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4.6 HAZARDS TO PERSONNEL FROM A I R  BLAST 

L i t e r a t u r e  concerning t h e  harmful e f f e c t s  o f  b l a s t  on humans has  been 
published as e a r l y  as 1768. However, knowledge of t h e  mechanisms of b l a s t  dam- 
age t o  humans was extremely incomplete u n t i l  World War I,  when t h e  phys ic s  of 
exp los ions  were b e t t e r  understood. Since t h a t  t i m e ,  numerous au tho r s  have 
c o n t r i b u t e d  cons ide rab le  t i m e  and e f f o r t  i n  t h e  s tudy  of b l a s t  damage mechan- 

Each acc iden t  s i t u a t i o n  has  i ts  own unique environ- 
ment w i t h  trees, b u i l d i n g s ,  h i l l s ,  and v a r i o u s  o t h e r  topographical  cond i t ions  
which may d i s s i p a t e  t h e  energy of t h e  b l a s t  wave o r  r e f l e c t  i t  and amplify i t s  
e f f e c t  on a n  i n d i v i d u a l .  Because of t h e s e  d i f f e r e n t  v a r i a t i o n a l  f a c t o r s  i n -  
volved i n  an  explosion-human body receiver s i t u a t i o n ,  only a s i m p l i f i e d  and 
l i m i t e d  set  of b l a s t  damage cr i ter ia  w i l l  b e  included h e r e .  The human body 

ground when contacted by t h e  b l a s t  wave. Excluding c e r t a i n  r e f l e c t e d  wave 
s i t u a t i o n s ,  t h i s  i s  t h e  most hazardous body exposure cond i t ion .  A i r  b l a s t  
e f f e c t s  can be d iv ided  i n t o  f o u r  c a t e g o r i e s :  
b l a s t  e f f e c t s ,  ear damage, and b l a s t  generated fragments (Ref. 4.61).  Second- 
a r y  e f f e c t s  i nvo lv ing  fragment impact by missiles from t h e  exploding device 
i t s e l f  o r  from o b j e c t s  l o c a t e d  i n  t h e  nearby environment which are a c c e l e r a t e d  
a f t e r  i n t e r a c t i o n  wi th  t h e  b l a s t  wave (appurtenances) s h a l l  be discussed i n  
Chapter 6. 

. i s m s  and b l a s t  pathology. 

receiver" w i l l  b e  assumed t o  be s t a n d i n g  i n  t h e  f r e e - f i e l d  on f l a t  and l e v e l  I 1  f 

primary b l a s t  e f f e c t s ,  t e r t i a r y  

4.6.1 Primary Blast Damage 

Primary b l a s t  e f f e c t s  are a s s o c i a t e d  wi th  changes i n  environment pres- 
s u r e  due t o  t h e  occurrence of t h e  a i r  b l a s t .  Mammals are s e n s i t i v e  t o  t h e  in-  
c i d e n t ,  r e f l e c t e d  and dynamic ove rp res su res ,  t h e  rate of r ise t o  peak over- 
p r e s s u r e  a f t e r  a r r i v a l  of t h e  b l a s t  wave, and t h e  d u r a t i o n  of t h e  b l a s t  wave 
(Ref. 4.61).  S p e c i f i c  impulse of t h e  b l a s t  wave a l s o  p l ays  a major r o l e  (Refs. 
4.62 and 4.63). Other parameters which determine the  e x t e n t  o f  b l a s t  i n j u r y  

' are t h e  ambient atmospheric p re s su re ,  t h e  s i z e  and type of animal,  and p o s s i b l y  
age. P a r t s  of t h e  body where t h e r e  are t h e  greatest d i f f e r e n c e s  i n  d e n s i t y  of 
a d j a c e n t  t i s s u e s  are t h e  most s u s c e p t i b l e  t o  primary b l a s t  damage (Refs.  4.61, 
4 . 6 4 ,  and 4.65). Thus, t h e  a i r - con ta in ing  t i s s u e s  of t h e  lungs are more sus- 
c e p t i b l e  t o  primary b l a s t  than any o t h e r  v i t a l  organ (Ref.  4.66).  I 

Pulmonary i n j u r i e s  d i r e c t l y  o r  i n d i r e c t l y  cause many o f  t h e  pathophysi- 
o l o g i c a l  e f f e c t s  'of b l a s t  i n j u r y  (Ref. 4.67). I n j u r i e s  i nc lude  pulmonary 
hemorrhage and edema (Refs.  4.61 and 4.67), r u p t u r e  of t h e  lungs (Ref. 4 .61) ,  
air-embolic i n s u l t  t o  t h e  h e a r t  and c e n t r a l  nervous system (Ref.  4.61),  loss 
of r e s p i r a t o r y  r e s e r v e  (Ref. 4.61) and m u l t i p l e  f i b r o t i c  f o c i ,  o r  f i n e  scars, 
of t h e  lungs  (Ref. 4.64). Other harmful e f f e c t s  are r u p t u r e  of t h e  eardrums 
( t o  be d i scussed  l a t e r )  and damage t o  t h e  middle ear, damage t o  the  l a rynx ,  
t r achea ,  abdominal c a v i t y ,  s p i n a l  meninges, and r a d i c l e s  o f  t h e  s p i n a l  nerves  
and v a r i o u s  o t h e r  p o r t i o n s  of t h e  body (Ref. 4.61).  
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Bowen, e t  a l .  (Ref. 4.65) and White, e t  a l .  (Ref. 4.62),  have developed 
p r e s s u r e  v e r s u s  d u r a t i o n  l e t h a l i t y  cu rves  f o r  humans which are e s p e c i a l l y  
amenable t o  t h i s  document. Some of t h e  major f a c t o r s  which determine t h e  ex- 
tent of damage from t h e  b l a s t  wave are t h e  c h a r a c t e r i s t i c s  of t h e  b l a s t  wave, 
ambient atmospheric  p re s su re ,  and t h e  type  of animal t a r g e t ,  i nc lud ing  i t s  
mass and geometr ic  o r i e n t a t i o n  re la t ive t o  t h e  b l a s t  wave and nearby o b j e c t s  
( R e f .  4.62). Although Richmond, e t  a l .  (Ref. 4.63) and la ter  White, e t  a l .  
(Ref. 4 . 6 2 ) ,  both from t h e  Lovelace Foundation, d i s c u s s  t h e  tendency of t h e  
l e t h a l i t y  curves  t o  approach i s o p r e s s u r e  l i n e s  f o r  "long" d u r a t i o n  b l a s t  
waves, their l e t h a l i t y  curves  demonstrate dependence on p res su re  and d u r a t i o n  
alone.  Since s p e c i f i c  impulse i s  dependent on p r e s s u r e  as w e l l  as d u r a t i o n ,  
pressure-impulse l e t h a l i t y  o r  s u r v i v a b i l i t y  cu rves  appear t o  b e  more appro- 
p r i a t e .  
t o t i c  l i m i t s  is a l s o  ve ry  a e s t h e t i c a l l y  appea l ing  from a mathematical p o i n t  
o f  view. 
t a n c e  from most exp los ions  can b e  c a l c u l a t e d  d i r e c t l y  u s i n g  methods desc r ibed  
i n  t h i s  document, i t  i s  e s p e c i a l l y  a p p r o p r i a t e  t h a t  pressure-impulse l e t h a l i t y  
( o r  s u r v i v a b i l i t y )  curves  b e  developed. 
i n  Reference 4.59. 
4.68. 

The tendency f o r  pressure-impulse l e t h a l i t y  curves  t o  approach asymp- 

Also ,  s i n c e  both p r e s s u r e  and s p e c i f i c  impulse a t  a s p e c i f i e d  d i s -  

This  h a s  been done and i s  descr ibed 
These curves and t h e i r  u se  are reproduced h e r e  as F igure  

S impl i fy ing  Lovelace 's  s c a l i n g  l a w s  i n  such a manner t h a t  only t h e  
human s p e c i e s  o r  l a r g e  animals are considered,  one is a b l e  t o  arrive a t  t h e  
fol lowing r e l a t i o n s h i p s -  o r  s c a l i n g  l a w s :  

1. The a f f e c t  of i n c i d e n t  ove rp res su re  is dependent on t h e  ambient 
atmospheric p re s su re .  That is ,  

S 

0 

P - 
Ps = p (4.70) 

- 
where Ps is  s c a l e d  i n c i d e n t  peak ove rp res su re ,  Ps is peak i n c i -  
d e n t  ove rp res su re ,  and po is  ambient atmospheric p re s su re .  

2 ,  The e f f e c t  of b l a s t  wave p o s i t i v e  d u r a t i o n  is  dependent on ambi- 
e n t  atmospheric p r e s s u r e  and t h e  mass of t h e  human t a r g e t .  That 
is, 

(4.71) 

where r is s c a l e d  p o s i t i v e  d u r a t i o n ,  T is p o s i t i v e  du ra t ion ,  and 
m i s  weight of human body. 
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Figure 4.68 Survival Curves f o r  Lung Damage to Man 
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3. Impulse is can be  approximated by 

P T  
i = -  
s 2  

S (4.72) 

Equation (4.72) assumes a t r i a n g u l a r  wave shape and i s  conserva t ive ,  
from an  i n j u r y  s t andpo in t ,  f o r  "long" d u r a t i o n  b l a s t  waves which approach 
square  wave shapes because i t  underest imates  t h e  s p e c i f i c  impulse r equ i r ed  f o r  
a c e r t a i n  percent  l e t h a l i t y .  It i s  a l s o  a c l o s e  approximation f o r  "short" dur- 
a t i o n  b l a s t  waves which c h a r a c t e r i s t i c a l l y  have a s h o r t  r i se  time t o  peak over- 
p re s su re  and a n  exponent ia l  decay t o  ambient p re s su re ,  t h e  t o t a l  wave shape 
be ing  n e a r l y  t r i a n g u l a r .  
Foundation f o r  peak overpressure  and p o s i t i v e  du ra t ion  t o  t h e  conserva t ive  
estimate f o r  s p e c i f i c  impulse determined by Equation (4.72) above, one can 
arr ive a t  a s c a l i n g  l a w  f o r  spec i f i c '  impulse: 

Applying t h e  b l a s t  s c a l i n g  developed a t  t h e  Lovelace 

- 1--  
i - -  s - 2 PsT (4.73) 

- 
where is is sca l ed  s p e c i f i c  impulse. From Equations (4.71), (4 .72) ,  and ( 4 . 7 3 )  

P T  

112 113 m 
(4.74) 1 S - 

is = 5 
PO 

o r  from Equation (4.72)8 

i 
S - 

112 1 / 3  m 
i =  

s 
PO 

(4.75) 

Thus, as ind ica t ed  by Equation (4.75), s ca l ed  s p e c i f i c  impulse is dependent 
on ambient a tmospheric  p re s su re  and t h e  mass of t h e  human t a r g e t .  

Reconstructed curves from Reference 4.59 are shown i n  F igure  4.68. It 
should b e  noted t h a t  t h e s e  curves r e p r e s e n t  percent  s u r v i v a b i l i t y ,  and h igher  
s ca l ed  p res su re  and sca led  impulse combinations a l low fewer su rv ivo r s .  Pre- 
s e n t i n g  t h e  curves  i n  t h i s  f a sh ion  i s  advantageous s i n c e  they apply t o  a l l  
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a l t i t u d e s  wi th  d i f f e r e n t  atmospheric p re s su res  and a l l  masses ( o r  s i z e s )  of 
human bodies .  Once one determines t h e  inc iden t  overpressure  and s p e c i f i c  h- 
p u l s e  f o r  an  explosion,  they can be sca l ed  us ing  Equations (4.70) and (4.75).  

0 The proper  ambient atmospheric p re s su re  t o  u se  f o r  t h e  s c a l i n g  can be  acquired 
from Figure  4.69, which shows how atmospheric p re s su re  dec reases  wi th  increas-  
i n g  a l t i t u d e  above sea l e v e l  (Ref.  4 .19) .  The va lue  f o r  body weight used i n  
t h e  s c a l i n g  i s  determined by t h e  demographic composition of t h e  p a r t i c u l a r  
area under i n v e s t i g a t i o n .  It i s  recommended t h a t  11 l b  be  used f o r  babies ,  
55 l b  f o r  small ch i ld ren ,  121 l b  f o r  a d u l t  women, and 154 l b  f o r  a d u l t  males. 
It should be  not iced  t h a t  t h e  smallest bodies  i n  t h i s  case are the most sus- 
c e p t i b l e  t o  i n j u r y .  

I 
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Figure  4.69 Atmospheric Pressure  as a Funct ion of 
A l t i t u d e  Above Sea Level 
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EXAMPLE PROBLEM 4.14 

PROBLEM - Assess lung  damage t o  humans a t  an a p p r o p r i a t e  d i s t a n c e  from a given 
exp los ive  source .  

GIVEN: W = exp los ive  charge weight  
R = d i s t a n c e  from c e n t e r  of explos ive  charge 
A l t i t u d e  (no symbol) 
m = weight  o f  body of  human s u b j e c t  

FIND: P r o b a b i l i t y  of s u r v i v a l  

SOLUTION: 1. Determine peak i n c i d e n t  ove rp res su re  
Ps and s p e c i f i c  impulse is f o r  given 
charge  weight  W and d i s t a n c e  R 

2 .  Determine ambient a tmospheric  pres-  
s u r e  from a l t i t u d e  

3. C a l c u l a t e  s ca l ed  i n c i d e n t  overpres-  
s u r e  Fs 

4.  Choose weight  o f  t h e  l i g h t e s t  human 
exposed a t  d i s t a n c e  R 

5 .  C a l c u l a t e  s ca l ed  s p e c i f i c  impulse is 
6.  P l o t  Fs and is and determine proba- 

b i l i t y  of s u r v i v a l  

CALCULATION 

REFERENCE 

Fig .  4.5 

F ig .  4.69 

Eq. (4.70) 

GIVEN:  W = 100 l b  
R = 100 f t  
A l t i t u d e  = 4000 f t  
m = 130 l b  

FIND: Percent  s u r v i v a l  

SOLUTION: 1. R/W1l3 = 100/1001/3 = 21.5 f t / l b  
1/ 3 

= 1.8 p s i  Enter  F igu re  4.5 and r ead  P 

and i /W1/3 = 2.55 X 10 

S 
-3 1 / 3  ps i - sec / lb  

S 
'Vnscale" t o  determine i 

S 

i - W1/3 = 2.55 X X 101'3 = 5.49 X psi-sec 2% W 
2 .  From F igure  4.69 f o r  4000 f t  a l t i t u d e ,  

po = 12.6 p s i  
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3 .  - From Equat ion ( 4 * 7 0 ) ,  
P = 1.8112.5 = 0.144 

4 .  Given m = 130 l b  
5 .  From Equat ion ( 4 . 7 5 ) ,  

i 

S 

112 -3 p s i  sec = 1.08 X 10 5.49 x - - 
S 112 m 1 1 3  12.6 ' I 2  X 130 11 3 d I 3  

S - i =  

Po 
6 .  From Figure  4 .68 ,  e n t e r  w i t h  Fs = 0.144 and 

i = 1 .08  X The p o i n t  l i e s  w e l l  below 

the th re sho ld  f o r  l ung  damage. So, t h e r e  is  
no i n j u r y  and s u r v i v a l  is 100% 

- 
S 
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4.6.2 T e r t i a r y  Blast I n j u r y  

During whole-body displacement,  b l a s t  ove rp res su res  and impulses i n t e r -  
a c t  w i t h  t h e  body i n  such a manner t h a t  it is  e s s e n t i a l l y  picked up and t r ans -  
l a t e d .  T e r t i a r y  b l a s t  damage involves  t h i s  whole-body displacement and subse- 
quent d e c e l e r a t i v e  impact (Ref. 4.61).  Bodily damage can occur  during t h e  
a c c e l e r a t i n g  phase o r  du r ing  d e c e l e r a t i v e  impact (Ref. 4.68).  The e x t e n t  of 
i n j u r y  due t o  d e c e l e r a t i v e  impact i s  t h e  more s i g n i f i c a n t  (Ref.  4.69),  however, 
and is  determined by t h e  v e l o c i t y  change a t  impact, t he  t i m e  and d i s t a n c e  over 
which d e c e l e r a t i o n  occur s ,  t h e  type o f  s u r f a c e  impacted, and t h e  area of t h e  
body involved (Ref. 4 .61) .  

Although t h e  head is  t h e  most vu lne rab le  p o r t i o n  o f  t h e  body t o  mechani- 
cal  i n j u r y  during d e c e l e r a t i v e  impact, i t  is  a l s o  t h e  b e s t  p ro t ec t ed  (Ref. 
4.67).  Because o f  t h e  d e l i c a t e  n a t u r e  of t h e  head, many may f e e l  t h a t  t r ans -  
l a t i o n  damage cr i ter ia  should be based on s k u l l  f r a c t u r e  o r  concussion. How- 
ever, s i n c e  body impact p o s i t i o n  is  l i k e l y  t o  be randomly o r i e n t e d  a f t e r  
t r a n s l a t i o n ,  o t h e r s  may f e e l  t h a t  t h i s  f a c t o r  should be taken i n t o  account i n  
determining expected amounts of impact damage. I n  a n  e f f o r t  t o  s a t i s f y  pro- 
ponents of each p o i n t  o f  view, bo th  types of impact, e s s e n t i a l l y  head foremost 
and random body impact o r i e n t a t i o n ,  w i l l  b e  considered.  

a 
Because of t h e  many parameters involved i n  d e c e l e r a t i v e  impact, a few. 

assumptions w i l l  be  made. F i r s t  of a l l ,  t r a n s l a t i o n  damage w i l l  be  assumed t o  
occur du r ing  d e c e l e r a t i v e  impact w i t h  a hard s u r f a c e ,  t h e  most damaging case 
(Ref. 4.69). Another assumption i s  t h a t ,  s i n c e  impact on to  only hard s u r f a c e s  
is be ing  considered,  t r a n s l a t i o n  damage w i l l  depend on ly  on impact v e l o c i t y .  
This  i s ,  impacting on ly  one type of s u r f a c e  p rec ludes  t h e  need f o r  consider ing 
change i n  v e l o c i t y  of t h e  body during impact. This assumption, however, i s  
no t  e n t i r e l y  v a l i d  when one cons ide r s  t h a t  t h e  c o m p r e s s i b i l i t y  of v a r i o u s  por- 
t i o n s  of t h e  body can vary cons ide rab ly .  

White (Refs.  4 .61 and 4.62) and Clemedson, e t  a l .  (Ref. 4.69),  a g r e e  
t ha t  t h e  t e n t a t i v e  cr i ter ia  f o r  t e r t i a r y  damage (decelerative i m p a c t )  t o  the 
head should be those presented i n  Table 4.11. White's (Ref. 4.62) r e c e n t l y  
r e v i s e d  c r i t e r i a  f o r  t e r t i a r y  damage due t o  t o t a l  body impact are summarized 
i n  Table 4.12. 
c r i t e r i a  f o r  each type of impact c o n d i t i o n  are i d e n t i c a l .  

It i s  b e n e f i c i a l  t o  n o t e  t h a t  t h e  mostly "safe" v e l o c i t y  

Baker, e t  a l .  (Ref. 4.59) have developed a method f o r  p r e d i c t i n g  t h e  
b l a s t  i n c i d e n t  ove rp res su re  and s p e c i f i c  impulse combinations which w i l l  trans- 
l a t e  human bodies  and p rope l  them a t  t h e  c r i t i c a l  v e l o c i t i e s  p re sen ted  i n  
Tables 4.11 and 4.12. This  method and a s s o c i a t e d  p r e d i c t i o n  curves are repro- 
duced he re .  

F igu re  4.70 con ta ins  t h e  pressure-scaled impulse combinations r equ i r ed  
t o  produce t h e  v e l o c i t i e s  f o r  v a r i o u s  expected percentages of s k u l l  f r a c t u r e  
(See Table 4.11) a t  sea l e v e l ,  wh i l e  F igu re  4 . 7 1  con ta ins  t h e  pressure-scaled 
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Table 4.11 Cri ter ia  For T e r t i a r y  Damage 
(Dece le ra t ive  Impact) To The Head 
(References 4.61, 4.62, and 4.69) 

Sku l l  F r a c t u r e  Tolerance 

~ 0 s  t l y  "safe" 

Threshold 

50 percent  

Near 100 percent  

Rela ted  Impact Veloc i ty  
f tl s e c  

Table  4.12 Criteria For T e r t i a r y  Damage 
Involv ing  T o t a l  Body Impact 

(Reference 4.62) 

10  

1 3  

18 

23 

T o t a l  Body Impact Tolerance 

Mostly "safe" 

L e t h a l i t y  th re sho ld  

L e t h a l i t y  50 pe rcen t  

L e t h a l i t y  near 100 percent  
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Rela ted  Impact Veloc i ty  
f tl sec 

10 

21 

54 

138 
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impulse combinations r equ i r ed  t o  produce the  v e l o c i t i e s  f o r  va r ious  expected 
percentages  of l e t h a l i t y  from whole body impact (See Table 4 . 1 2 )  a t  sea l e v e l .  
Curves f o r  o t h e r  a l t i t u d e s  d i f f e r  only s l i g h t l y  from t h e  sea l e v e l  curves .  

4-1.7 3 



EXAMPLE PROBLEM 4.15 

PROBLEM - P r e d i c t  p o s s i b l e  t e r t i a r y  b l a s t  damage t o  humans a t  a s p e c i f i e d  d i s -  ' t ance  from a given exp los ive  source.  

GIVEN: W = exp los ive  weight 
R = d i s t a n c e  from c e n t e r  of  e x p l o s i v e  charge 
m = weight of body of human s u b j e c t  

FIND: P r o b a b i l i t y  of i n j u r y  

SOLUTION : 1. Determine peak i n c i d e n t  o v e r p r e s s u r e  
Ps and s p e c i f i c  impulse i s  f o r  given 
charge weight W and d i s t a n c e  R 

weight of an exposed human, and calcu- 

l a t e  i s / m  

2. Determine t h e  l i g h t e s t  r e p r e s e n t a t i v e  

1 / 3  

3 .  Locate P S and is/m1/3 on graphs f o r  

REFERENCE 

Fig.  4.5 

s k u l l  fracture and le thal i ty  fo r  w h o l e  
body t r a n s l a t i o n ,  and read impact velo-  
c i t ies  Fig.  4.71 

p r i a t e  impact v e l o c i t i e s  Table 4.11 

F i g .  4.70 & 

4 .  Determine degree of i n j u r y  f o r  appro- 

CALCULATION 

GIVEN:  W = 100 l b  
R = 100 f t  
m = 130 l b  

FIND: T e r t i a r y  b l a s t  i n j u r y ,  based on s k u l l  f r a c t u r e  
and whole body t r a n s l a t i o n  

1/ 3 
SOLUTION: 1. R / d / 3  = 100/1001/3 = 21.5 f t / l b  

Enter  F igu re  4.9 and read P S = 1.8 p s i  and 

-3 1/ 3 p s i - s e c / l b  i /w1l3 = 2.55 x 10 

"Unscale" t o  determine i 
S 

S i -+ w1l3 = 2.55 x x 1001/3 = 1.18 10-2 paitsec 

2 .  Given m = 130 l b .  Calculate 

i /m1l3 = 1.18 X 10-2/1301/3 = 2.33 X p s i - sec / lb  1 /3  S 

Change 1 - 15 August 1981 
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3. 

4.  

Enter  F igu re  4.70 wi th  P 

is /m1l3  = 2.33 X This is  o f f  t h e  l e f t  s i d e  

of t h e  Figure,  b u t  w e l l  below t h e  lowest  curves  
f o r  s k u l l  f r a c t u r e .  So, V << 1 0  f p s .  En te r  Fig- 
4 . 7 1 w i t h  t h e  same numbers. Again, V << 10 f p s  
R e f e r r i n g  t o  Table 4.11 f o r  c o r r e l a t i o n  of velo- 
c i t i es  w i t h  i n j u r y ,  w e  f i n d  t h a t  f o r  e i t h e r  t h e  
s k u l l  f r a c t u r e  o r  whole body impact cr i ter ia ,  t h e  
impact v e l o c i t i e s  are w e l l  below t h e  mostly "safe" 
v e l o c i t i e s .  So, no i n j u r y  would occur. 
NOTE: Had t h e  v z e s  f o r  o r d i n a t e  and a b s c i s s a  i n  

= 1.8 and 
S 

1 / 3  - - Figures  4.70 and 4.71 been P = 1 p s i ,  i s / m  
S 

1 p ~ i - s e c / l b " ~ ,  t h e  v e l o c i t i e s  f o r  s k u l l  f r a c t u r e  
v e l o c i t y  would have been V = 1 5  f p s ,  and f o r  whole 
body t r a n s l a t i o n  V = 13 fps .  S k u l l  f r a c t u r e  i n j u r y  
p r o b a b i l i t y  would l i e  between th re sho ld  and 50%, 
w h i l e  l e t h a l i t y  due t o  whole body t r a n s l a t i o n  would 
l i e  between most ly  "safe" and t h e  th re sho ld  f o r  
l e t h a l i t y .  So, t h e  human would have a r e l a t i v e l y  
h igh  p r o b a b i l i t y  of s k u l l  f r a c t u r e ,  b u t  a low pro- 
b a b i l i t y  o f  death.  Whether t h i s  level  of i n j u r y  
would o r  would n o t  b e  a c c e p t a b l e  could o n l y  b e  ad- 
d re s sed  i n  s e p a r a t e  s a f e t y  cri teria.  

. .  
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4.6.3 E a r  Damage Due To A i r  Blast Exposure 

The ear, a s e n s i t i v e  organ system which conve r t s  sound waves i n t o  ne rve  
impulses,  responds t o  a band of f r equenc ie s  ranging from 20 Hz to 20,000 Hz. 
This remarkable organ can respond t o  energy levels which cause t h e  eardrum t o  
d e f l e c t  less than  t h e  diameter  of a s i n g l e  hydrogen molecule (Ref. 4.70). Not 
b e i n g  a b l e  t o  respond f a i t h f u l l y  t o  pu l ses  having pe r iods  less than 0 . 3  m i l l i -  
second, i t  a t t e m p t s  t o  do s o  by making a s i n g l e  l a r g e  excur s ion  (Ref. 4 .70) .  
It i s  t h i s  motion which can cause i n j u r y  t o  t h e  ear. 

The human ear i s  d iv ided  i n t o  t h e  e x t e r n a l ,  middle, and i n n e r  ear. 
The external ear a m p l i f i e s  t h e  ove rp res su re  of t h e  sound wave by approximately 
20 p e r c e n t  and d e t e c t s  t h e  l o c a t i o n  of t h e  sou rce  of sound (Ref. 4.70).  
t u r e  of t h e  eardrum i s  a good measure of s e r i o u s  ear damage. Unfortunately,  
t h e  s t a t e - o f - t h e - a r t  f o r  p r e d i c t i n g  eardrum r u p t u r e  i s  n o t  as w e l l  developed 
as t h a t  f o r  p r e d i c t i n g  l u n g  damage from b l a s t  waves. A d i r e c t  r e l a t i o n s h i p ,  
however, h a s  been e s t a b l i s h e d  between t h e  percentage of rup tu red  eardrums and 
maximum ove rp res su re .  H i r sch  (Ref. 4.67) c o n s t r u c t e d  a graph s i m i l a r  t o  t h a t  
shown i n  F igu re  4.72 and concluded t h a t  50 p e r c e n t  of exposed eardrums r u p t u r e  
a t  an overpressure  of 15  p s i .  White ( R e f .  4 .61 )  supports  t h i s  conc lus ion  for 
" f a s t "  r i s i n g  o v e r p r e s s u r e s  w i t h  d u r a t i o n s  of 0.003 second t o  0 .4  second . 
o c c u r r i n g  a t  ambient a tmospheric  p r e s s u r e  of 14.7 p s i .  Hirsch (Ref. 4.67),  
a l s o  concluded t h a t  t h r e s h o l d  eardrum r u p t u r e  f o r  " f a s t "  r i s i n g  o v e r p r e s s u r e s  
occur s  a t  5 p s i ,  which i s  a l s o  supported by White (Ref. 4.61) f o r  t h e  range 
of d u r a t i o n  and a t  t h e  atmospheric  p r e s s u r e  mentioned above. 

Rup- 

A t  lower o v e r p r e s s u r e s  t h a n  t h o s e  r e q u i r e d  t o  r u p t u r e  eardrums, a t e m -  
po ra ry  l o s s  of h e a r i n g  can occur .  Ross, e t  a l .  ( R e f .  4.701, have produced a 
graph o f  peak o v e r p r e s s u r e  v e r s u s  d u r a t i o n  t o r  temporary th re sho ld  s h i f t  (TTS). 
Below t h e  limits of t h e  graphs,  a m a j o r i t y  (75 pe rcen t  a t  least) o f  t hose  ex- 
posed a re  n o t  l i k e l y  t o  s u f f e r  excessive h e a r i n g  l o s s .  
e t  a l .  (Ref.  4 .70) ,  t h e i r  cu rves  should b e  lowered 1 0  dB t o  p r o t e c t  90 per- 
c e n t  of t hose  exposed, lowered 5 dB to  a l l o w  f o r  a normal a n g l e  of i n c i d e n c e  
of t h e  b l a s t  wave, and i n c r e a s e d  10 dB t o  a l l o w  f o r  o c c a s i o n a l  impulses .  I n  
sum, t o  a s s u r e  p r o t e c t i o n  t o  90 p e r c e n t  o f  t hose  exposed and t o  a l low f o r  nor- 
m a l  i nc idence  t o  t h e  ear ( t h e  worst  exposure case) of an  o c c a s i o n a l  a i r  b l a s t ,  
t h e i r  cu rves  should b e  lowered 5 dB. 

According t o  ROSS, 

L i m i t s  f o r  eardrum r u p t u r e  and temporary t h r e s h o l d  s h i f t ,  as p resen ted  
above, are dependent on peak i n c i d e n t  ove rp res su re  and d u r a t i o n .  
f i c  impulse is  dependent upon t h e  d u r a t i o n  of t h e  b l a s t  wave and s i n c e  both 
peak i n c i d e n t  ove rp res su re  and s p e c i f i c  impulse a t  a s p e c i f i e d  d i s t a n c e  from 
an  exp los ion  can b e  c a l c u l a t e d  u s i n g  methods i n  t h i s  document, i t  is  e s p e c i a l l y  
a p p r o p r i a t e  t h a t  pressure-impulse ear damage curves b e  developed from t h e  pres-  
su re -dura t ion  cu rves .  Assuming a t r i a n g u l a r  shape f o r  t h e  b l a s t  wave a l lows  
f o r  s imple  c a l c u l a t i o n s  which are c o n s e r v a t i v e  from a n  i n j u r y  s t andpo in t .  

Since spec i -  
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The ear damage c r i t e r i a  presented i n  Figure 4 . 7 3  w e r e  developed from 
t h e  cr i ter ia  f o r  eardrum rup tu re  developed by Hirsch (Ref. 4 . 6 8 )  and White 
(Ref.  4.61) and from t h e  c r i t e r i a  f o r  temporary th re sho ld  s h i f t  developed by 
Ross, e t  a l .  (Ref. 4 . 7 0 ) .  Equation ( 4 . 7 2 )  w a s  used t o  c a l c u l a t e  s p e c i f i c  i m -  
pu l se ,  and temporary threshold  s h i f t  r ep resen t s  t he  case where 90 precent  of 
t hose  exposed t o  a b l a s t  wave advancing a t  normal a n g l e  of inc idence  t o  t h e  
ear are n o t  l i k e l y  t o  s u f f e r  a n  excess ive  degree of hea r ing  l o s s .  
ho ld  f o r  eardrum r u p t u r e  curve is  t h e  l o c a t i o n  below which no ruptured  ears 
are expected t o  occur and t h e  50 percent  of eardrum r u p t u r e  curve is  t h e  
l o c a t i o n  a t  which 50 percent  o f  ears exposed are expected t o  rup tu re .  

The th re s -  

1. 
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EXAMPLE PROBLEM 4.16 

PROBLEM - Find t h e  p r o b a b i l i t y  of ear i n j u r y  a t  a g iven  d i s t a n c e  from a speci-  
f i e d  e x p l o s i v e  source.  

W = e x p l o s i v e  charge weight 
R = d i s t a n c e  from c e n t e r  o f  exp los ive  charge 

GIVEN: 

FIND: P r o b a b i l i t y  of ear i n j u r y  

SOLUTION: 1. Determine peak i n c i d e n t  ove rp res su re  
Ps and s p e c i f i c  impulse is f o r  given 
charge w e i g h t  W and d i s t a n c e  R 
Determine degree of i n j u r y  by p l o t t i n g  
Ps and is on  human ear damage curve 

2. 

CALCULATION 

GIVEN: W = 100 lb (free air) 
R = 100 ft 

FIND: Level 

SOLUTION: 1. 

2. 

of ear i n j u r y  

1 /3  R/dl3 = 100/1001/3 = 21.5 f t / l b  
En te r  F igu re  4.5 and read Y = 1.8 p s i  

S 
1/ 3 and i S /W1j3 = 2.55 X ps i - sec / lb  

REFERENCE 

Fig.  4.5 

Fig.  4.73 

"Unscale" t o  o b t a i n  i 
S 

-2 i -. d'3 = 2.55 X X = 1.18 X 10 psi-sec 

P l o t t i n g  P and i on F igure  4.73, one 

f i n d s  t h a t  t h e  p o i n t  l i es  w e l l  above t h e  
curve f o r  TTS, b u t  below t h e  cu rve  f o r  
t h r e s h o l d  of eardrum r u p t u r e .  So, humans 
would s u f f e r  temporary hea r ing  l o s s ,  b u t  
no s e r i o u s  ear i n j u r y .  
NOTE: When comparing ear i n j u r y ,  primary 
b l a s t  damage, and t e r t i a r y  b l a s t  damage 
f o r  t h e  same source ,  as h a s  been done i n  
Example Problems 4.14, 4.15, and 4.16, one 
i n v a r i a b l y  f i n d s  t h a t  ear i n j u r y  occurs a t  
a g r e a t e r  d i s t a n c e  than  t h e  o t h e r ,  more 
s e r i o u s ,  types of b l a s t  i n j u r y .  So, i f  

S S 
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s a f e t y  cr i ter ia  inc lude  an ear damage l i m i t ,  
one can be a s su red  t h a t  no more s e r i o u s  
b l a s t  i n j u r y  w i l l  occur a t  the  d i s t a n c e s  
corresponding t o  t h e  ear damage l i m i t .  
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