o  be 

a  c o n s t a n t .  I n  t h e  c a s e  of low-bo i l ing-po in t  s u b s t a n c e s  t h a t  have been 

coo led  w h i l e  f l a s h i n g ,  t h e  a p p r o p r i a t e  t e n p e r a t u r e  f o r  a s e  would b e  t h e  

normal b o i l i n g  p o i n t .  For a l l  o t h e r  c a s e s ,  t h e  ambient  t empera tu re  would 

be most r e p r e s e n t a t i v e .  

The b a s i c  e q u a t i o n  f o r  t h e  s o d e l  i s  Ref. C 1 1 :  

2  
& ( v a p o r i z a t i o n  r a t e ,  kg/m - s)  = k C ,  

m 

wh e r e  

C = t h e  vapor d e n s i t y  of t h e  l i q u i d  a t  t h e  a p p r o p r i a t e  
t e m p e r a t u r e ,  kg/m3, and 

-.... a 

c; = a c o e f f i c i e n t  d e s c r i b e d  below, m / s .  
9 

To o b t a i n  a v a l u e  of k , e i t h e r  of two r o u t e s  a r e  a v a i l a b l e :  
m 

employment of t u r b u l e n t  boundary l a y e r  t h e o r y  f o r  f low a c r o s s  a f l a t  

p l a t e  (Ref.  C12), o r  u s e  of an  e m p i r i c a l  formula g iven  i n  Ref.  C 1 1 .  

Both approaches  g i v e  similar r e s u l t s  which c a n  b e  averaged  f o r  g e n e r a l  

a p p l i c a t i o n .  The p e r t i n e n t  r e l a t i o n s h i p s  a r e :  



( t u r b u l e n t  boundary-lower theory)  

(Ref .  C l l ) ,  

where 

U = wind v e l o c i t y ,  m / s  

L = l a t e r a i  poo l  dimension,  m ,  and 

Sc = t h e  Schmidt number of t h e  hazardous m a t e r i a l ,  d imens ion l e s s .  

The Schmidt number is t h e  r a t i o  of t h e  k i n e n a t i c  v i s c o s i t y  of  t h e  

hazardous m a t e r i a l  t o  i t s  d i f f u s i v i t y  i n  a i r .  The former  i s  i t s e l f  t h e  

r a t i o  of t h e  v i s c o s i t y  of t h e  f l u i d  t o  i t s  d e n s i t y .  The d i f f u s i v i t y  

i n  a i r  of t h e  s u b s t a n c e  can b e  ob t a ined  from t a b u l a t e d  v a l u e s  i n  t h e  

l i t e r a t u r e  o r  e s t i m a t e d  u s ing  v a r i o u s  a n a l y t i c a l  t e chn iques .  

C . 1 1  CONTIXUOLTS SOUXCE VAPOR DISPERSION MODEL (J)  

Concent ra t ions  a t  ground l e v e l  f o r  ga se s  o r  vapors  r e l e a s e d  

con t i nuous ly  a t  ground l e v e l  a r e  g iven  by Ref. C2 t h e  p o i n t  s o u r c e  

equa t ion .  

L 1 

= f o r  x > u t  , 

where most paramete rs  a r e  a s  de f i ned  f o r  t h e  i n s t a n t a n e o u s  sou rce  vapor 

d i s p e r s i o n m o d e l  (C).  The excep t i on ,  m i s  t h e  r a t e a t  which gas  o r  
e ' 

vapor evo lve s  from t h e  sou r ce  i n  u n i t s  of kg / s .  The wid th  of  t h e  v a p o r  

plume is a g a i n  g iven  by Equat ion (C-9). 



13.12 POOL B U R Y I X G  1103EL (K) 

X c o r r e l a t i o n  f o r  t h e  h e i g h t  o f  t h e  f l m e  from a  b u r n i n g  l i ~ u i d  

? o o l  f i r e  i s  g i v e n  3p Thomas [ Z e f .  C13j and found t o  b e  a ? p r o p r i a t e  fcr 

a e n e r a l  u s e  i n  Zef. C2. The e x p r e s s i o n  i s :  

where  

2 
mf = t h e  f u e l  b u r n i n g  r a t e ,  kglm s ,  

-, 
1 

J 

'a = d e n s i t y  o f  a i r ,  kglm 

g  = a c c e l e r a t i o n  due t o  g r a v i t y ,  m l s 2 ,  

D = d i a m e t e r  o f  p o o l ,  m ,  and 

L  = f lame h e i g h t ,  m. 

%e parameter  n- i s  found from ;he e x y r e s s i o n :  
t 

where 

'r = t h e  r e g r e s s i o n  r a t e  o f  t h e  f u e l  w h i l e  b u r n i n g ,  m / s ,  and 
3 

z 2  = t h e  d e n s i t y  o f  t h e  l i q u i d  a t  i t s  b o i l i n g  p o i n t ,  kglm . 
Xelker  and S l i e p c e v i c h  (Ref.ClS) p r o v i d e  a c o r r e l a t i o n  f o r  e s t i m a t i n g  

t'ne flaine t i1 .c  a n g l e  from t h e  v e r t i c a l  wnen t h e  f l a m e  i s  s ~ c j e c t e d  to  x i n d  

f o r c e s .  A s  r eporzed  i n  Ref, C2, t h e  e x p r e s s i o n  i s :  

0.07 0.8 -0.6 
t a n  9 
f 

cos  3 



xh e r e  

D = pool  d i ame te r ,  rn, 

u  = wind v e l o c i t y ,  m / s ,  

2 
V = kinemat ic  v i s c o s i t y  of a i r ,  m /s 
a 

2 
g = a c c e l e r a t i o n  due t o  g r a v i t y ,  m / s  , 

p = f u e l  vapor d e n s i t y  a t  i ts  b o i l i n g  p o i n t ,  
g  

3 
.'a 

= a i r  d e n s i t y ,  kglm , and  

8 = flame t i l t  a n g l e  from v e r t i c a l  r a d i u s .  

The a n g l e  can be  e x p l i c i t l y  d e r i v e d  by a l l owing  TC t o  e q u a l  t h e  

l e f t  s i d e  of Equat ion (C-27) and u s i n g  t h e  r e l a t i o n :  

8 = s i n  

Given t h e  d iamete r  of t h e  burn ing  pool from Model 4 ,  and t h e  flame 

height  and t i l t  from t h i s  model, Equa t ions  (C-6) and (C-7) a r e  a p ~ l i e d  t o  

e s t i m a t e  d i s t a n c e s  from t h e  f lame a s s o c i a t e d  w i t h  s e l e c t e d  damage 

c r i t e r i a .  The procedure  is ana logous  t o  t h e  one u t i l i z e d  f o r  Xodel B, 

wi th  t h e  added s t i p u l a t i o n  t h a t  i t  i s  nece s sa ry  t o  c rude ly  e s t i m a t e  t h e  

d u r a t i o n  of burn ing  ( s o  t h a t  t o t a l  exposures  can be  e s t i m a t e d  a s  w e l l  a s  

i n c i d e n t  hea t  f l u x  to  a t a r g e t ) .  A u s e f u l  e q u a t i o n  f o r  t h i s  l a t t e r  

t a s k  is: 

v o l  
tb = FA 

vh e r e  

3 v o l  = volume of l i q u i d  s p i l l e d ,  m , 

y  = l i q u i d  r e g r e s s i o n  r a t e  wh i l e  burn ing ,  m / s ,  

2 
A = a r e a  of burn ing  pool ,  m , and 

$ = d u r a t i o n  o f  f i r e ,  s. 



C. 13  FIRE N O D E L - - 7 ~ ~ L E  SOLI3S /SPECIXL HAZARDS (L) 

A v a r i e t y  of f lammable s o l i d s  can r e a c t  w i t h  w a t e r  t o  g e n e r a t e  

f l ammable /exp los ive  g a s e s  such as a c e t y l e n e  and hydrogen. Yet o t h e r s  

nay s p o n t a n e o u s l y  i g n i t e  i n  a i r  a n d / o r  b u m  w i t h  a n  i n t e n s i t y  w e l l  beyond 

t h a t  a s s o c i a t e d  wi th  any  o r d i n a r y  c o m b u s t i b l e  m a t e r i a l .  

Because  of t h e  n a t u r e  o f  t h e s e  s u b s t a n c e s ,  t h e  r e l a t i v e  r a r i t y  of 

t h e i r  r e l e a s e  ( o n l y  86 s p i l l s  r e c o r d e d  between 1971 th rough  1 9 7 7 ) ,  and 

t h e i r  l i m i t e d  p o t e n t i a l  t o  c a u s e  widespread  i n j u r y  o r  p r o p e r t y  d e s t r u c -  

t i o n ,  l i t t l e  work h a s  been done t o  d a t e  i n  deve lop ing  models f o r  h a z a r d  

a s s e s s m e n t .  I n  consequence,  i t  i s  n e c e s s a r y  t o  employ some r a t h e r  c r u d e  

approaches  f o r  q u a n t i f y i n g  e x p e c t i n g  h a z a r d s .  

E q u a t i o n  (C-6) is g e n e r a l l y  a p p r o p r i a t e  f o r  e s t i m a t i n g  t h e  t h e r m a l  

r a d i a t i o n  i n t z n s i t y  p r o f i l e  from a f i r e  i n v o l v i n g  t h e s e  m a t e r i a l s ,  i f  

t h e  view F a c t o r  F  can be e s t i m a t e d  f o r  an  a p p r o p r i a t e  c o n f i g u r a t i o n  

of s o u r c e  and t a r g e t .  S i n c e  tall f l a m e s  would b e  t h e  e x c e p t i o n  r a t h e r  

t h a n  t h e  rule, i t  i s  assumed t h a t  t h e  s o u r c e  w i l l  r e semble  a  v e r t i c a l ,  

r e c t a n g u l a r  " w a l l "  when viewed from a d i s t m c e .  Hence, i t  i s  p o s s i b l e  

t o  u t i l i z e  t h e  view f a c t o r  e x p r e s s i o n  g i v e n  by Equa t ion  (C-11). Lacking 

any s p e c i f i c  h i s t o r i c a l  d a t a  upon which t o  b a s e  e s t i m a t e s ,  t h e  parameter  

"A" i s  a s s m e d  t o  b e  one-half t h e  l e n g t h  o f  a t y p i c a l  r a i l r o a d  c a r  

(A -12m), w h i l e  "3" is t a k e n  t o  be t h r e e  times t h e  width  (-2.5m) of a 

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

c a r  o n t o  i t s  s i d e ,  s p i l l a g e  of f l a m a b l e  s o l i d ,  and subsequen t  i g n i t i o n .  

C. 14 FIRE MODEL--0RDNARY COMBUSTIBLES (M) 

O r d i n a r y  c o m b u s t i b l e  materials i n  s o l i d  form are u n l i k e l y  t o  c a u s e  

any  s i g n i f i c a n t  o r  u n u s u a l  impact  upon i g n i t i o n .  F i r e s  w i l l  t e n d  t o  b e  

smoky and s e v e r e l y  l i m i t e d  i n  r a d i a t i v e  a s p e c t s .  I n  a d d i t i o n ,  t h e i r  

s i z e  w i l l  g e n e r a l l y  b e  l i m i t e d  i n  most e n v i s i o n a b l e  s c e n a r i o s .  Thus, i t  

is n o t  c o n s i d e r e d  t o  b e  a wor thwhi le  e f f o r t  t o  a s s e s s  t h e  r a t h e r  minimal' 

impact of such o r d i n a r y  and common e v e n t s .  
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APPENDIX D 

.lPPLICATION OF HAZARD-XSSESSNCJT YODELS 

INTRODUCTION 

Appendix C d e s c r i b e s  t h e  b a s i c  e l e m e n t s  o f  t h e  v a r i o u s  h a z a r d - a s s e s s -  

ment x o d e l s .  Appendix D d i s c u s s e s  how t h e s e  models  were  a p p l i e d  t o  

g e n e r a t e  d e s i r e d  r e s u l t s  w i t h i n  t h e  s c o p e  and r e s o u r c e s  o f  t h i s  s t u d y .  I ts 

c o n t e n t s  a re ,  t h e r e f o r e ,  e s s e n t i a l  t o  an  u n d e r s t a n d i n g  o f  t h e  b a s e s  f o r  t h e  

r e s u l t s ,  as w e l l  a s  t h e i r  l i m i t a t i o n s .  

D.  2 SPILL QUANTITIES UTILIZED 

The o v e r a l l  a n a l y s i s  p r e s e n t e d  i n  t h i s  r e p o r t  u t i l i z e s  s p e c i f i c  r a n g e s  

o f  s p i l l  q u a n t i t i e s  t o  c o l l a t e  and a n a l y z e  t h e  a c c i d e n t  r e c o r d  d a t a  b a s e .  

The f i r s t  s e v e n  of  t h e s e  r a n g e s  and t h e  s p e c i f i c  amounts g e n e r a l l y  u t i l -  

i z e d  f o r  impac t  a s s e s s m e n t  computa t ions  a r e  l i s t e d  below: 

Ran ge * 
1 - 100 

1 0 1  - 1 ,000  

1 , 0 0 1  - 5 ,000  

5 , 0 0 1  - 10,000 

10 ,001  - 25,000 

25,300 - 50 ,000  

5 0 , 0 0 1  - 100,000 

Amount Assumed* 

* 
All amounts in g a l l o n s .  

A s  is  e v i d e n t ,  t h e  midpo in t s  o f  t h e  ranges  were used  f o r  b o t h  a v e r a g e  and 

w o r s t  - case  impac t  a s s e s s m e n t s .  Thus ,  t h e  f i r s t  l i m i t a t i o n  o f  t h e  a n a l y s i s  

s t e m s  from a r e a l i z a t i o n  t h a t  t h e  t r u e  means of t h e  r a n g e s ,  a s  would be  

d e t e r m i n e d  from a  r i g o r o u s  and thorough  a n a l y s i s  o f  s p i l l  r e c o r d s ,  may 

d i f f e r  from t h e  approx imate  a r i t h m e t i c  a v e r a g e s  shown above.  A d d i t i o n a l l y ,  

i t  is t o  be n o t e d  t h a t  t h e  b a s i c  c o n s e r v a t i s m  of  wors t -case  r e s u l t s  w a s .  

somewhat tempered by u s e  of  t h e  m i d p o i n t s  i n s t e a d  o f  upper  bounds o f  r a n g e s .  



D.  3 ENVIKONPLENTAL CONDI'TIONS SPECIFIEC 

For a l l  a s s e s s r e n t s  i n v o l v i n g  vapo r -d i spe r s i on  h a z a r d s ,  i t  w a s  n ece s sa ry  

t o  s p e c i f y  t h e  a tmospher ic  s t a b i l i t y  c l a s s  and t h e  wind v e l o c i t y .  To f a c i l i -  

t a t e  m a t t e r s  , the  n e u t r a l  s t a b i l i t y  c l a s s  D was chosen a s  r e p r e s e n t a t i v e  

o f  average  condi t ions ,  a l o n g  w i t h  a  wind v e l o c i t y  o f  4 m / s  ( about  9 a p h ) .  

Both c l a s s e s  C and D were r ea sonab l e  c h o i c e s ,  bu t  D p rov ided  a  g r e a t e r  

deg ree  o f  conserva t i sm.  For wors t  c a s e  c o n d i t i o n s  (an i n v e r s i o n  wi th  s low,  

s t e a d y  w i n d s ) ,  t h e  obvious  c h o i c e s  were s t a b l e  c l a s s  F and a  wind v e l o c i t y  of 

1 m / s  ( about  2 . 2  mph) . 
A number o f  models r e q u i r e d  t h e  ambient a i r  t empe ra tu r e .  T h i s  was 

f i x e d  a t  2 0 " ~  f o r  a l l  c a s e s ,  a g a i n  t o  f a c i l i t a t e  t h e  a n a l y s i s .  Although 

t empe ra tu r e  e f f e c t s  a r e  l i k e l y  t o  be s i g n i f i c a n t  i n  t h e  l i q u i d  f l a s h  and 

poo l  e v a p o r a t i o n  r a t e  models,  i t  was noted t h a t :  

U n c e r t a i n t i e s  i n  t h e  f l a s h  model ( i n  r ega rd s  t o  a e r o s o l  fo rmat ion  

and b o i l i n g  i n  c o n t a c t  w i t h  t h e  ground) a r e  l i k e l y  t o  overshadow 

t h e  s i m i f i c a n c e  of t h e  a i r  t empe ra tu r e ;  and 

The e v a p o r a t i o n  r a t e  model is  i n h e r e n t l y  c o n s e r v a t i v e  due t o  i t s  

c o n s t a n t  t empe ra tu r e  assumption and t h e  l a r g e  pool s i z e  e s t i ~ ~ e e s  

r e s u l t i n g  from t h e  pool  s i z e  e s t i m a t i o n  model. 

Remaining env i ronmenta l  s p e c i f i c a t i o n s  i nc luded  a  r e l a t i v e  nuinidit7 cf 

50% f o r  e s t i m a t i n g  a tmospher ic  t r a n s m i s s i v i t y ,  and a wind v e l o c i t y  of ze ro  f o r  

poo l  f i r e  a s s e s smen t s .  The f i r s t  cho i ce  was cons idered  r ea sonab l e  f o r  

u n i v e r s a l  a p p l i c a t i o n ;  t h e  second h a s  e s s e n t i a l l y  no e f f e c t ,  on the  ave r age ,  

upon t h e  accuracy  of r e s u l t a n t  impact e s t i m a t e s .  

D. 4 VAPOR DISPERSION IMPACTS 

4 computer program was developed f o r  a l l  impact assessments  i n v o l v i n g  t n e  

d i s p e r s i o n  of ga se s  and vapors .  Using t h e  b a s i c  e q u a t i o n s  f o r  i n s t a n t a n e o u s  

and con t inuous-source  d i s p e r s i o n  models, t he  program i t e r a t e d  t o  f i n d  t he  

jnaximum downwind e x t e n t  and maximum width of t h e  c loud  o r  plume a s s o c i a t e d  

w i t h  each  s p e c i f i e d  s c e n a r i o  and a i r b o r n e  c o n c e n t r a t i o n .  These dimensions 

were t hen  used t o  develop e s t i m a t e s  of impacted a r e a  magnitudes (assuming 



the  f o o t p r i n t s  resembled e l l i p s e s  o r  t r i a n g l e s ,  a s  a p p r o p r i a t e ) .  

For s p i l l s  of l i q u i d s ,  t h e  program f i r s t  a p p l i e d  t h e  l i q u i d  f l a s h ,  

pool  s i z e ,  and pool  evapora t ion  r a t e  models t o  e s t i m a t e  t h e  s i z e  and 

s t r e n g t h  of t h e  source .  In such c a s e s ,  assessments  e n t a i l e d  i n d i v i d u a l  

c o n s i d e r a t i o n  of t h e  f r a c t i o n  of  l i q u i d  t h a t  f l a s h e d  (assuming a n  i n s t a n -  

taneous  r e l e a s e )  and  t h e  f r a c t i o n  t h a t  evolved no re  s1owl.y from t h e  r e s u l -  

t i n g  pool  (assuming a  cont inuous  r e l e a s e ) .  Impact assessment  r e s u l t s  

p r e sen t ed  were t hose  a s s o c i a t e d  w i th  t h e  l a r g e s t  impacted a r e a s .  

When t h e  gases  o r  vapors  were flammable, i t  was neces sa ry  t o  i nco r -  

p o r a t e  t h e  i g n i t i o n  p r o b a b i l i t y  model i n t o  t h e  i t e r a t i v e  p r o c e s s .  Th i s  

r e q u i r e d  two p re l imina ry  d e c i s i o n s :  one d e a l i n g  w i t h  t h e  magnitudes of  

t h e  i g n i t i o n  sou rce  d e n s i t i e s  t o  be assumed, and t h e  o t h e r  w i t h  t h e  average  

p r o b a b i l i t y  a t  which a  c loud o r  plume w i l l  i g n i t e .  

Es t imates  f o r  i g n i t i o n  sou rce  d e n s i t i e s  evolved from a  r a t h e r  crude 

e v a l u a t i o n  of  i g n i t i o n  sou rces  i n  urban ,  suburban,  and r u r a l  s e t t i n g s .  

For t h e  product  "nf" i n  t h e  p e r t i n e n t  e q u a t i o n ,  r e s u l t s  were: 

Set  t i n %  Range * Geometric Nean*. 

Urban 80 - 800 CL 250 

Suburban 30 - 300 ". 100 

Rural  3 - 30 10  

2  * A l l  u n i t s  a r e  a c t i v a t i o n s l k m  -s 

The means shown above were used f o r  a l l  impact-assessment purposes .  The 

e s t i m a t e s  have s u b s t a n t i a l  u n c e r t a i n t i e s ,  b u t  must be cons idered  reasonable  

f o r  u se  a t  t h i s  time, given t h e  absence of a  b e t t e r  approach. 

The-program followed t h e  growth of  a  c loud o r  a  plume inc remen ta l l y ,  

and c a l c u l a t e d  t h e  p r o b a b i l i t y  of  i g n i t i o n  a s  a  func t ion  of t i m e .  Areas 

a f f e c t e d  by an  i g n i t i o n  were then e s t ima ted  by assuming i g n i t i o n  a t  prcb- 

a b i l i t i e s  between 0.45 and 0.55.  

A problem presen ted  i t s e l f  when t h e  gases  o r  vapors  were s imul taneous ly  

flammable and h i g h l y  t o x i c ,  s i n c e  i g n i t i o n  would prec lude  f u r t h e r  d i s p e r s i o n  



of t o x i c  con taminan ts  (assuming no similar e f f e c t  from combustion p r o d u c t s ) .  

I n  such  c a s e s ,  impact  r e s u l t s  f o r  t o x i c  c l o u d s  o r  plumes were  nanua l l y  

a d j u s t e d  t o  a ccoun t  f o r  i g n i t i o n  p r o b a b i l i t i e s .  Th i s  r e q u i r e d  c a l c u l a t i o n  

of t h e  r a t i o  of t h e  downwind d i s t a n c e  a t  which i g n i t i o n  was expec t ed  (w i th  

P = 0 .45  t o  0.55) and t h e  maximum downwind e x t e n t  of haza rd  w i t h  no i g n i t i o n ,  

and then m u l t i p l i c a t i o n  of t h i s  f r a c t i o n  by t h e  maxinum impact a r e a  a s so -  

c i a t e d  w i t h  a g iven  t o x i c  c o n c e n t r a t i o n  ( a g a i n  assuming no  i g n i t i o n ) .  

F i n a l l y ,  i t  must be  n o t e d  t h a t  a s p e c i a l i z e d  s u b r o u t i n e  Ar thu r  D. L i t t l e  

developed a number of y e a r s  ago was u t i l i z e d  f o r  e s t i m a t i o n  of  t h e  d i s p e r s i o n  

paramete rs  a and a as a f u n c t i o n  o f  downwind d i s t a n c e .  Developed w i t h  l e a s t  
Y z  

s q u a r e s  r e g r e s s i o n  t e chn iques ,  t h e  r o u t i n e  i n c o r p o r a t e s  t h e  g r a p h i c a l l y  

p r e s e n t e d  d a t a  i n  t h e  r e f e r e n c e s  of Appendix C.  

D.5 FIRE IXPACTS 

Pool  f i r e  s c e n a r i o s  were a d d r e s s e d  u s ing  a combinat ion of t h e  poo l  f i r e  

and poo l  s i z e  models ,  t h e  l a t t e r  assuming t h a t  a l l  h a z a r d o u s - m t e r i a l s  

r e l e a s e d  form z pool  ( i . e . ,  l i q u i d  i s  n o t  a l lowed  t o  f l a s h ) .  Given s p e c i f i e d  
;1( 

damage c r i t e r i a ,  a computer program sea r ched  t h e  r a d i a t i o n  f l u x  p r o f i l e  

from t h e  flame t o  f i n d  t h e  a s s o c i a t e d  s e p a r a t i o n  d i s t a n c e s  and,  u l t i r r a t e l y ,  

t h e  magnitudes of t h e  impacted a r e a s .  Where exposure  times were n e c e s s a r y ,  

i t  was assumed t h a t  people  would f i n d  s h e l t e r  o r  run a s u f f i c i e n t  d i s t a n c e  

from t h e  f i r e  w i t h i n  30 seconds.  B u i l d i n g s ,  however, were  a l lowed  con t i nuous  

exposure  f o r  t h e  d u r a t i o n  of t h e  f i r e  o r  a maximum of 1 hou r  (assuming t h e  

p r e sence  of f i r e f i g h t i n g  a c t i v i t i e s  a t  o r  b e f o r e  t h i s  l i m i t ) .  

** 
The p rocedu re s  a p p l i e d  f o r  f l ame jets and burn ing  flammable s o l i d s  

were e s s e n t i a l l y  i d e n t i c a l .  I n  t h e  c a s e  of  vapor-cloud f l a s h  f i r e s ,  r e s u l t s  - ... 4 

from tce vapor -d i spers ion  a n a l y s i s  were used t o  d e f i n e  t h e  a r e a  t h a t  wocld 

be engu l f ed  i n  f lames a t  t h e  t i m e  and l o c a t i o n  of  i g n i t i o n .  These areas were 

t aken  t o  r e p r e s e n t  t hose  of  p o t e n t i a l  l e t h a l i t y  and b u i l d i n g  i g n i t i o n .  

Because of  insurmountab le  d i f f i c u l t i e s ,  t h e  r a d i a t i o n  f l u x  p r o f i l e  from t h e  

moving f lame f r o n t  t o  an o b s e r v e r  o u t s i d e  t h e  c loud  o r  plume cou ld  n o t  b e  

f u l l y  e v a l u a t e d ,  however. Thus, i t  was assumed t h a t  i n j u r i e s  would n o t  occur  

because of t h e  n e c e s s a r i l y  b r i e f  r a d i a t i o n  exposures  a s s o c i a t e d  x i t h  such 

e v e n t s  . 
* 2 

S o l a r  i s o l a t i o n  assumed t o  b e  150 B t u l h r - f t  . ** 
Hole s i z e  assumed t o  b e  12 i nches .  
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The f i r e b a l l  inpact-assessmen t procedure ( f o r  BLZVE e f f e c t s )  had 

t h r e e  s i g n i f i c a n t  f e a t u r e s :  

The f i r e b a l l  was f i x e d  a t  i t s  maximum diameter  a t  one-half 

i ts  naximum he igh t .  

30 limits were placed on human o r  proper ty  exposure t imes ,  

s i n c e  they could b e  e s t ima ted  and tended t o  b e  b r i e f .  

Average impacts were eva lua t ed  by assuming t h a t  on ly  h a l f  

t h e  cargo p a r t i c i p a t e s  in f i r e b a l l  format ion ,  whereas worst-  

case  impacts assumed involvement by t h e  e n t i r e  cargo.  

D. 6 EXPLOSION IMPACTS 

The equat ions  presented  f o r  t h e  vapor cloud de tona t ion  model 

(Appendix C) were rear ranged  t o  provide  e x p l i c i t l y  t he  r a d i a l  d i s t a n c e s  

a s s o c i a t e d  wi th  s p e c i f i e d  damage c r i t e r i a .  The f r a c t i o n  of hazardous 

m a t e r i a l s  a v a i l a b l e  f o r  de tona t ion  was conse rva t ive ly  assumed t o  b e  7 . 5 X  

f o r  t h e  average event  and 15X f o r  t h e  worst-case event.  Explosions 

involv ing  o t h e r  s cena r ios  were addressed ,  assuming t h e  e n t i r e  amount 

s ~ i l l e d  was detonable.  

D. 7 OTHER LIMITATIONS 

The major l i m i t a t i o n s  of t h e  impact-assessment methodology should be  

l i s t e d  f o r  cons ide ra t ion  as f u t u r e  developmental e f f o r t s .  They a r e :  

1. Vapor d i spe r s ion  models assume n e u t r a l l y  buoyant vapors  o r  

gases ;  they may b e  non-conservative f o r  many hazardous 

m a t e r i a l s ;  exces s ive ly  conse rva t ive  f o r  o t h e r s .  

2 .  Vapor-dispersion models assume f l a t  open land. Buildings,  

trees, and o t h e r  o b s t r u c t i o n s  tend t o  enhance mixing, bu t  

l e s sen  hazard e x t e n t s .  

3. Impact assessments  f o r  t o x i c  vapor o r  gas  r e l e a s e s  do n o t  

r i g o r o u s l y  cons ide r  t h e  t ime/concent ra t ion  e f f e c t s  upon humans. . 

Damage c r i t e r i a  r e q u i r e  ref inement  through comprehensive search  

and a n a l y s i s  of t o x i c o l o g i c a l  l i t e r a t u r e .  



The pool s i z e  e s t ima t ion  nodel i s  r a t h e r  a r b i t r a r y  i n  na tu re .  

Tool s i z e  a f f e c t s  impact, but a  r e a l i s t i c  spreading s o d e l  i s  

unavai lab le .  

Tank c a r  rocket ing  i s  a p o t e n t i a l l y  devas ta t ing  event not 

addres sab le  with c u r r e n t  knowledge. 

P o t e n t i a l l y  t o x i c  products  of combustion were no t  addressed 

because of t he  cons iderable  e f f o r t  requi red  t o  do so.  

The l ists of r e p r e s e n t a t i v e  hazardous m a t e r i a l s  f o r  each 

category were der ived  from d a t a  f o r  a l l  hazardous-material  

s p i l l s .  An a n a l y s i s  of r a i l r o a d  a c c i d e n t s  a lone  may a l t e r  

r e s u l t s .  

The e n t i r e  concept of using r e p r e s e n t a t i v e  hazardous ma te r i a l s  

i n  t h e  risk-assessment procedure has an  adverse e f f e c t  on the  

v a l i d i t y  of the  a n a l y s i s .  Considerat ion should be given t o  

chemica l -spec i f ic  impact assessment through automated means. 

X more r igorous t reatment  of pool evapora t ion  2henomena 

may be  warranted. 

The vlew f a c t o r  e s t ima t ion  technique f o r  pool f i r e s  can be 

improved wi th  a d d i t i o n a l  e f f o r t .  

The e n t i r e  s u b j e c t  a r e a  of igni t ion-source  d e n s i t i e s  and 

i g n i t i o n  p r o b a b i l i t i e s  has never been t r e a t e d  wel l .  

Developmental work i n  t h i s  a r e a  might be worthwhile. 

Impact due t o  vapor f l a s h  f i r e s  warrants  f u r t h e r  i n v e s t i g a t i o n .  

The emissive power of flames from d i f f e r e n t  hazardous 

ma te r i a l s  can be q u a n t i f i e d  b e t t e r ;  some experimental  work 

and/or  an a d d i t i o n a l  l i t e r a t u r e  search  might l e a d  t o  a  b e t t e r  

understanding of impacts from open flames. 

I g n i t i o n  c r i t e r i a  f o r  wood w a s  based upon long-term exposure 

da ta .  A need e x i s t s  t o  b e t t e r  review short-term, high 

r ad ia t ion - in t ens i ty  e f f e c t s .  



15. The a n a l y s i s  e s s e n t i a l l y  assumed t h a t  compressed l i q u e f i e d  

ga se s  were sh ipped  a t  ambient  t a p e r a t u r e s .  Improvements a r e  

p o s s i b l e  f o r  t hose  sn ipped  i n  i n s u l a t e d  o r  r e f r i g e r a t e d  cars 

a t  l m e r  temperatur*.  

16.  The haza rd s  and impacts  of hazardous s o l i d s ,  o x i d i z e r s ,  

o r g a n i c  pe rox ide s ,  and t h e  l i k e ,  have n e v e r  been s t u d i e d  w e l l .  

Hos t ,  i f  n o t  a l l ,  work h a s  been d i r e c t e d  toward g a s e s  and 

l i q u i d s  w i t h  common a c t i o n s  upon r e l e a s e .  

17.  The a n a l y s i s  d i d  n o t  c o n s i d e r  e x p l o s i v e s  o r  r a d i o a c t i v e  

m a t e r i a l s .  

18. R e s u l t s  of BLEVE model a p p l i c a t i o n  were n o t  a lways r e a l i s t i c .  

A more r i g o r o u s  a n a l y s i s  i n v o l v i n g  t h e  t ime-growth-r ise  

h i s t o r y  of t h e  f i r e b a l l  is  nece s sa ry .  

116 copies 




