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PREFACE 

Methods f o r  d e t e r m i n i n g  t h e  i n i t i a l  v e l o c i t y  and mass d i s t r i -  

b u t i o n s  o€ f r a g m e n t s  from e f f e c t i v e n e s s  tests of e x p l o s i v e  bombs 

and p r o j e c t i l e s  are rev iewed b r i e f l y .  The i n f l u e n c e  of t h e  prox-  

i m i t y  o f  weapons t o  e a c h  o t h e r  o n  t h e  p r o p e r t i e s  of f r a g m e n t s  

e m i t t e d  from a s t a c k  i s  d i s c u s s e d .  T e c h n i q u e s  fo r  c a l c u l a t i n g  t h e  

b a l l i s t i c  t ra jec tor ies  of f r a g m e n t s  c o n s i d e r i n g  a t m o s p h e r i c  d r a g  

and g r a v i t y  forces are o u t l i n e d .  

I n j u r y  c r i t e r i a  i n  c u r r e n t  u s e  are compared, and a s i m p l e  p r o -  

c e d u r e  fcr e s t i m a t i n g  i n j u r y  p r o b a b i l i t y  as a f u n c t i o n  of d i s t a n c e  

f r o m  t h t .  er . .p losion p o i n t  i s  s u g g e s t e d .  When v a l i d a t e d  by Lcsts 

d e s i g n e d  f o r  t h i s  p u r p o s e ,  t h e  p r o c e d u r e  may p r o v i d e  a r a t i o n a l  

:>asis f o r  t r e a t i n g  t h e  h a z a r d s  from f r a g m e n t - p r o d u c i n g  ammunition. 
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FRAGMENT AND D E B R I S  HAZARDS 

I S .T RODU CT I 17 N 

The a n a l y s i s  of f ragment  and  d e b r i s  h a z a r d s  i s  c o n s i d e r a b l y  less 

developed  t h a n  t e c h n i q u e s  f o r  p r e d i c t i n g  b l a s t  damage from d e t o n a t i o n  

ill a q u a n t i  i-y uf  e x p l o s i v e  material. G e n e r a l l y ,  w h i l e  t h e  e f f e c t s  of 

ijlast may t r e a t e d  d e t e r m i n i s t i c a l l y ,  t h e  i n v e s t i g a t i o n  of f r a g m e n t  

e i f e c r s  recjiiires a p r o b a b i l i s t i c  a p p r o a c h .  The r e a s o n  f o r  t h i s  i s  thaL 

t h e  iragnle:l;acior: p r o c e s s  i n v o l v e s  a d e g r e e  of randomness i n  t h e  phe-  

noiiienori of f r a c t u r e  of metal case material s u r r o u n d i n g  t h e  b u r s t i n g  

c h a r g e .  Hence t h e  r e s u l t i n g  f r a g m e n t  mass d i s t r i b u t i o n s  c a n n o t  be 

p r e d i c t e d  from a n  u n d e r l y i n g  e l e m e n t a r y  t h e o r y ,  and  v a r i a t i o n s  are t o  

be e x p e c t e d  i n  s u c c e s s i v e  f i r i n g s  u n d e r  o s t e n s i b l y  i d e n t i c a l  c o n d i t i o n s .  

Moreover ,  g!,i.ven t h e  random n a t u r e  of t h e  breakup of case material, and 

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

parameters s u c h  as t h e  impact  d i s t a n c e  and v e l o c i t y  w i l l  also e x h i b i t  

s t a t i s t i c a l  v a r i a t i o n s .  The t c r m i n a l  b a l l i s t i c  p r o p e r t i c - s  i n  t u r n  

d e t e r m i n e  h a z a r d  leve ls .  

In what f o l l o w s ,  t h e  eler i ients  c o n s i d e r e d  i n  the a n a l y s i s  of f r a g m e n t  

h a z a r d s  are o u t l i n e d  a n d ,  where p o s s i b l e ,  a p p r o x i m a t e  r e l a t i o n s h i p s  are 

g i v e n  which may be h e l p f u l  i n  e s t i m a t i n g  f ragment  h a z a r d s .  

WEAPON b' RAGMENTAT IO N 

'i'he f r-agments erni t t e d  from d e t o n a t i o n  of a s i n g l e  weapon are c h a r -  

a c t e r i z e d  I)y t h e  d i s t r i l w c i o n  of t h e i r  number w i t h  r e s p c c l  to f ragment  

mass, and I JY  t h e i r  i n i t  in1 v e l o c i t i e s .  tioth t h e  inass c l i s t  L-ibuLion and 



Lhe 

mu ri 

v e l o c i  t y are f u n c t i o n s  of p o l a r  aiig L e  measured f roni L he nose  of a 

t i o n  a5surned t o  be a x i a l l y  symmetric, s u c h  as a bomb o r  p r o j e c t  le .  

Arena resting 

The d i s t r i b u t i o n  of number of f r a g m e n t s  w i t h  r e s p e c t  to  f r a g m e n t  

mass ,  and t h e i r  v e l o c i t i e s ,  are d e t e r m i n e d  e x p e r i m e n t a l l y  by  s t a t i c  

d e t o n a t i o n  of s i n g l e  weapons i n  a n  a r e n a  of w i t n e s s  p a n e l s  and r e c o v e r y  

boxes c o n t a i n i n g  material i n  which f ragirients are t r a p p e d ,  and from which 

t h e y  c a n  be s e p a r a t e d . l *  

u s e d  i f  t h e  r e c o v e r y  medium c o n s i s t s  o f  loose material s u c h  as s a w d u s t .  

S c r e e n i n g  o r  m a g n e t i c  s e p a r a t i o n  t e c h n i q u e s  are 

b u n d l e s  o r  c a r d  p a c k s ,  i f  used  as fragmenL t r a p s ,  are a b o u t  

ck .  They r e q u i r e  d i s a s s e m b l y  and a t e d i o u s  p r o c e s s  of f r a g m e n t  

Ei be r b o a r d  

a meter t h  

e x t r a c t i o n  

A p l a n  v iew of a f r a g m e n t  test a r e n a  i s  s k e t c h e d  i n  F i g u r e  1. 

Assuming a n  a x i a l l y  symmetr ic  weapon d e t o n a t e d  w i t h  i t s  a x i s  h o r i z o n t a l  

a t  t h e  m i d - h e i g h t  of t h e  r e c t a n g u l a r  a r e n a ,  i t  i s  e v i d e n t  that. zones  

d e f i n e d  by i n t e r v a l s  of p o l a r  a n g l e  w i l l  be p r o j e c t e d  as g e n e r a l l y  c u r v e d  

bands o n  t h e  a r e n a  p a n e l s .  T h e r e f o r e  t h e  p a n e l s  c a n  be c o n s i d e r e d  t o  

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

p o l a r  zones  o f  t h e  weapon. The sample ra t io  i s  d e t e r m i n e d  from e l e m e n t a r y  

g e o m e t r i c  c o n s i d e r a t i o n s ,  assuming r o t a t i o n a l  symmetry and assuming f u r t h e r  

t h a t  f r a g m e n t s  t ravel  i n  s t r a i g h t  l i n e s  over d i s t a n c e s  of t h e  o r d e r  of 

a r e n a  dinitriisions. The a r e n a  r a d i u s  i s  u s u a l l y  d e s i g n e d  t o  be a b o u t  4 m/kg , 1 / 3  

-k 
S u p e r s c r i p t  numerals  d e s i g n a t e  appended r e f e r e n c e s .  

2 



s c a l e d  by  t h e  q u a n t i t y  of e x p l o s i v e  i n  t h e  weapon under  t e s t .  A t  t h i s  

d i s t a n c e  t h e  b l a s t  p r e s s u r e  i s  a b o u t  0 . 7  b a r s .  

Average f ragment  v e l o c i t y  i n  t r a v e r s i n g  t h e  arena r a d i u s  i s  d e t e r -  

.:lined by h i g h -  speed  m o t i o n - p i c t u r e  photography of t h e  e x t e r i o r  of t h e  

a re r i a .  b a s e d  on  t h e  t i m e  i n t e r v a l  between t h e  l i g h t  of d e t o n a t i o n  and 

:he f l a s h  caused  by f r a g m e n t s  i n  p e r f o r a t i n g  p a n e l s  of aluminum a l l o y  

o r  m i l d  s tee l  less  t h a n  1 mn t h i c k .  A l t e r n a t i v e l y ,  t h e  h o l e s  may be  

i l l  uniinated by p h o t o f l a s h  b u l b s  e n c l o s e d  between t h e  p a n e l s  and  aluminuiii 

f o i l  s h e e t s  s e r v i n g  as r e f l e c t o r s .  The i n i t i a l  v e l o c i t i e s  01 f r a g m e n t s  

i n  e a c h  p o l a r  zone are d e t e r m i n e d  by c o r r e c t i n g  th(. ineasured a v e r a g e  

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

by t h e  f r a g m e n t s  ( t h e  a r e n a  r a d i u s )  d u r i n g  t h e  measured t i m e  i n t e r v a l .  

Fragments  e x t r a c t e d  from t h e  r e c o v e r y  medium i n  e a c h  p o l a r  zone are 

1:cighed i n d i v i d u a l l y  and c l a s s i f i e d  i n t o  g r o u p s  d e f i n e d  by weight  i n t e r v a l s  

s p e c i f i e d  i n  advance .  Automat ic  s y s t e m s  have been d e v e l o p e d  t o  assist  t h i s  

e i - f o r t .  Earlier methods i n v o l v e d  t h e  u s e  of  s t a n d a r d - m e s h  sieves and  

a p p r o x i m a t e  r e l a t i o n s h i p s  between a v e r a g e  weight  i n  a weight  group and i t s  

c o r r e l a t i o n  w i t h  s i e v e  s i z e .  

Mass D i  s t r i  b u t  i o n  

It j s  c o n v e n i e n t  t o  rcprcsent lragnicnt iiiass d a t a  i n  t h c  l'orm of t h e  

c u : , ~ u l a t i v e  d i s t r i b u t i o n  of Lhe number N of Lraginents i n d i v i d u a l l y  h e a v i e r  

t h a n  mass i i i ,  as a f u n c t i o n  of m .  Such a f u n c t i o n  may be dctc>rniined d i r e c t l y  

f rom ;he e x r ) c r i m e n t a l  r e s u l t s  o b t a i n e d  by a r e n a  t e s t i n g .  An a n a l y t i c  

e x p r e s s i o n  cornmonty used  t o  a p p r o x i m a t e  s u c h  d a t a  i s  t h e  irlott d i s t r i b u t i o n :  2 

x = (!,;, /m 0 )exp(- (2m/nio)1 /2)  

3 



where 

f ragment  mass. S te rnbe$  r e c e n t l y  obse rved  t h a t  t h e  fo rmula  g i v e s  a 

r e a s o n a b l y  good f i t  of t h e  r e s u l t s  f rom uncapped s teel  c y l i n d e r s  o n l y  

i n  a c e n t r a l  p o r t i o n  of t h e  f r agmen t  mass range .  On t h e  o t h e r  hand ,  

t h e  e x p r e s s i o n  may s imply  be  r e g a r d e d  as a two-parameter  f i t  o€ f ragment  

d a t a ,  t h e  v a l u e s  b e i n g  chosen  t o  f i t  b e s t  t h e  r ange  of  f ragment  mass of 

g r e a t e s t  i n t e r e s t .  

i s  t h e  t o t a l  mass of a l l  t h e  f r a g m e n t s ,  and mo i s  t h e  ave rage  

T a b l e  1,  t a k e n  f rom S t e r n b e r g , 3  l i s t s  t h e  a v e r a g e  

weight  M of f r a g m e n t s  weighing  more t h a n  1 g r a i n  ( 1 5 . 4  g r a i n s  = 1 gram) 

f rom tes ts  w i t h  uncapped,  c o l d - r o l l e d  steel  c y l i n d e r s .  F o r  most e x p l o -  

sives t h i s  a v e r a g e  i s  about  1 gram. 

A s  w i l l  be  no ted  la ter ,  i t  a p p e a r s  t h a t  f r a g m e n t s  f rom s t a c k s  o f  

ammunition have  g e n e r a l l y  coarser mass d i s t r i b u t i o n s  t h a n  from s i n g l e  

u n i t s  d e t o n a t e d  i n  i s o l a t i o n .  Moreover, t h e  l a r g e s t  f r agmen t s  w i l l  be 

t h e  most e f f i c i e n t  b a l l i s t i c a l l y .  A t  d i s t a n c e s  of  p r a c t i c a l  i n t e r e s t  i n  

t h e  c o n t e x t  of s a f e t y ,  t h e r e f o r e ,  i t  i s  t h e  c o a r s e  end  of t h e  f ragment  inass 

d i s t r i b u t i o n  which w i l l  be  of  g r e a t e s t  conce rn .  A d i s t r i b u t i o n  of t h e  Mott 

form g i v e n  above ,  b u t  l i m i t e d  t o  r e p r e s e n t i n g  t h e  high-mass end  of  t h e  

f ragment  spec t rum de te rmined  by tes ts ,  may be  u s e f u l  f o r  summarizing and  

r e p o r t i n g  f r agmen t  d a t a ,  and i n  s u b s e q u e n t l y  a n a l y z i n g  h a z a r d  l e v e l s .  

I n i t i a l  V e l o c i t y  

The i n i t i a l  v e l o c i t y  can  be  de t e rmined  from t h e  a v e r a g e  v e l o c i t y  

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

r a d i u s  i n  a n  a r e n a  t e s t .  Al though a r ange  of f r agmen t  v e l o c i t y  may be 

obse rved  from f r a g m e n t s  a r r i v i n g  s u c c e s s i v e l y  at a w i t n e s s  pane l  i n  a g i v e n  

p o l a r  zone ,  i n  p r a c t i c e  o n l y  a s i n g l e  v a l u e  of v e l o c i t y  i s  u s u a l l y  r e p o r t e d  
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f o r  e a c h  zone.  T h i s  i s  b e c a u s e  i t  i s  g e n e r a l l y  n o t  p r a c t i c a b l e  t o  

o b s e r v e  s p e c i f i c  f r a g m e n t s ,  t o  d e t e r m i n e  t h e i r  ve loc i t ies  i n d i v i d u a l l y ,  

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

To o b t a i n  s u c h  i n f o r m a t i o n  e x p e r i m e n t a l l y  would r e q u i r e  e x c e p t i o n a l l y  

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

kken i t  i s  n o t  p o s s i b l e  t o  make v e l o c i t y  measurements  i n  f r a g m e n t a t i o n  

ezperirrient.: t h e  v e l o c i t y  of f r a g m e n t s  may be  e s t i m a t e d  from a f o r m u l a  

c r e d i t e d  t o  G ~ r n e y . ~  The  b a s i s  f o r  t h e  r e l a t i o n s h i p  i s  a n  a n a l y s i s  of 

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

n a l  g a s  p r e s s u r e .  T h i s  r e p r e s e n t s  t h e  e x p a n s i o n  of d e t o n a t i o n  produc, t  g a s e s  

under  t h e  a s s u m p t i o n  of u n i f o r m  b u t  t i m e - v a r y i n g  p r e s s u r e  and d e n s i t y ,  and 

a l i n e a r  v e l o c i t y  p r o f i l e ,  as i n  t h e  classical  Lagrange  problem of i n t e r i o r  

l ~ a l l i s t i c s . ~  The r e s u l t  of t h e  a n a l y s i s  i s  t h e  f o r m u l a  

v2 = 2~ / ( M / c  - n / ( n  T 2 ) )  

where ( 2 E 1 1 j 2  i s  t h e  Gurney v e l o c i t y ,  a c o n s t a n t  f o r  a g i v e n  e x p l o s i v e .  

\*I/C i s  he r r ie ta l - to-charge  weight  r a t io ,  and n = 1 ,  2 ,  o r  3 f o r  p l a n e ,  

c y l i n d r  c a l :  a n d  s p h e r i c a l  symmetry. 

p l o t  of t h i s  e x p r e s s i o n  and of t h e  f o r m u l a  f o r  a n  asymmetr ic  p l a n e  case as 

w e l l .  

V = ( 2 E 1 1 1 2  f rom a n a l y s i s  of measurements  i n  e x p e r i m e n t s  conducted  a t  t h e  

Naval Ordnance L a b o r a t o r y  (NOLI and a t  t h e  Lawrence Livermore L a b o r a t o r y  (LLL)  

F i g u r e  2 ,  t a k e n  from Kennedy5, i s  a 

T a b l e  2 ,  t a k e n  from Jacobs' ,  i s  a r e c e n t  c o m p i l a t i o n  of v a l u e s  of  

F: 

S t a c k  E f f e c t s  

'I'h(:rc: are s t r o n g  i ridi caL i o n s  t h a t  t h e  Lragmentat  i o n  c h a i - a c t c r i s t i c s  

of  s t a c k s  of weapons d i P f c r  s i g n i f i c a n t l y  froiii t h o s e  of ~i s i n g l e  u n i t  
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d e t o n a t e d  i n  i s o l a t i o n .  I n  g e n e r a l ,  large f r a g m e n t s  are r e l a t i v e l y  

mort-: nurric’rous t h a n  from a s i n g l e  u n i t .  The effect. i s  a p p a r e n t l y  more 

pronounccxl f o r  weapons w i t h  s m a l l  c h a r g e - t o - m e t a l  ratios ( a r t i l l e r y  

p r o j e c t i l e ~ ) ~ y ~  t h a n  f o r  d e m o l i t i o n  bombs.’ I n  a d d i t i o n ,  t h e  v e l o c i t y  

of t h e  l e a d i n g  f r a g m e n t s  from a stack of p r o j e c t i l e s  h a s  been  o b s e r v e d  

t o  be as much as twice t h e  v a l u e  fo r  a s i n g l e  p r o j e c t i l e .  19 

? h e  c o a r s e n i n g  of t h e  mass d i s t r i b u t i o n  a t  d i s t a n c e s  of i n t e r e s t  i n  

t h e  c o n t e x t  of safety i s  p o s s i b l y  d u e  i n  p a r t  t o  t h e  p r o x i m i t y  of a d j a c e n t  

weapons i n  a c l o s e l y - p a c k e d  s t a c k .  The r a d i u s  of a n  i s o l a t e d  c y l i n d r i c a l  

case o f  m i l d  steel  f i l l e d  w i t h  e x p l o s i v e  w i l l  d i l a t e  t o  a b o u t  t w i c e  i t s  

i n i t i a l  s i z e  b e f o r e  v e n t i n g  o c c u r s  .6 

i n  a s t a c k  w i l l  n e c e s s a r i l y  affect  t h e  breakup of t h e  cases. Secondly ,  

i n i t i a t i o n  of d e t o n a t i o n  of  s u c c e s s i v e  u n i t s  may be  i m p e r f e c t ,  b e i n g  

communicated by  t h e  shock of case i m p a c t .  F i n a l l y ,  a t m o s p h e r i c  d r a g  acts  

t o  f i l t e r  small f r a g m e n t s  p r e f e r e n t i a l l y  E r o n i  t h e  mass d i s t r i b u t i o n  as t h e  

d i s t a n c e  f rom t h e  s o u r c e  i n c r e a s e s .  The c i f e c t s  of close p a c k i n g  i n  a 

s t a c k  on t h e  mass d i s t r i b u t i o n  and o n  t h e  i n i t i a l  v e l o c i t i e s  of f r a g m e n t s  

must b e  d e t e r m i n e d  e x p e r i m e n t a l  l y. 

FRAGMEhT EALLI STI CS 

Mechanical  i n t e r f e r e n c e  between u n i t s  

I f  t h e  mass d i s t r i b u t i o n  and  t h e  v e l o c i t y  of f r a g m e n t s  a t  t h e  s o u r c e  

are known, i t  i s  p o s s i b l e  t o  estimate f r a g m e n t  number d e n s i t i e s  and veloc- 

i t i e s  a t  iirrpact f rom a n  a n a l y s i s  of f ragment  t ra jec tor ies .  G r a v i t y  may 

have  a s i p n i f i c a n t  i n f l u e n c e  o n  t h e  trajectories o f  f ragnien ts  which travel 

I a r g e  d1 star1cr.s from t h e  sour-cc.  
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B a l l  i s  t i c  P r o p e r t i e s  

P a r a m e t e r s  which d e t e r m i n e  t h e  r e t a r d a t i o n  of f r a g m e n t  v e l o c i t y  i n  

a i r  i n c l u d e  t h e  f ragment  mass, i n i t i a l  ve loc i ty ,  mean p r e s e n t e d  area, and 

d r a g  c o e i f i c i e n t .  The d r a g  force a c t i n g  on  a f r a g m e n t  i s  p r o p o r t i o n a l  t o  

t h e  mean p r e s e n t e d  area. T h i s  area i s  t h e  a v e r a g e  s i l h o u e t t e  area p r o j e c t e d  

on a p l a n e  normal t o  t h e  t r a j e c t o r y  d i r e c t i o n .  I t  c a n  be d e t e r m i n e d  by 

nicasurements on  r e c o v e r e d  f r a g m e n t s  u s i n g  a n  a p p a r a t u s  known as a n  icosa- 

hedron  g a g e .  The g a g e  c o n s i s t s  o f  a l i g h t  s o u r c e ,  c o l l i r n a t i n g  and con- 

d e n s i n g  l e n s e s ,  a c r o s s e d  w i r e  s u p p o r t  f o r  t h e  f r a g m e n t ,  and a l i g h t  level  

d e t e c t o r .  The  p r o j e c t e d  area i s  measured by means o f  t h e  l i g h t  o b s c u r e d  

by t h e  Lragment i n  t h e  c o l l i m a t e d  beam i n  16 e q u a l l y  s p a c e d  o r i e n t a t i o n s ,  

and t h e  a v e r a g e  i s  t a k e n  as t h e  mean p r e s e n t e d  area. A l t e r n a t i v e l y ,  f o r  

preformed g e o m e t r i c a l l y  r e g u l a r  f r a g m e n t s  s u c h  as c u b e s  or n e a r l y  c u b i c  

p a r a l l e l e p i p e d s  whose s u r f a c e  area i s  known o r  r e a d i l y  c a l c u l a t e d ,  u s e  c a n  

be made of t h e  p r o p e r t y  t h a t ,  f o r  a closed s u r f a c e  which i s  everywhere convex ,  

t h e  mean p r e s e n t e d  area i s  o n e - f o u r t h  t h e  s u r f a c e  area. 

If t h e  f r a g m e n t s  from a g i v e n  weapon are assumed to  be g e o m e t r i c a l l y  

similar,  t h e  mass m and p r e s e n t e d  area A are r e l a t e d  by PI = kA 3 / ’ .  

of k ,  c a l l e d  a shape  iacLor or  b a l l i s t i c  d e n s i t y ,  may be de te rn i ined  from 

\reighL and p r e s e n t e d  a r c a  measurements  o n  f r a g m e n t s  r e c o v e r e d  from tests of  

p a r t i c u l a r  weapons.  AlLhough t h e  v a l u e  of k d i f f e r s  froin one  weapon t o  

a n o t h e r ,  f o r  f o r g e d  steel  p r o j e c t i l e s  and f r a g m e n t a l i o n  bombs t h e  a v e r a g e  

v a l u e  of 660 g r a i n ~ l i n . ~  (2.60 g/cm3) h a s  been recommended, w h i l e  f o r  dem- 

Values  

o l i t i o n  bombs t h e  v a l u e  590 g r a i n ~ / i n . ~  ( 2 . 3 3  g/cm 3 1 h a s  been a p p l i e d .  
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I:? c o n t r a s t ,  f o r  s t ee l  c u b e s  and s p h e r e s  t h e  v a l u e s  are 1083 and 1490 

g r a i n s / i n . >  b a s e d  on t h e  d e n s i t y  of steel  and o n  t h e  p r o p e r t y  g o v e r n i n g  

t h e  m e a n  p r o j e c t e d  area of c l o s e d  convex s u r f a c e s .  

7 

The d r a g  p r e s s u r e  a c t i n g  o n  a f ragment  i s  a s s u n e d  t o  fo l low a 

v e l o c i t y - s q u a r e d  l a w .  The r e t a r d i n g  io rce  on t h e  f ragment  i s  t h e r e f o r e  

p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  t h e  mean p r e s e n t e d  area a d  t h e  s q u a r e  of 

t h e  v e l o c i t y .  The d i m e n s i o n l e s s  c o e f f i c i e n t  of p r o p o r t i o n a l i t y ,  t h e  d r a g  

c o e f f i c i e : i t ,  i s  d e t e r m i n e d  e x p e r i m e n t a l l y  as a f u n c t i o n  of Mach number by 

f i r i n g  f ragmenEs r e c o v e r e d  f r o n  d e t o n a t i o n  t e s t s  f rox a smooth-bore l a u n c h e r ,  

and o b s e r v i n g  t h e  d e c r e a s e  of v e l o c i t y  w i t h  d i s t a n c e . "  

c o e f f i c i e n t  CD a g a i n s t  Mach number a p 2 e a r s  i n  F i g u r e  3 .  

w i t h  Flach namber be tween s u b s o n i c  and s i i p e r s o n i c  s p e e d s  i s  s e e n  t o  be  

r a t h e r  n o d e s t  d e s p i t e  a peak  n e a r  t h e  so-ind speed. A u s e f u l  a p p r o x i m a t i o q  

f o r  m a ~ y  a p p l i c a t i o n s  i s  t o  ta!ie t h e  d r a g  c o e f f i c i e n t  as c o n s t a q t  a t  i t s  

s u p e r s o n i c  v a l u e  of 1 . 2 8 .  

A p l o t  of d r a g  

I ts  v a r i a t i o n  

I r a i e c t o r y  A n a l y s i s  

I hz - 1 1  i t i o n  of a f ragment  t h r o u g h  a i r  u n d e r  t h e  a c t i o n  of d r a g  and 

_ _  -- 
- 

g r a v i t y  f o r c e s  i s  govern& by n o n l i n e a r  e q J a t i o n ;  which c a n n o t  be s o l v e d  

a n a l y t i c a l l y .  I f  t h e  force of  g r a v i t y  i s  n e g l e c t e d ,  however,  t h e  e q u a t i o n  

of mution c a n  be  i n t e g r a t e d  i n  t h e  case of a c o n s t a n t  drag c o e f f i c i e n t  t o  

ohtai i r  t l i c  v c l o c i L y  v as a s i m p l e  e x p o n e n t i a l  f u n c t i o n  oE d i s t a n c e  R ft-om 

t h e  orj  5; i  r i :  

v V ctxp ( - i : / L )  
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wlicrc Lhe p a r a m e t e r  I, i s  d e f i n e d  by 

i f  w e  assume g e o m e t r i c a l l y  similar f r a g m e n t s  whose p r e s e n t e d  area and  

mass are r e l a t e d  by t h e  s h a p e  f a c t o r  k d e f i n e d  p r e v i o u s l y ,  where p i s  

t h e  a t m o s p h e r i c  d e n s i t y .  The p a r a m e t e r  L r e p r e s e n t s  t h e  d i s t a n c e  i n  which 

t h e  f r agmen t  v e l o c i t y  d r o p s  t o  l / e  of i t s  i n i t i a l  v a l u e .  I t  can  be 

w r i t t e n  as 

L = Llm 1 / 3  

where L1 i s  t h e  c o r r e s p o n d i n g  d i s t a n c e  f o r  a u n i t  mass. 

k = 2.6 g/cm3 and CD = 1 . 2 8 ,  w e  f i n d  t h a t  L1 = 247 1 1 1 / k g ~ / ~  i n  a i r  a t  

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

F o r  

A method h a s  been  d e v e l o p e d  f o r  s o l v i n g  the f u l l  e q u a t i o n s  o f  mot ion  

of a f r a g m e n t ,  c o n s i d e r i n g  t h e  e f f e c t s  o f  b o t h  d r a g  and  g r a v i t y . l l  

a p p r o x i m a t e  l o c a l  s o l u t i o n  w a s  o b t a i n e d  by s p l i t t i n g  t h e  i n c r e m e n t a l  d i s -  

An 

p lacement  component a l o n g  t h e  p a t h  i n t o  two p a r t s ,  one  a b a s i c  s o l u t i o n  

s a t i s f y i n g  t h e  e q u a t i o n  of mot ion  w i t h  g r a v i t y  a b s e n t ,  and  t h e  o t h e r  a 

p e r t u r b a t i o n  s a t i s f y i n g  t h e  set of l i n e a r i z e d  r e s i d u a l  e q u a t i o n s .  T h i s  

amounts t o  r e g a r d i n g  g r a v i t y  as a p e r t u r b i n g  e f f e c t  on t h e  s t r a i g h t  t ra-  

j e c t o r y  which r e s u l t s  when a t m o s p h e r i c  d r a g  a l o n e  i s  c o n s i d e r e d .  

The p e r t u r b a t i o n  s o l u t i o n  h a s  been  u s e d  b o t h  as Lhe b a s i s  f o r  a 

numer i ca l  i n t e g r a t i o n  of t h e  t r a j e c t o r y  e q u a t i o n s  w i t h  v e l o c i t y - d e p e n d e n t  

d r a g  c o e f f i c i e n t ,  and as a n  a p p r o x i m a t e  s o l u t i o n  f o r  comple t e  trajectories 

w i t h  l c i w  a n g l e s  of l a u n c h .  The  r e s u l t s  f o r  d i s t a n c e  and  v e l o c i t y  a t  impac t  

depend o n  the ra t io  of t h e  t e r m i n a l  v e l o c i t y  i n  f r e e  f a l l ,  (gL) 1 / 2 ,  to  

t h e  i r t i t i a l  v e l o c i t y  V ,  where g i s  t h e  a c c e l e r a L i o n  of g r a v i t y .  
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I n t e g r a t i o n  of th-3 f u l l  e q u a t i o n s  of mot ion  f o r  a v a r i e t y  of i n i t i a l  

c o n d i t i o n s 1 2  h a s  shown t h a t  t h e  v e l o c i t y  a t  i m p c t  c a n  be e s t i m a t e d  from 

t h e  e x p o n e n t i a l  r e l a t i o n  o b t a i n e d  n e g l e c t i n g  g r a v i t y  f o r  la i inch a n g l e s  

less t h a n  a f e w  d e g r e e s ,  a n d  t h a t  i t  i s  n e v e r  fa r  below t h e  t e r m i n a l  

v e l o c i t y  i n  f ree  f a l l  f o r  a l l  g r e a t e r  l a u n c h  a n g l e s .  T h i s  s : i g g e s t s  t h a t ,  

as a f i r s t  a p p r o x i m a t i o n ,  t h e  v e l o c i t y  c a n  be  c a l c u l a t e d  from t h e  g r a v i t y -  

f r ee  e x p o n . s n t i a 1  f o r m u l a  i n  t h e  n e a r  f i e l d  where i t  g i v e s  v a l u e s  g r e a t e r  

t h a n  t h e  t e r m i n a l  v e l o c i t y  i n  f ree  f a l l ,  and t h a t  i t  c a n  ba t a k e n  as t h e  

f r e e - f a l l  v e l o c i t y  a t  a l l  l a r g e r  d i s t a n c e s .  

_- FraArnent -Nunher Densi ty  

The p r o b a b i l i t y  of s t r i k i n g  a t a r g e t  a t  a n y  g i v e n  p o s i t i o n  w i l l  be  

de te r in ined  by t h e  areal d e n s i t y  o r  f l u x  of f r a g m e n t s  t h r o u g h  t h e  t a r g e t  

area p r o j e c t e d  ‘on a p l a n e  normal t o  t h e  f ragment  t ra jector ies  a t  imgact. 

When g r a v i t y  e f f e c t s  are c o n s i d e r e d ,  n u n e r i c a l  t e c h n i q u e s  must be u t i l i z e d  

e v e n  w i t h  s i m p l i f y i n g  a s s u m p t i o n s  r e g a r d i n g  a t m o s p h e r i c  d r a g  and t h e  mass 

d i s t r i b u t i o n  of t h e  f r a g m n t s .  If g r a v i t y  i s  i g n o r e d ,  however,  t h e  fraginen.2 

f l u x  fol lows a n  i n v e r s e - s q u a r e  l a w  w i t h  d i s t a n c e .  Assuming t h e  Mott d i s -  

c r i b u t i o n  for n m b e r  of f r a g m e n t s  w i t h  r e s p e c t  t o  mass, t h e  areal d e n s i t y  

q of  f r a g 4 n e n l - s  o f  i n d i v i d u a l  mass g r e a t e r  t h a n  in, on a s u r f a c e  normal t o  

t h e  r a y  a t  d i s t a n c e  R ,  i s  g i v e n  by 

q = ( Q ~ / R  2 1 exp ( - ( 2 ; n / m o ) 1 / 2 )  

where Qo i s  t h e  to ta l  nanber  of f r a g m e n t s  p e r  u n i t  s o l i d  a n g l e  emit ted by 

t h e  s3’drce i n  t h e  d i r e c t i o n  of t h e  target.  I n  t h i s  a p ? r o x i m a t i o n ,  c o n s i d -  

c ? r a t i o : ~  of t h e  i n f l u e n c e  of g r a v i t y  w i l l  e x t e n d  t o  i t s  e f f e c t  on  impact  

:>,:eed hu t  i s > L  01 t h e  terminal d i r e c t i o n  of the t r a j e c i o r h z .  
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Lased on a s t u d y  of t h e  resu l t s  o f  f r agmen t  c o l l e c t i o n  and  we igh t  

16 a n a l y s i s  f rom l a r g e  tes t  e x p l o s i o n s  of m a s s - d e t o n a t i n g  ammunition, F u g e l s o  

ot)r-,r~rvr~d t h a t  o n l y  t h e  weapons on  t h e  s i d e s  and t o p  of a r e c t a n g u l a r  stack 

a p p e a r  t o  c o n t r i b u t e  t o  t h e  f a r - f i e l d  areal d e n s i t y  of haza rdous  f r agmen t s .  

H e  rrcomiended t h a t  t h e  e f f e c t i v e  v a l u e  of QoJ t h e  number of l r a g m e n t s  

e m 1  t ' cd  p e r  u n i t  s o l i d  a n g l e  f rom a s t a c k  of weapons,  be e s t i m a t e d  by 

m u l L i p l y i n r J  t h e  v a l u e  f o r  a s i n g l e  u n i t  by t h e  number of e f f e c t i v e  weapons 

N i n  t u 1 3  o b t a i n e d  as E '  

NE = 0.YNS t 0.1% 

f o r  a s tack i n  t h e  open ,  o r  

?!E = 0.7Ns + 0 . l b  

f o r  t h e  saiiic. stack i n  a n  e a r t h - c o v e r e d  magazine ,  where Ks and NT are t h e  

numbers oi weapons i n  t h e  t o p  l a y e r  and on t h e  s i d e  of Lhc s t a c k  f a c i n g  t h e  

d i r e c t i o n  0 1  i n t e r e s t ,  r e s p e c t i v e l y .  

HAZARD CRI L R Z A  

1 rdgmc3nt h a z a r d  l e v e l s  are determined i n  terms of two c r i t e r i a  a p p l i e d  

O n e  i s  t h e  f ragment  d e n s i t y ,  on which t h e  p r o b a b i l i t y  of s t r i k i n g  j o i n t l y .  

a t a r g e t  drr lends.  The o t h e r ,  a n  i n j u r y  c r i t e r i o n  d e t e r m i n e s  whe the r  

i n j u r y  OCCLLI-s i n  t h e  e v e n t  of a s t r i k e .  

S t  r ikc - P r o b a b i l i t y  

I I i ( >  11 1 obab i  1 i t  y 01 impact by one or more LragnicnLs o€ iiiass g r e a t e r  

Ilinn i i i  is I-eadi ly  c a l c u l a t e d  if the co r rc>spond lng  areal d e n s i t y  q I S  known. 

Ihc inq)act p t o c e s s  i s  assuined t o  be tiniToril l ly random i n  the neighborhood 

of t h e  p o i n t  of in te res t .  T h a t  IS, impact  i s  e q u a l l y  l l h e l y  o n  a l l  equal  
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( ~ l c i i i c ~ n L . c ,  of area i n  t h e  V J C J  niLy of Lhc p o i n t .  I t  follows Lhat t h e  

probaIJi 1 1  t y p of irnpacL o n  a t a r g e t  of  area by one  o r  more f r a g m e n t s  

u f  ina5s g r e a t e r  t h a n  111 i s  g i v e n  by 

p = 1 - exp(-qAT) 

wnere g i s  a f u n c t i o n  of  m as d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n .  F o r  a 

s l a n d i n g  man f a c i n g  t h e  e x p l o s i o n  and t a k i n g  no e v a s i v e  a c t i o n ,  a c o n s e r v -  

a L i v e l y  large v a l u e  of 6.2 f t 2  ((3.58 m L )  h a s  been recommended f o r  t h e  

13 area A,. . 1 

S i n c e  any  f u n c t i o n  of t h e  mot ion  t h a t  i s  u s a b l e  as a p h y s i c a l l y  

L - e b l i c c i c  i n j u r y  c r i t e r i o n ,  s u c h  as Lhe impact  e n e r g y ,  w i l l  i n c r e a s e  w i t h  

i n c r e a s i n g  mass, t h e  p r o b a b i l i t y  of impact  by one  or  more f r a g m e n t s  of 

mass m g r e a t e r  t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  i n j u r y  t h r e s h o l d  g i v e s  t h e  

p r o b a b i l i t y  of i n j u r y  d i r e c t l y .  The areal d e n s i t y  of i n j u r i o u s  f r a g m e n t s  

cor , s idered  a c c e p t a b l e  under  c u r r e n t  U.S. s t a n d a r d s ,  ( 1 / 6 0 3 ) f t - 2 ,  c o r r e s p o n d s  

t o  a n  i n j u r y  p r o b a b i l i t y  of a b o u t  1 p e r c e n t .  

I n j u r v  Cri ter ia  

A v a r i e t y  o f  f u n c t i o n s  of  mass and v e l o c i t y  a t  impact  have been 

proposed  as i n j u r y  c r i t e r i a . l 4 , I 5  

6 v a l u e  of k i n e t i c  e n e r g y  a t  impact  of 58 f t - l b  ( 7 9  j o u l e s )  o r  more d e f i n e s  

ii hazardous  f r a g m e n t .  T h i s  a p p e a r s  t o  c o r r e s p o n d  t o  i n c a p a c i t a t i o n  i n  most 

e x p o s u r e s  o v e r  a range  of  f r a g m e n t  mass from a f e w  grams t o  several k i l o g r a m s .  

Another  c r i t e r i o n ,  o n e  of s k i n  p e n e t r a t i o n , 1 5  i n v o l v e s  t h e  f r o n t a l  area as 

w e l l  as t h e  mass and v e l o c i t y .  T h e s e  i n j u r y  c r i te r ia  are p l o t t e d  i n  F i g u r e  4 ,  

Logcthcr  wilh c u r v e s  of Lhe t e r m i n a l  v e l o c i t y  i n  f r e e  f a l l ,  ( g L )  . 

I n  c u r r e n t  U .  S. e x p l o s i v e  s a f e t y  s t a n d a r d s ,  

1 / 2  
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The s k i n  p e n e t r a t i o n  c u r v e s  ( l a b e l e d  JMEM i n  t h e  f i g u r e )  and t h e  

f r e e - f a l l  v e l o c i t y  c u r v e s  depend o n  t h e  s h a p e  f ac to r  k .  

f o r  k = 2 . 3 7  g/cm3, a n  a v e r a g e  v a l u e  f o r  n a t u r a l l y  formed f r a g m e n t s  f rom 

bornhs and p r o j e c t i l e s ,  and f o r  twice t h i s  v a l u e ,  r e p r e s e n t i n g  f r a g m e n t s  

t h a t  are more e f f i c i e n t  b a l l i s t i c a l l y .  Fugelso" found t h a t  t h e  h i g h e r  

v a l u e  of k i s  needed t o  a c c o u n t  f o r  t h e  f r a g m e n t s  of least  mass collected 

a i  v a r i o u s  d i s t a n c e s  from l a r g e  t es t  e x p l o s i o n s  7 - 9 ,  and i s  c o n s i s t e n t  w i t h  

q u a l i t a t i v e  o b s e r v a t i o n s  of t h e  c h a r a c t e r i s t i c s  of t h e  c o l l e c t e d  f r a g m e n t s .  

F o r  t h i s  h i g h e r  v a l u e  of k ,  L1 = 369 m/kg1/3. 

They are shown 

I t  may be  n o t e d  i n  F i g u r e  4 t h a t  t h e  DDESB impact  e n e r g y  c r i t e r i o n  i s  

more c o n s e r v a t i v e  t h a n  t h e  s k i n  p e n e t r a t i o n  c r i t e r i o n  f o r  f r a g m e n t s  h e a v i e r  

t h a n  a b o u t  0 . 2  k g ,  and less c o n s e r v a t i v e  fo r  l i g h t e r  f r a g m e n t s .  It may 

a l s o  be n o t e d ,  however,  t h a t  f r a g m e n t s  h e a v i e r  t h a n  a b o u t  0 .1  kg s t r i k i n g  

a t  t h e i r  t e r m i n a l  v e l o c i t y  i n  f ree  f a l l  would be judged  i n d i v i d u a l l y  

h a z a r d o u s  u n d e r  any  of t h e  i n j u r y  c r i t e r i a  shown. 

S u g g e s t e d  P r o c e d u r e  

The f o l l o w i n g  p r o c e d u r e  i s  t e n t a t i v e l y  s u g g e s t e d  f o r  p u r p o s e s  of 

e s t i m a t i n g  t h e  f ragment  h a z a r d  from s t a c k s  of  m a s s - d e t o n a t i n g  ammunition: 

1 .  O b t a i n  t h e  Gurney v e l o c i t y  f o r  t h e  e x p l o s i v e  f i l l e r  from T a b l e  2 

and c a l c u l a t e  t h e  i n i t i a l  f r a g m e n t  v e l o c i t y  V f rom t h e  Gurney f o r m u l a  w i t h  

n = 1 / L  f o r  a p p r o x i m a t e l y  c y l i n d r i c a l  bombs or p r o j e c t i l e s .  

2 .  Estimate Qo, t h e  number of f r a g m e n t s  e m i t t e d  from t h e  s t a c k  p e r  

u n i t  s o l i d  a n g l e .  based  o n  t h e  number of e f fec t ive  weapons i n  t h e  s t a c k  

and t h e  vaI.ue of Qo f rom a s i n g l e  weapon i n  t h e  d i r e c t i o n  of i n t e r e s t  

( u s u a l l y  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  weapon a x i s ) .  
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3 .  I n  t h e  a b s e n c e  of d a t a  o b t a i n e d  d i r e c t l y  from tes ts  w i t h  s t a c k s  

o r  c l u s t e r s  of weapons,  t a k e  t h e  a v e r a g e  mass mo t o  be t h e  same as f o r  

a n  i n d i v i d u a l  weapon, o b t a i n e d  by f i t t i n g  a Mott d i s t r i b u t i o n  t o  s i n g l e -  

weapon a r e n a  d a t a ,  emphas iz ing  t h e  coarse end  of t h e  mass spec t rum.  

Assume, however ,  a s h a p e  fac tor  k of 1200 g r a i n ~ / i n . ~  (4 .74 g/cm3) t o  

a c c o u n t  f o r  t h e  g r e a t e r  b a l l i s t i c  e f f i c i e n c y  of f rag i ien ts  €roiii s t a c k s  

of  weapon\.  

5 .  Let  E,, be t h e  c r i t i c a l  level  of k i n e t i c  e n e r g y  a t  impact  which 

d e f i n e s  a h a z a r d o u s  f r a g m e n t .  Determine  t h e  mass of t h e  l i g h t e s t  h a z a r d o u s  

f ragment  r e a c h i n g  a s p e c i f i e d  d i s t a n c e  R e i t h e r  from t h e  s o l u t i o n  of 

2Ecr = mV2 exp (-2R/Llm 1/31 

o r  from t h e  s o l u t i o n  of 

2Ecr = gLlm 4 /  3 

whichever  g i v e s  t h e  smaller v a l u e  of m .  I n  t h e  f o r m e r  case t h e  t e r m i n a l  

e n e r g y  of  a f r a g m e n t  of mass m i n  f r e e  f a l l  i s  less  t h a n  ECr ,  w h i l e  i n  

t h e  l a t t e r  case i t  i s  g r e a t e r .  With t h e  v a l u e s  Ecr = 79 j o u l e s  and k = 

4.74 g/cm i t  c a n  be s e e n  from F i g u r e  4 t h a t  t h e  t r a n s i L i o n  o c c u r s  f o r  

m = 0.096 k g ,  a p p r o x i m a t e l y .  

3 

5.  C a l c u l a t e  t h e  areal d e n s i t y  of f r a g m e n t s  h e a v i e r  t h a n  m r e a c h i n g  

d i s t a n c e  R f rom t h e  i n v e r s e - s q u a r e  l a w :  

q = !Q,/R 2 ) exp ( - (2m/mo)1/2)  

A l t e r n a t i v e l y ,  t o  d e t e r m i n e  t h e  d i s t a n c e  r( w i t h i n  which a cr i t ical  d e n s i t y  

qcr  of h a z a r d o u s  f r a g m e n t s  i s  e x c e e d e d ,  set q = qc, i n  t h e  above e x p r e s s i o n ,  

and s o l v e  i t  f o r  R and in s imulLaneous ly  w i t h  e a c h  of t h e  t w o  e n e r g y  e x p r e s s i o n s  

g i v e n  i n  the p r e c e d i n g  sLcp i i i  t u r n .  The d e s i r e d  L - C S L I ~ ~  w i l l  be t h e  l n r g c r  

01 t h e  two v a l u e s  of R so o b t a i n e d .  
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6.  Determine  t h e  i n j u r y  p r o b a b i l i t y  p a t  any  d i s t a n c e  R f rom 

p = 1 - exp(-qAT) 

2 w i t h  + = 0.58 m . F o r  s m a l l  v a l u e s  of q ,  p = q+ a p p r o x i m a t e l y .  

The f o r e g o i n g  p r o c e d u r e  can  r e a d i l y  be a d a p t e d  f o r  u s e  w i t h  a n  

i n j u r y  c r i t e r i o n  o t h e r  t h a n  impact  e n e r g y ,  o r  t o  a n  improved t r e a t m e n t  

of t r a j e c t o r y  b a l l i s t i c s .  I t s  o v e r a l l  v a l i d i t y  r ema ins  t o  be conf i rmed 

by compar ison  w i t h  t h e  r e s u l t s  o f  s u i t a b l e  tes ts  d e s i g n e d  f o r  t h i s  p u r p o s e .  

DEgkIS HAZAWS 

Compared w i t h  t h e  h i g h l y  deve loped  t e c h n i q u e s  f o r  e v a l u a t i n g  t h e  

e f f e c t i v e n e s s  of f r a g m e n t a t i o n  weapons,  t h e  r a t i o n a l  I m s i s  f o r  p r e d i c t i n g  

h a z a r d s  f rom s e c o n d a r y  f r a g m e n t s  s u c h  as magazine s t r u c t u r e  d e b r i s  and 

crater e j e c t a  f rom a c c i d e n t a l  e x p l o s i o n s  i s  much less e x t e n s i v e .  The  

d e b r i s  p roduced  by a s t r u c t u r e  s u r r o u n d i n g  t h e  e x p l o s i o n  source w i l l  be  

s p e c i f i c  t o  t h e  b u i l d i n g  c o n s i d e r e d .  I n  g e n e r a l ,  however,  such  f r a g m e n t s  

w i l l  n o t  be p r o p e l l e d  as far as t h e  p r i m a r y  f r a g m e n t s  f rom weapon cases, 

n o r  w i l l  t h e y  u s u a l l y  have  as h i g h  a level of impact  e n e r g y  as p r i m a r y  

f r a g m e n t s  r e a c h i n g , t h e  same d i s t a n c e .  

i n  c o n t a c t  w i t h  e x p l o s i v e  i s  a c c e l e r a t e d  f a r  more e f f i c i e n t l y  t h a n  less d e n s e  

materials and materials s e p a r a t e d  from t h e  d r i v i n g  e x p l o s i v e  by a i r  g a p s .  

T h i s  i s  because  irietal case material 

I n h a b i i e d  b u i l d i n g s  exposed  t o  t h e  e f f e c t s  o f  a c c i d e n t a l  e x p l o s i o n s  

may be damaged s u f f i c i e n t l y  t o  c o n s t i t u t e  a h a z a r d  to  o c c u p a n t s  f rom t h e  

d e b r i s  p roduced .  A t  b e s t ,  t h e  r i s k  t o  o c c u p a n t s  c a n  o n l y  be i n f e r r e d  f rom 

t h e  l e v e l  of damage t o  t h e  b u i l d i n g .  A t  commonly a c c e p t e d  i n h a b i t e d  b u i l d i n g  

d i s t a n c e s  t h e  b l a s t  o v e r p r e s s u r e  i s  of t h e  o r d e r  o f  1 p s i .  Wi l ton17  h a s  
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c o r r e l a t e d  wood frame house  damage w i t h  p r e s s u r e ,  and f o u n d  t h a t  t h i s  

l eve l  OL l o a d i n g  r e s u l t s  i n  damage t o  t h e  b u i l d i n g  c o s t i n g  a b o u t  5 p e r c e n t  

of t h e  b u i l d i n g  v a l u e  to  r e p a i r .  S i g n i f i c a n t l y ,  t h e  damage i s  m o s t l y  

s u p e r f i c i a l ,  c o n s i s t i n g  of window g l a s s  b r e a k a g e ,  c r a c k e d  p l a s t e r ,  and 

damage t o  f i x t u r e s  and t r i m .  

Crater e jec ta  f rom e x p l o s i o n s  i n  c o n t a c t  w i t h  t h e  ground s u r f a c e  may 

Henny and Car l son18 f o u n d  c o n s t i t u t e  a d e b r i s  h a z a r d  t o  exposed  p e r s o n s .  

t h a t  t h e  maximum r a n g e  of s u c h  missiles from tes t  e x p l o s i o n s  a p p e a r s  t o  

scale as t h e  0 . 4  power of e x p l o s i v e  weight  and t h a t  t h e  d i s t a n c e s  so s c a l e d  

have t h e  v a l u e s  70 and  30 f t / l b o S 4  ( 2 9 . 2  and 12.5 m/kgoS4) f o r  rock  and s o i l  

medi a .  r e s p e c t i v e  1 y . 
I:ased o n  a n  exposed  area of 0.58 m2 f o r  a s t a n d i n g  man, Richmond13 

e x t e n d e d  Henny and C a r l s o n ' s  r e s u l t s  f o r  crater ejecta number d e n s i t y  as 

a I u n c t i o n  of d i s t a n c e  t o  o b t a i n  c u r v e s  of 1 p e r c e n t  and 50 p e r c e n t  p r o b a -  

b i l i t y  of a s t r i k e  by o n e  o r  more s u c h  missiles, as f u n c t i o n s  of  d i s t a n c e .  

A r e l a t i o n s h i p  similar t o  t h a t  g i v e n  i n  t h e  p r e c e d i n g  s e c t i o n  f o r  t h e  s t r i k e  

p r o b a b i l i t y  as a f u n c t i o n  of p r i m a r y  f r a g m e n t  number d e n s i t y  w a s  u s e d .  

The  r e s u l t i n g  q u a n t i t y - d i s t a n c e  c u r v e s  are g i v e n  i n  F i g u r e  5,  t a k e n  from 

Richmond. 
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Table 1 Average weight of fragments weighing m r e  than one grain from 
steel cylinders" filled with various cast explosives 

Source: Reference 3 

Density Detonation a 
Explosive Composition (parts by weight) (g/cc) Velocity (m/sec) (grains) 

~ ~~ 

Bar at o 1 
Composition B 
75/25 Cyclotol 

H-6 
HBX-1 
HBX- 3 
Minol 2 

Pent ol it e 

PTX-1 
mx-2 

Torpex 
Tr i tonal 

TNT t 

77 Barium Nitrate/23 TNT/O.l Nitrocellulose 
59.5 RDX/ 39.5 TNT/1 Wax 
Any RDX-TNT combination, in this case 

47 RDX/31 TNT/22 A l / 5 ,  D-2 Wax 
40 RDXj38 TNT/17 Al/5 I!-2 Wax 
31 RDX/29 TNT/35 A1/5 D-2 Wax 
40 Ammonium Nitrate/40 TNT/X) Al 
50 PETN/50 TNT 
30 RDX/5O Tetryl/20 TNT 
44 RDX/28 PETN/28 TNT 
41 RDX/26 PETN/33 TNT 
45 RDX/37 TNT/18 Al 
80 TNT/20 Al 
Trinitrotoluene 

75 RDX/25 TNT 

2.49 
1.68 
1.69 

1.73 
1.71 
1.81 
1.67 
1.64 
1.64 
1.67 

1.80 

1.58 
1.71 

4900 
7900 

8070 

7460 
7440 
7108 

7530 
7730 

79 30 

6880 

30 
12 

11.5 

15.5 
13.5 
18 
19.5 
13.5 
12.5 

13 

13 
17 
17- 5 

*gl' long, 2" I . D . ,  2.5" O.D.,  AIS1 1045 seamless, cold rolled, stress relief annealed, Rockwell hardness 
approximately 100-B. 



TABLE 2 v (A) FOR THE GURNEY EQUATION, v - v (A)/AT~CT~A ; v, v IN FEETISECOND 

Source: Reference 6 
~~ ~ ~ ~ 

TYPICAL BEST ESTIMATES LLL E173 NOL [51 NOL C51 NOL C53 LLL' 
@ 19 mn ALL FFUGS TOP 20% TOP 50% NORNALIZED A = 0 . 5  A = 0.3 H.E.DENSITY 
Vg(0.5) Vg(0*5) vg(O*5) Vg(0.5) Vg(0.5) Vg(0.5) Vg(0.3) g/cc 

Source 

EXPLOSIVE 

HMX 
PETN 
RDX 
TNT ( c a s t >  
TNT (Pressed)  

IU COMP. B (Grade A ) ;  
64/36 

COMP. B; 601110 
CYCLOTOL; 77/23 
CYCLOTOL; 75/25 
OClOL ; 78/22 
PENTOLITE;(50/50) 

(Cast 1 
(P res sed )  

NITRO METHANE 

;I-6 ; RDX/TNP/AL/Wax 
(47/31/22/5) 

9890 
9787 

7910 6730 7450 7260 
6900 7390 7280 

9739 a 

9014 

9318 
9280 a 7850 8865 8490 
9449 

8940 a 7880 8450 E210 

8849 a 7140 8185 7960 
. 7610 8200 7980 

8031 
7710 8840 8380 

a I n t e r p o l a t e d  r e s u l t s  
Reference va lue  

9080 
a99c 
8940 
7260 
7260 

8280 
E2101 * 
9560 
8520 
868C 

8130 
8130 

7380 

9080 
8990 
8940 
7260 
7260 

8280 
8210 
9550 
8500 
8680 

8100 
8100 

7380 
8380 

8760 
8670 
8620 

7010 
7010 

7990 
7920 
9210 
8200 
8370 

7820 
7820 

7120 
8080 

1.89 

1.79 
1.60 

1.76 

1.71 
1.70 
1.75 
1.72 
1.82 

1.69 

1.14 
1.71 
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Figure 2 Velocity of Metal as Function of Loading  F a c t o r  M/C 
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