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ABSTRACT 

An exploratory study was made whose a im was to evaluate the damage 

done by low velocity (less than 1000 f t / s e c )  mis s i l e s  consisting of sma l l  f r a g -  

m e n t s  of ord inary  window g la s s  striking in  random orientations a biological 

target .  

wall of anesthetized dogs. By use of appropriate laboratory data, a criterion of pene- 

tration was derived which expresses in equation form the probability of penetration in 

terms of missile mass and impact velocity. 

The index of damage was chosen to be  the penetration of the abdominal 

The penetration c r i te r ion  was applied individually to data f o r  2486 g lass  

m i s s i l e s  originating in  tes t  houses  placed on Operation Teapot (5 )  a t  various 

r anges  f rom ground zero.  

By use of o ther  s ta t i s t ica l  p rocedures ,  expectation of penetration was 

computed a s  a function of o v e r p r e s s u r e  f o r  the region between 1 . 9  and 5. 0 psi. 

I t  was  found that maximum expectation occurred  a t  about 3 .  8 psi ,  

The genera l  biological significance of the r e su l t s  obtained was d is  - 

cussed .  

ACKNOWLEDGMENTS 

The au thors  a r e  indebted to the following employees of the Lovelace 

Foundation f o r  a s s i s t ance  in  the preparat ion of this repor t :  

Mr. Rinaldo V. Taborell i  f o r  edi tor ia l  a s s i s t ance  

Mr. Vernon C. Goldizen and Miss  Fa i th  Sherping f o r  technical 

a s s i s t ance  in the experimental  work 

Mr. Robert  A .  Smith, Mr. Robert  S. Harpe r ,  and Mr. E r i c  K. Mil ler  

fo r  preparing the i l lustrat ions 

Mrs .  Isabel1 Benton and Mrs .  Paul ine Lathrop f o r  stenographic and 

edi tor ia l  help. 

-2 - 



CHAPTER 1 

IN TRO D UC TI0 N 

There is ample evidence that debr i s  se t  in motion by an  explosion is  a 

This fact  prompted a field study of mis s i l e s  m a j o r  cause of injury (1, 2,  3 ,  4). 

produced by atomic detonation during the Nevada Test  Se r i e s  held in the spring 

of 1955. Among other  things, the resu l t s ,  which have been reported elsewhere 

( 5 ) ,  deal t  with f ragments  of window glass  shat tered by the blast. Using appro-  

p r i a t e  methods, over  2400 g lass  mis s i l e s  were  collected in  a manner  which 

allowed determination of the m a s s  and the impact  velocity of each fragment.  

Following the field work, i t  seemed desirable  to initiate exploratory 

experiments  in the laboratory which would aid in assess ing  the biological mean-  

ing of the physical data obtained in Nevada. 

was undertaken employing the abdomen of an anesthetized experimental animal as a 

target for glass fragments of various masses and impact velocities. Conditions 

Accordingly, a biophysical study 

c r i t i ca l  f o r  penetration of the abdominal wall were  determined in  t e r m s  of the 

m a s s  and the velocity of the miss i le ,  and the data were  analyzed statist ically 

in o r d e r  to define the probability of penetration a s  a function of these two 

pa rame te r s .  

The purposes  of this r epor t  a r e  first,  to present  the resu l t s  of the bio- 

physical  study mentioned above, and second, to descr ibe the application of 

such  information to selected portions of the field miss i le  data in o rde r  to de -  

te rmine ,  so far a s  is possible, the biological implications of the la t ter .  
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CHAPTER 2 

METHODS 

2 .  1 General 

The general  methods employed in the laboratory study have been de-  

sc r ibed  in detail  elsewhere ( 5 ) .  Briefly,  the miss i les ,  consisting of g lass  

f ragments  mounted in a Styrofoam sabot, were  f i red  f rom an  a i r  gun a t  the 

abdominal wall of anesthetized dogs. In each experiment the miss i le  velocity 

o v e r  the l a s t  foot of t ravel  in the gun b a r r e l  was measured  with a Hewlett- 

Packa rd  Chronometer tr iggered photoelectrically. 

co r rec t ed  to impact  velocity using data obtained previously (5)  

speed Fas tax  Camera .  

m ea surements  were  accura te  within f 1 pe r  cent. 

2 . 2  Missi les  

This muzzle velocity was 

with a high 

P a s t  experience has  indicated that the velocity 

Missi les  were  obtained by shattering ordinary window glass  into smal l  

The thickness of the panes of g lass  ranged f rom 

After weighing, the f ragments  were  segregated into 5 weight 

f ragments  with a hammer .  

0. 1 to 0. 2 in. 

groups,  the mean m a s s e s  of which were  0. 0543, 0. 131, 0. 318, 0.769 and 

1. 895 gms. 

5 p e r  cent. 

being exercised to randomize miss i le  shape. 

2.  3 Velocity 

'The variation about the mean weight in each group did not exceec 

The mis s i l e s  employed were  selected f rom these groups, c a r e  

In each of the 5 groups of experiments involving miss i les  of different 

m a s s e s ,  f rom 2 to 4 s e r i e s  of experiments were  accomplished employing a 

f a i r l y  constant impact velocity in each se r i e s ,  though the velocity was varied 

f r o m  s e r i e s  to ser ies .  The miss i le  velocities were  selected to produce high, 
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low and intermediate  percentages of penetration of the abdominal wall in  each 

group. 

velocit ies noted in  Table 2. 1. 

accumulate  data i n  an order ly  manner .  

i n  a l l ,  to es tabl ish a statist ically re l iable  relationship between p e r  cent pene-  

t ra t ion  and m i s s i l e  m a s s  and velocity. 

2 . 4  Tai-get 

Eventually 16 s e r i e s  of experiments  were  accomplished a t  the average  

The table shows the general  plan utilized to 

Enough usable shots were  f i red,  389 

Four teen  pure  bred  Dalmatian dogs, ranging between 6. 5 and 7 months 

in age  and coming f rom 2 l i t t e rs ,  were  used in  the experiments.  

w e r e  ma les ,  The weights ranged f rom 2 6  to 4 0  lbs,  averaging 3 3  lbs. Each 

a n i m a l  was deeply anesthetized with intraperi toneal  Nembutal (60  m g j l b )  and 

the fu r  was shaved f rom the abdorninal wall. Missi les  were  aimed in such a 

way a s  to s t r ike  the target  in  rows allowing about 0. 7 5  to 1. 0 in. between 

m i s s i l e s .  Approximately 2 to 4 rows of 10 shots each were 'accomplished with 

each  animal.  Immediately a f te r  each shot the abdominal wall was inspected 

and  "wounds of entry", if any, were  recorded.  Probing the skin lacerat ions 

did not s e r v e  a s  a very  rel iable  means  of determining penetration of the abdom- 

ina l  wall. location of "wounds of exit" proved sa t i s fac tory  and this 

w a s  eas i ly  accomplished, a f te r  sacr i f ice  of the animal  by exsanguination, by 

turning back f laps  of the abdominal wall  and recording the perforat ions of the 

per i toneum eas i ly  visible a s  sma l l  round regions of hemorrhage.  

2.  5 Analytical P rocedures  

A l l  but 4 

However, 

The penetration data obtained in the seve ra l  s e r i e s  of experiments  were  

analyzed by s tandard s ta t is t ical  p rac t ice  ( 7 ,  8). 

a r e  given i n  Chapter  4. 

The detai ls  of each analysis  
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CHAPTER 3 

RESULTS 

3 .  1 Penetrat ion F igu res  

The r e su l t s  of the laboratory penetration study a r e  shown in Table 3. 1. 

The original data have been grouped to show the number of mis s i l e  shots  

accomplished f o r  each velocity s e r i e s  (Column E), the average  mis s i l e  velo- 

c i t i e s  along with the s tandard deviations i n  velocity (Column C) ,  the ranges 

in impact  velocit ies in each s e r i e s  (Column D), the p e r  cent  of mi s s i l e s  which 

penetrated the skin based on "woundsof entry" (Column F) and the p e r  cent of 

f r agmen t s  which penetrated into the abdominal cavity based on "wounds of exit" 

(Column G). 

g l a s s  f ragments  which penetrated the abdominal wall. 

Column H indicates fo r  3 s e r i e s ,  the average  velocity of those 

It  is apparent  f rom Colul~gls B, C, F and G of Table 3 .  1 that penetrat ion 

of the 

m a s s  and impact  velocity, that on the whole the heavier  m i s s i l e s  penetrated 

a t  lower impact  velocit ies,  and that for  a given mis s i l e  weight, the higher the 

velocity the g r e a t e r  the likelihood of genetration. 

3 . 2  Gross  Pathology 

skin and abdominal wall by g lass  mis s i l e s  was a function of both m i s s i l e  

Examination of the abdominal wall  and v iscera  w e r e  accomplished af te r  

A s  could be  expected mass ive  hemo- sac r i f i ce  of each experimental  animal.  

per i toneum was noted upon opening the abdominal cavity. 

of the l a rge  bowel and seve ra l  loops of the sma l l  intestines were  somet imes  

present .  Among the seve ra l  dogs, intra  -abdominal g lass  f ragments  w e r e  found 

lodged in  the sma l l  intest ines ,  buried in  the l iver ,  spleen, kidneys and stomach, 

Multiple perforat ions 

-6 -  



and o thers  were  found lying f r e e  in the peritoneal cavity. 

a mis s i l e  pas s  entirely through an animal,  though in a few cases  f ragments  

had pierced the peritoneal cavity and organs and were  a r r e s t e d  by the body 

wal l  opposite the initial wound. 

In no instance did 

In addition to inspection of the target  a r e a  of the abdominal wall to 

de te rmine  the number of penetrations of the skin and peritoneum a l ready  

r e f e r r e d  to and noted in Table 3. 1 ,  other  findings were  of interest .  

s e v e r a l  instances  in which the mis s i l e s  s t ruck the skin and bounced away 3 

observat ions were  made; namely, sometimes no m a r k  was apparent,  often 

only a ra i sed  welt  was noted and fa i r ly  frequently small  skin lacerat ions were  

seen.  

hemorrhage  occurred  f rom these wounds during the shooting period p r io r  to 

sacr i f ice  of the animal,  In many cases ,  f ragments  passing through the skin 

did not enter  the abdomen and these usually were found lodged in the muscular  

t i s sue  of the abdominal wall. 

In those 

Penetrat ion of the skin was a frequent finding and often ra ther  copious 

In no c a s e  was there definite evidence that a g lass  mis s i l e  broke a f te r  

impact  with the skin. 

musc le s  of the abdominal wal l  even though many of the glass  f ragments  failed 

to p ie rce  the peritoneum. A l s o  relevant was the observation that the peritoneal 

tlwounds of exit" f rom the target  a r e a  were  regular  and spaced in rows a s  were  

the "wounds of entry" through the skin. In case  the miss i les  broke, i r r e g u l a r -  

i ty  in  alignment of the peritoneal wounds would have been expected and, of 

cour se ,  if m i s s i l e  fragmentation were  a prominent affair, m o r e  "wounds of 

exit" than "wounds of entry" could have occurred.  

mentation -par t icular ly  of the l a rge r  g lass  mis s i l e s  - might have happened 

occasionally, i t  no doubt was an infrequent event indeed. 

F o r  instance, no broken miss i les  were  found in the 

Consequently, though f r ag -  
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CHAPTER 4 

ANALYSIS O F  LABORATORY DATA 

4. 1 General Approach 

The penetration data presented in Table 3 .  1 were  used to deduce the 

genera l  empir ical  relationship between the probability of penetration and 

m i s s i l e  m a s s  and velocity. 

below: 

The operations used in the analysis a r e  outlined 

a. Using the data shown in Table 3. 1 ,  the relationship between prob-  

ability of penetration and impact velocity, V, was determined for  

each of the five miss i le  masses .  

Using the resu l t s  of analysis ( a ) ,  mi s s i l e  velocities, Vo, c o r r e s -  

ponding to ze ro  probability of penetration were  evaluated. 

relation between threshold velocity and miss i le  m a s s ,  m,  was 

determined. 

b. 

The 

c. The resu l t s  of the analyses described in (a)  and (b)  were  combined 

to f o r m  a general  equation expressing probability, P, a s  a function 

of m and V. 

4. 2 Impact Velocity vs Probabili ty f o r  Constant Missile Masses  

F igure  4. 1 is  a graphical representation of the g lass  f ragment  penetra-  

tion data recorded in Table 3. 1 .  

plotted on this cha r t  against  the probabilities of Tenetration. Allowing for  a 

maximal  variation in the probability of penetration of about 15 p e r  cent, the 

data for  each mis s i l e  m a s s  appeared by inspection to show a l inear  relationship 

between impact velocity and p e r  cent penetration of the abdominal wall. Re- 

gres s ion  equations were  determined which related the probability of penetra - 

The logarithms of miss i le  velocity were  
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tion to impact  velocity fo r  the 5 different values of mi s s i l e  mass .  These 

equations a r e  recorded in Table 4. 1, Equations - 1 through - 5, and a r e  presented 

graphical ly  in F igure  4. 1 a s  dashed l ines.  

Since the s lopes of the r eg res s ion  equations ( expres sed  a s  the coefficient 

of P) were  randomly distributed showing no dependence on m i s s i l e  m a s s ,  i t  

w a s  deemed advisable to substitute for  the individual values the average  value, 

0. 4842. 

probabi l i ty  of penetration were  not changed. 

a r e  recorded  in Table 4. 1, Equations - 6 through - 10, and a r e  plotted in 

4. 1 a s  solid l ines.  

4.  3 

This adjustment was made i n  such a way that the velocities for  0. 5 

The adjusted r eg res s ion  equations 

Figure 

Threshold Velocities v s  Missi le  Mass  

The r eg res s ion  ana lyses  made i t  possible  to predict  mi s s i l e  velocit ies 

as  a function of probability of penetration for  each of the 5 mis s i l e  m a s s e s .  

Thus ,  using Equations 6 through 10, the velocities, V co,rresponding to zero - - 0’ 

probabili ty of penetration, were  evaluated for  each of the 5 groups of data 

represent ing  different mi s s i l e  weights. I t  was found that a quasi- l inear  r e l a -  

tion existed between the rec iproca ls  of these threshold velocit ies and the log-  

a r i t h m s  of the corresponding values of mi s s i l e s  m a s s ,  a s  presented i n  F igure  

4. 2 which a l so  shows a plot of the r eg res s ion  equation determined for  the bes t  

f i t  to the 5 values obtained for  l / V o .  The equation obtained is shown below. 

V k 329/(log m t 2.3054) 
0 

w h e r e  

V = threshold mis s i l e  velocity, f t i s e c  
0 

m = miss i l e  m a s s ,  g m s  

-9 - 
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4. 4 Probabili ty of Penetration vs Missile Mass and Velocity 

Equations 6 through 10 can  be expressed in the following form:  - - 
log V = log Vo t 0.4842P 12 - 

Equations 11 and 12 were  combined to eliminate V The result ing 
0' - - 

equation expressing probability of penetration in t e r m s  of miss i le  m a s s  and 

impact  velocity was found to be: 

13 log V = 2. 5172 - log (log m f 2. 3054) t 0.4842P - 
This  equation was solved for  constant probability values of 0, 0. 1, 0.2, 0. 3, 

0. 4, 0. 5, 0 .  6, 0. 7 ,  0. 8,  0. 9 and 1. 0 and the resu l t s  plotted in  Figure 4. 3. 

The experimental  data f rom Table 3. 1 a r e  a l so  shown on this graph. 

agreement  between the experimental  data and the analytical resu l t s  (Equation 

1 3 )  was measured by the standard e r r o r  of es t imate  which was found to be 

0. 0745. 

by Equation 1 3  with e r r o r s  not exceeding rt7 .45  p e r  cent. 

The 

- 

This means that approximately 2 / 3  of the probabilities a r e  predicted 

- 
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CHAPTER 5 

ANALYSIS O F  F I E L D  D A T A .  METHOD 1 

5. 1 Missi le  Data and Objectives 

In o r d e r  to help a s s e s s  the biological damage which might be  expected 

f r o m  g la s s  f ragments  occurr ing secondary to a nuclear  explosion, the pene- 

t ra t ion c r i te r ion  determined in  Chapter  4 was applied to data f rom miss i l e  

s tud ies  of Operation Teapot. The r e a d e r  is r e f e r r e d  to a previous r epor t  ( 5 )  

f o r  a detailed descr ipt ion of these studies. 

The data used i n  the p re sen t  study were  obtained f rom m i s s i l e  t raps  

placed inside houses  approximately 10 f t  behind windows facing ground zero ,  

the houses  being located a t  each of 3 ranges.  

each  t r ap  was about 3. 5 sq ft. 

o v e r p r e s s u r e )  collected 2129 mis s i l e s ;  2 t r aps  a t  5, 500 f t  ( 3 .  8 p s i )  collected 

3 2 0  and 5 t r aps  a t  10, 500 ft (1. 9 p s i )  collected 37 miss i les .  

The mis s i l e  collecting a r e a  of 

Six t raps  placed a t  4, 7 0 0  f t  range ( 5 .  0 ps i  

Ninety-eight p e r  

c e n t  of the mis s i l e s  collected by these t r aps  were  f r agmen t s  of window g la s s  

and  2 p e r  cent  w e r e  glazing putty. 

5. 2 Expectation of Penetrat ion Determined f rom Probabi l i ty  Evaluation for  

Each Miss i le  

Using an  enlarged cha r t  similar to F igu re  4. 3 and the m a s s  and velocity 

of each  miss i le ,  the individual probability of penetration of the abdominal wall 

of the dog was determined. The probabili ty values - 2486 in  al l  - were  then 

summed to find the expected number of penetrations fo r  each  range  f rom 

ze ro .  

s a m p l e  and a s  mis s i l e s  p e r  sq f t  expected to penetrate.  

ground 

Expectation was expressed  both a s  a percentage of the total mi s s i l e  

The r e su l t s  of these 
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computations a r e  shown in  Table 5. 1 marked  with a single as te r i sk .  

i n t e re s t  to note that a t  5, 500 f t  range the expectation is 12.8 pe r  cent  (5. 3 

m i s s i l e s  per  s y  f t )  while the expectation a t  4, 7 0 0  f t  was only 3. 9 p e r  cent  ( 3 .  9 

m i s s i l e s  p e r  sq ft) .  

0. 006 mis s i l e s  p e r  sq ft. 

by the following generalizations:  

It is  of 

At 10, 500 f t  range the expectation was 0 . 4  per  cent o r  

These somewhat surpr is ing resu l t s  can be explained 

a .  The Nevada data showed that the mean mis s i l e  velocity i s  less, 

but the mean miss i le  m a s s  g rea t e r  a t  g rea t e r  ranges f rom ground 

ze ro  (5) .  

The probability of penetration i s  less f o r  lower velocity, but is 

g r e a t e r  for heavier  mass .  

b. 

Thus,  i t  is reasonable that the expectation of penetration would be grea te r  for  

g r e a t e r  range f rom ground ze ro  if the decreasing value of mean velocity were  

l e s s  significant than the increasing value of mean m a s s .  This is  evidently the 

c a s e  fo r  the range interval  between 4 , 7 0 0  and 5, 500 f t ,  but not for the interval  

between 5, 500 and 10, 500 ft. 

ana lys i s  la te r .  

This subject will be  explored through quantitative 
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CHAPTER 6 

ANALYSIS O F  FIELD DATA, METHOD 2 

6. 1 General  Approach 

The purpose of the study reported in this chapter was to determine how 

the expectation of penetration varied with range f rom ground ze ro  ( o r  maximum 

ove rp res su re ) .  In o r d e r  to make a detailed study i t  was first necessary  to 

de te rmine  fo r  ranges other  than those used in the field study ( a )  the spatial  

density of miss i les ,  and ( b )  the percentage of these mis s i l e s  within given velo- 

c i ty  and m a s s  intervals.  Once ( a )  and ( b )  were  determined, i t  was a relatively 

s imple  procedure to apply the penetration cr i ter ion,  Equation - 13, to a r r i v e  a t  

an expected frequency of penetration. 

The values of the spatial  density of mis s i l e s  for  intermediate  ove rp res su re  

regions were  obtained by simple interpolation; however, the procedures  neces-  

s a r y  to es t imate  the miss i le  distributions according to m a s s  and velocity were  

much  m o r e  involved. To accomplish the la t te r  i t  was necessary  to es tabl ish a 

distribution model which would satisfy each of the 3 s e t s  of field data;  e. g. , 

missiles collected a t  4, 700,  5, 500 and 10, 500 ft  ranges. 

which was found to be satisfactory was the normal  bivariate distribution of 

m i s s i l e s  according to log m a s s  and log velocity. 

is  completely defined by the appropriate  means and standard deviations, p ro -  

vided that the var iables  a r e  mutually independent. 

The model distribution 

The above distribution model 

Thus, the f i r s t  step was to establish the independence of m a s s  and velo- 

c i ty  (paragraph 6. 2). 

previous study ( 5 )  were  discussed and interpolated for  intermediate over  - 

Next, various s ta t is t ical  pa rame te r s  evaluated in the 
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p r e s s u r e s  (paragraph 6. 3). Then, the detailed computational procedure in-  

volved in arr iving a t  a n  expectation of penetration was demonstrated for  the 

5 psi ove rp res su re  region (paragraph 6.4) .  

f o r  7 overp res su re  regions a r e  presented in  paragraph 6.5. 

6.2 

r h e  resu l t s  of such computations 

Independence of Velocity and Mass 

It has  been shown for  the Nevada data on g lass  f ragments  (5 )  that the 

logari thms of miss i le  m a s s  and velocity were  normally distributed. 

to construct  a bivariate distribution using the above var iables  i t  was necessary  

to determine whether o r  not log velocity was independent of log mass .  

this  purpose, a regress ion  analysis  was performed for  each of the 3 ranges,  

In o r d e r  

F o r  

treating m a s s  as the independent variable and velocity a s  the dependent one. 

In o r d e r  to simplify the analysis,  c l a s s  intervals  were  used. 

m a s s  was chosen to be  0. 2 common log units and for  velocity 0. 1 units. Such 

c l a s s  intervals  were  represented by smal l  rectangles in Figure 6. 1. 

numbers  in the rectangles indicate percentage of the total miss i les  whose log 

m a s s e s  and log velocities were  within the respective c l a s s  boundaries. 

The interval  for  

The 

The regress ion  equations for  the 3 groups of data were  found to be: 

4 ,700  f t  range - 

v =  -0. 0060 168. 1 m '1 4 

5, 500 f t  range - 

0. 0138 V = 168.7 m 

10,  500 f t  range - 

-0. 0374 V = 1 0 1 . 0  m 

15 - 

16 - 
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where  

V = miss i l e  velocity in f t / s e c  

m = miss i le  m a s s  in gms  

These equations, a s  well a s  the standard e r r o r s  of es t imate ,  were  

plotted in  F igure  6. 1. 

The exponent on m denotes the slope of the regress ion  curve and thus the 

dependence of velocity on m a s s  - complete independence of the two var iables  

would be indicated by a zero  slope. 

compared with the slopes - Equation - 14, 2 129 miss i les ,  -0. 0060 slope; Equa - 

tion - 15, 320 mis s i l e s ,  0. 0138 slope; Equation - 16, 37 miss i les ,  -0. 0374 slope - 
i t  is evident that slopes tend to converge about ze ro  as the sample s ize  in -  

c r e a s e s .  

a r e  not related to their  m a s s e s  in any significant fashion. 

When the s izes  of miss i le  samples  a r e  

Thus, i t  was concluded that the velocities of g lass  fragment mis s i l e s  

Other  data indicated in F igure  6. 1 will be discussed in the next p a r a -  

graph.  

6. 3 Statist ical  P a r a m e t e r s  

The employment of the logarithmic transformation mentioned above in -  

volves statistical parameters somewhat different from those ordinarily used 

( 5 ,  7 ,  8 ) .  The logarithm of the geometric mean, employed in this study, is 

equal  to the ar i thmetic  mean of the logarithms. Correspondingly, the log- 

a r i t h m  of the standard geometric deviation is the standard deviation of the 

logari thms.  In general ,  s ta t is t ical  manipulations a r e  c a r r i e d  out in  the ordin-  

a r y  way except that the logarithms of quantities a r e  used r a the r  than the quan- 

t i t ies  themselves.  

The geometric mean m a s s e s  and velocities and the corresponding stand- 

a r d  geometric deviations a r e  presented in Table 5. 1 fo r  the mis s i l e s  collected 
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a t  the 3 ranges f rom ground ze ro  (5). 

spat ia l  miss i le  densit ies and the maximum ove rp res su res  measured  a t  these 

ranges.  The geometric means  and spatial  densit ies of mis s i l e s  were  plotted 

in  F igure  6 . 2  as a function of overpressure .  

by straight l ines since the "true" curves  were  not known. 

of the mean plotted a s  dashed l ines indicate that the accuracy  of measurement  

inc reases  with overpressure .  

Also  shown in  this table a r e  the average  

The various points were  connected 

The standard e r r o r s  

Thus, the curves  shown in Figure 6. 2 made  i t  possible to interpolate the 

var ious  pa rame te r s  fo r  ove rp res su re  values between 1 . 9  and 5. 0 psi. However, 

s ince the standard geometric deviations showed no significant trend for  the 3 

distributions,  the following weighted averages were  used for the ent i re  range in 

ove rp res su res :  

Standard geometric deviation in m a s s  : 

Standard geometric deviation in velocity: 

3. 074 

1. 2 67 

F o r  i l lustrative purposes the geometric mean m a s s  and velocity and the 

respect ive standard deviations were  plotted on Figure  6. 1 fo r  the 3 bivariate  

distributions.  

by the proximity of the geometric means to the regress ion  curves.  

c a s e  the plotted standard geometric deviations in velocity include intervals  of 

a l m o s t  the s a m e  magnitude a s  that of the standard e r r o r  of es t imate ,  

Agreement between the 2 computational procedures  is indicated 

In each 

Also  fo r  i l lustrative purposes,  each of the 3 plots shown in Figure 6 .  1 

includes constant probability of penetration l ines of values 0, 0. 5, and 1. 0. 

The relative portions of the 3 distributions lying within the probability "field" 

a r e  roughly indicated by the positions of the respective geometric means.  I t  

is significant f rom the standpoint of expected percentage penetrations that the 
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only geometric mean which is itself within the probability field is  that for  the 

5, 500 f t  range mis s i l e s  ( s e e  paragraph 5 .2 ) .  

6 .  4 Computation of the Expectation of Penetration for  the 5 p s i  Overpressure  

Region (4, 700 f t  Range) 

The normal  model distribution of mis s i l e s  for  the 5 psi  region was com- 

puted f rom the following statist ical  parameters :  

Geometric mean m a s s  = 0. 133 gms  

Average standard geometric deviation in m a s s  = 3. 074 

Geometr ic  mean velocity = 170 f t / s e c  

Average standard geometric deviation in velocity = 1. 267 

The f i r s t  step was to obtain the distribution of mis s i l e s  according to log 

m a s s .  

divided into intervals  of 0. 2 log units - see  Table 6. 1. 

involved the determination of the deviation of each c l a s s  boundary from the mean 

in  standard deviation units: (log m - log fR) / log S. Then, by use of a table 

of normal  areas (8), the percentages of the sample,  Pm, between given c l a s s  

boundaries and the mean were  evaluated. 

within a given interval ,  APm, was then determined by the difference between 

in te rva l  I s boundary percentage values. 

The log m a s s  range f rom -1. 6 (0. 0251 g m s )  to 1. 0 { 10. 0 g m s )  was 

The next 2 operations 

The percentage of the sample found 

the 

The second step was to determine the distribution of mis s i l e s  according 

to log velocity. 

that  c l a s s  intervals  were  chosen to be  0. 1 log units. 

The procedure was the s a m e  as that descr ibed above except 

The resu l t s  of these com-  

putations a r e  presented in  Table 6 . 2 ,  

Since the distributions computed above had been shown to be independent 

(paragraph  6. 2 )  they were  used a s  marginal  distributions to construct a single 
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bivar ia te  distribution. 

determined by multiplying the frequency f o r  the log m a s s  interval ( A P  

6. 1)  by the frequency for  the log velocity interval  (APv, Table 6.2) .  

r e s u l t s  of these computations were  presented both in  tabular and graphical 

f o r m s  - Table 6. 3 and Figure  6 .  3 .  The height of the blocks in F igure  6. 3 

r ep resen t s  the percentage of the miss i le  sample,  o r  frequency, to be found 

within the given c l a s s  boundaries. The percentages thus represented are the 

m o s t  probable frequencies for  this distribution model and would, of course,  

deviate somewhat f rom those measured  in  a finite sample. The distribution of 

m i s s i l e s  with m a s s e s  l e s s  than 0. 0251 gms  was not computed since -as i t  will 

be  shown l a t e r  - they made  no contribution to the expectation of penetration. 

Having computed the mos t  probable frequency of mis s i l e s  fo r  various 

The frequency in any given bivariate c l a s s  interval was 

Table m’ 

The 

c l a s s  intervals,  the next operation was to determine f o r  the s a m e  intervals  the 

probability of penetration into the abdomen of a dog. 

de te rmine  probabilities a t  the 4 co rne r s  of each bivariate interval. 

abil i ty fo r  a given interval  was assumed to be the average of the 4 corner  

values. 

6. 4. 

Equation - 13 was used to 

The prob-  

These average  probabilities a r e  presented in Table 6 .4  and in  F igure  

The expected frequency of miss i le  penetrations was then computed f o r  

e a c h  bivariate c l a s s  interval by multiplying mis s i l e  frequency values found in 

Table 6. 3 by the corresponding probability values in Table 6. 4. The resu l t s  

of these calculations a r e  shown in Table 6. 5 and a r e  displayed graphically in  

F i g u r e  6. 5. Summation of the individual expectations indicated that 4 .26 p e r  

cent  of the miss i le  sample can be expected to penetrate the abdomen of a dog. 

Since the average  spatial  density of mis s i l e s  at 5 ps i  was 100. 9 miss i l e s / f t  

(Table  5. 1, F igure  6 .2 ) ,  the number of mis s i l e s  pe r  sq  f t  expected to pene- 

2 
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t r a t e  was 4. 30. 

6. 5 Computed Expectations of Penetration for  Various Overp res su re  Regions 

Computations s imilar  to those described in paragraph 6 . 4  were  made for 

distributions corresponding to the following overpressure  values:  2 .  0, 3 .  0 ,  3.  5, 

3 .  7, 4. 0, 4. 5 ,  and 5. 0 psi. The resu l t s  of these computations, recorded in 

Table  6. 6 and plotted in  Figure 6. 6, indicate that the expected percentage pene- 

t ra t ions reached a maximum a t  an ove rp res su re  of about 3 . 7  psi  and that the 

expected penetrations pe r  sq ft  was maximum a t  an ove rp res su re  of about 3 . 9  

ps i .  
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CHAPTER 7 

DISC USSIO N 

7. 1 General 

The objective of this study was to a s s e s s ,  so fa.r a s  possible, the bio- 

logical implications of g lass  fragmented and s e t  in motion by atomic explosions 

when the m a s s  and velocity of the individual f ragments  axe known fo r  a given 

s e t  of c i rcumstances.  I t  was necessary,  f i r s t ,  to adopt a biological c r i te r ion  

capable of definition with an accuracy a t  l eas t  equal to that of the determination 

of the m a s s  and velocity of the mis s i l e s  collected in the field and, second, to 

uti l ize s ta t is t ical  concepts in a manner which not only would allow general iza-  

tions on an "average" bas i s ,  but would quantitatively express  the reliability 

associated with the analytical resul ts  obtained. 

In previous tes t s  the abdominal wall of anesthetized dogs was used as a 

t a rge t  f o r  ar t i f ic ia l  mi s s i l e s  which varied widely in m a s s  and velocity. The 

d iameter  of the impact area., however, was always the flat  c i rcu lar  surface of 

a cylinder (6). 

determining conditions c r i t i ca l  for  penetration of the abdominal wall of the dog 

Under such circumstances the standard deviation obtained i n  

was  about 8 p e r  cent  while the standard deviation of the determination of vel-  

ocity fo r  the g lass  f ragments  collected by the use of t raps  i n  the Nevada field 

study was 10. 5 p e r  cent. 

study using fragments  of g lass  a s  mis s i l e s  would yield a penetration c r i te r ion  

a t  l eas t  a s  accura te  a s  the velocity data for  the field missi les .  This assump-  

tion proved to be c o r r e c t  - the standard deviation fo r  the penetration c r i te r ion  

w a s  computed to be 7 .45  pe r  cent while that for velocity determinations of 

Thus, i t  was assumed that a s imi la r  penetration 
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f ie ld  mis s i l e s ,  a s  stated above, was 10. 5 p e r  cent. 

7. 2 Velocity 

The abil i ty of the a i r  gun to reproduce the des i r ed  velocit ies is indicated 

b y  the s tandard deviation and range in velocit ies noted for each s e r i e s  of shots 

r eco rded  in  Columns C and D of Table 3 .  1. 

not  deviations in  velocity fo r  a given s e r i e s  contributed to the variabil i ty of the 

penetrat ion data,  the average  velocity of only the penetrating mis s i l e s  was 

computed f o r  s e r i e s  1, 8, and 11 ( s e e  Column H). Deviation of these average  

velocit ies so computed f rom those for  the en t i re  s e r i e s  was in no c a s e  g r e a t e r  

than 2 f t / s e c .  

cannot b e  a sc r ibed  to deviations of velocity. 

7 .  3 Penet ra t ion  Data 

In o r d e r  to a sce r t a in  whether o r  

Thus,  i t  appears  that variations in probability of penetration 

It  is obvious that the probability of penetration of a given g l a s s  m i s s i l e  

depends not only on i t s  m a s s  and velocity but a l so  upon such var iables  a s  

m i s s i l e  shape, mi s s i l e  orientation a t  impact ,  and biological a l terat ions in the 

target .  

a s  possible  fo r  every  s e r i e s  of 

study. 

o r d e r  to duplicate as near ly  a s  possible the mis s i l e s  result ing f rom an  explo- 

sion. The degree  of randomness actually attained i s  no doubt reflected in  the 

regular i ty  of the pat tern which the penetration data ( ‘ fab le  3. 1 ,  Column G) 

f o r m s  with the m i s s i l e  m a s s  and velocity data. 

p resented  in  F igu re  3 .  3 .  

that  over  2 / 3  of the 16 probability values agreed  with the overa l l  pat tern within 

* 7 . 4 5  per  cent. 

Attempts  were  made in this study to hold m a s s  and velocity a s  constant 

shots ,  and to use uniform dogs for  the en t i re  

On the o ther  hand, mi s s i l e  shape and orientation were  randomized i n  

The pa t te rn  fo r  these data i s  

The computed s tandard e r r o r  of es t imate  indicated 
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The examination of the 2 probability values showing the l ea s t  agreement  

with the genera l  pat tern - those f o r  s e r i e s  8 and 9, Table 3. 1, is par t icu lar ly  

interest ing.  The probability determined f o r  s e r i e s  8 was 62. 5 p e r  cent  - 15. 5 

p e r  cent higher than that predicted by the r e su l t s  of the en t i re  experiment  a s  

represented  by Equation 13. 

i ty  value was 7 .  7 p e r  cent;  thus, the deviation f r o m  the predicted value was 2 .  0 

standard deviations. 'This means  that if the probability for  s e r i e s  8 were  eval-  

uated by repeated experiments ,  5 p e r  cent of the values thus obtained would 

have deviations a s  g r e a t  a s  the one determined in  this study. Similar ly ,  the 

deviation f o r  s e r i e s  9 was found to be 1. 4 standard deviations. A deviation as 

g r e a t  a s  this would occur  16 p e r  cent of the time f o r  s imi l a r  experiments.  If 

the  data f o r  s e r i e s  8 and 9 a r e  combined, one obtains a "new" average  velocity 

of 362. 7 f t / s e c ,  and a n  average  probability of penetration of 63. 0 pe r  cent  with 

a s tandard deviation of 5 .4  p e r  cent. Equation 13 predic t s  f o r  this average  

velocity (362. 7 f t / s e c )  and m a s s  (0. 318 g m s )  a probability of penetration of 

62 .  0 p e r  cent. 

of s e r i e s  8 and 9 f rom the predicted value is only 0. 2 s tandard deviation. 

7 .  4 

The s tandard deviation computed fo r  this probabil-  - 

- 

Thus, the deviation of the probability value f o r  the combination 

Extrapolation of Penetrat ion Data 

In deriving the c r i te r ion  of the probability of penetration, the l a rges t  t es t  

m i s s i l e s  used had an  average  weight of 1. 895 gms.  

ter ion to field data,  i t  was necessa ry  to extrapolate probabili t ies for  m a s s e s  

a s  l a rge  as10 gms.  Computations were  made to de te rmine  what effect this p r o -  

cedure  could have on the resu l t s ,  Expressing expectation a s  a percentage of 

the mis s i l e  sample,  the "total" expectation of penetration and the expectation 

f o r  mis s i l e s  l a r g e r  than 2.  5 g m s  fo r  various o v e r p r e s s u r e  regions were :  

In o r d e r  to apply this c r i -  
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Maximum 
0 ve r p r  e s  s u r e  

Missi les  Larger  
than 2. 5 gms Miss i l e s  Expected 

to Penet ra te  Expected to Penet ra te  

5 psi  4. 3 p e r  cent 0. 1 per  cent 

4 psi  11. 8 pe r  cent 2. 1 p e r  cent 

3 ps i  9 . 2  p e r  cent 3. 3 p e r  cent 

2 psi  3 .4  pe r  cent 2.  1 p e r  cent 

The above table shows to what extent the figures for  expected penetrations a r e  

dependent upon the extrapolation of the penetration cr i ter ion for  miss i les  whose 

m a s s e s  were  g rea t e r  than 2. 5 gms. 

p e r  cent  of all mis s i l e s  were  expected to penetrate,  but the portion of this 

f i gu re  involving the l a rge r  miss i les  was only 0. 1/4.  3 = 0. 023. Similar calcu- 

lations for  the 4, 3, and 2 psi  regions were  0. 18, 0. 36 and 0. 62, respectively. 

F o r  the 5 ps i  ove rp res su re  region, 4. 3 

Thus,  i t  can be surmised  from the above - and a l so  f r o m  the fact  that the s izes  

of the samples  of miss i les  were  sma l l e r  in the lower p r e s s u r e  regions - that 

the reliability of the figures for expected penetrations is l e s s  for  the lower 

o v e r p r e s s u r e  regions. 

7 .  5 Expectation of Penetration 

Two statist ical  arguments  were  followed in applying the penetration equa - 

tion ( o r  the chosen biological c r i te r ion)  to the physical data obtained in the 

field mis s i l e  study. The f i r s t  method is d i rec t ,  specific and by f a r  the s impler  

of the two. Since the ma.ss of any g lass  miss i le  gathered in the field study was 

known and the corresponding velocity had been determined within * l o .  5 p e r  cent 

( 5 ) ,  i t  was not difficult to use these pa rame te r s  and Figure  3 .  1 to ass ign a 

value for  pro,bability of penetration to each individual miss i le  caught a t  each 

of the 3 ranges from ground zero ;  i. e . ,  4 , 7 0 0 ,  5, 500,  and 10,  500 f t  c o r r e s -  
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ponding to ove rp res su res  of 5, 3. 8 and 1 .  9 psi ,  respectively. 

It mus t  be emphasized that this solution is specific in that i t  applies to 

a 30-35 KT device a t  the stated ranges and is meant to c a r r y  only such biolog- 

i c a l  meaning a s  warranted by the nature  of the biological target  used to define 

the penetration cri terion. 

The second method was m o r e  complex, but much more  general  not only 

in  that predictions a t  intermediate ranges ( o r  various maximum ove rp res su res )  

could be made  but in that bet ter  accuracy was gained in formulating s ta t is t ical  

expressions derived f rom a normalization of the massed  data. 

Expected percentage penetrations were  estimated for  the 1 . 9 ,  3 .8 ,  and 

5. 0 psi  regions by the 2 different methods. The agreement  between the resu l t s  

obtained by the 2 methods,  i l lustrated in  Figure 6.6,  s eems  reasonable for the 

5. 0 and 3. 8 ps i  regions. The r a the r  la rge  discrepancy (2 .  5 pe r  cent )  indicated 

f o r  the 1 .  9 ps i  region is  probably due to the smal l  sample of 37 miss i les  avai l -  

ab le  a t  this p re s su re .  

7 .  6 Interpretation 

The prediction apparent in Figure 6 .6 ;  namely, that there  is an  optimal 

range f rom ground ze ro  a t  which penetration of the dog's abdomen is  maximal,  

r e s t s  basically upon: (1 )  empir ical  data obtained a t  3 ranges,  using a device 

of 30-35 K T  yield, and ( 2 )  the assumption that interpolations of data for miss i l e  

m a s s  and velocity a t  intermediate ranges will not involve a significant e r r o r .  

F r o m  the available data one cannot support a statement that the same  resul t  will 

be  obtained for  nuclear explosions varying widely in  yield, although this s eems  

a likely possibility. 

penetration probability to overpressure  in  future field tes ts ,  a study which 

cer ta inly should be accomplished. 

Fortunately, i t  will be possible to check the relation of 
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7.  7 Biological Implications 

The authors  a r e  unaware of any reliable data which allows the penetra-  

However, the use tion data  obtained on dogs to be applied to the human case.  

of the penetration c r i te r ia  for  experimental  animals  to at tempt  to predict  i n -  

j u r y  to the civilian and mil i tary population will underestimate the damaging 

potential  of g lass  fragments.  This i s  so because of the possibil i t ies of injur ies  

to the eyes and the ra ther  se r ious  implications of multiple puncture wounds of 

the skin, which in a major  nuclear explosion will involve other  complicating 

fac tors ,  such a s  dust, d i r t  and other  debr i s  (9), bacter ia l  contamination, 

radioactive particulate mater ia l  and no doubt a ra ther  significant incidence of 

radiation and thermal  injury within i ts  general  debilitating effects on the human 

target .  
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CHAPTER 8 

SUMMARY 

A study was made  on Operation Teapot of miss i les  produced secondary 

to blast  (5) ,  par t icular  attention being given to mass ,  velocity, and spatial  

density of glass  mis s i l e s  originating f rom shattered windows. The present  

exploratory study was made to in te rpre t  biologically the data obtained in 

Nevada. The index of biological damage was a rb i t r a r i l y  chosen to be the pene- 

tration of a f ragment  of g lass  into the abdomen of a dog. 

in the laboratory was made  to determine a penetration c r i te r ion  which was 

then  applied to the Nevada field data to determine the number of g lass  f ragments  

originating f rom a window which could be expected to penetrate  the abdomen of 

a dog. 

Accordingly, a study 

In the laboratory phase of the study 389 window glass  f ragments  of 5 

average  weights f rom 0. 0543 to 1 .  895 gms  were  shot f rom an a i r  gun a t  the 

abdomen of anesthetized dogs a t  16  average velocities ranging f rom 170 to 

858 f t / sec .  

c r i t e r ion  which expres ses  the relation between probability of penetration, m a s s ,  

and velocity for  g lass  f ragments  of random shapes and impact orientations:  

These data when analyzed resulted in  the following penetration 

log V = 2. 5172 - log (log m t 2. 3054) t 0.4842P 

where  

V = miss i le  velocity, f t / s e c  

m = miss i le  m a s s ,  gms  

P = probability of penetration 

The above equation was then applied to miss i le  data which had been 
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obtained on Operation Teapot. 

f o r  2486 g lass  miss i les  collected i n  t raps  placed in houses a t  various ranges 

f r o m  ground zero.  

windows facing ground zero  and collected in t raps  about 10 f t  f rom the windows. 

I t  was  found that 3 .  9 p e r  cent of such miss i les  a t  4,700 f t  range (5. 0 psi  maxi-  

m u m  ove rp res su re )  could be  expected to penetrate the abdomen of a dog. 

Similar ly ,  the expectations of penetration a t  5, 500 ft ( 3 .  8 ps i )  and 10,  500 f t  

(1 .  9 p s i )  were  12. 8 and 0.4 per  cent, respectively. 

sq ft ,  the expectations of penetration fo r  the 3 ranges -4,700,  5, 500, and 

10, 500 f t  - w e r e  3 .  9 ,  5. 3 ,  and 0. 006, respectively. 

The probability of penetration was evaluated 

Data used in this study were  f o r  mis s i l e s  originating f rom 

In t e r m s  of mis s i l e s  p e r  

The Teapot Operation miss i le  data were  then used to construct model 

m i s s i l e  distributions according to log m a s s  and log velocity. 

of such model distributions - geometric mean miss i le  m a s s  and velocity and 

s tandard geometric deviations - were  evaluated, by interpolation, f o r  various 

p r e s s u r e  regions between 1.9 and 5. 0 psi. 

expectation of penetration a s  a function of maximum overpressure .  

of these computations showed that the expectation of penetration for ove rp res  - 
s u r e  regions between 1 . 9  and 5. 0 psi  was maximum a t  about 3 .  8 psi .  

r e s u l t s  essentially agreed with those discussed in the l a s t  paragraph. 

The pa rame te r s  

This made  i t  possible to compute 

The resu l t s  

These 

Included in Chapter 7 was a discussion expressing words of caution con- 

cerning (a) the application of the penetration data to the human case ,  and (b )  

the general  applicability of the miss i le  data in those instances involving nuclear 

explosions varying widely in yield. 
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Table 2 .  1 Experimental  Design Showing Five Groups Segregated 
According to Average Missile Mass and the Average 
Missile Velocities Employed in  Each Group. 
of the g lass  f ragments  were  within*5 p e r  cent of those 
indicated. 
Table 3. 1. 

The m a s s  

F o r  variation in the miss i le  velocities s e e  

Experimental  Groups According to Missile Mass and Average Missile 
Velocities in f t / s e c  Used in Each  Se r i e s  

I 11 I11 I V  V - 
0. 0573 g m s  0. 1- gms 0. 318 gms  0.m gms  1.895 gms 

487 2 05 192 200 170 

8 5 8  2 62 3 05 297 240 

456 419 418 360 

649 3 87 

-28- 



Table 3. 1 L a b o r a t o r y  Data f o r  the De te rmina t ion  of P e n e t r a t i o n  C r i t e r i o n  
for the Abdomen of Dogs 

A B C D E F G H - Dog A v e r a g e  Ave.  Miss i l e  Range of N u m b e r  Per c e n t  Per  cen t  Ave. Velocity 
Group  Series No. Miss i l e  Velocity and Missile of P e n e t r a t i n g  P e n e t r a t i n g  of P e n e t r a t i n g  

Mass*  Std. Deviation Velocity Shots  Skin Abdomen and M i s s i l e s  

g m s  f t l s e c  f t l s e c  f t i  s e c  
Std. Deviation 

11 3 c -7 0. 131 

4 C -8 0. 131 

5 c -9 0. 131 

I 6 C-13 0. 131 
N 
\D 

I 
I11 7 c -3 0, 318 

487 * 8 .8  t16 ,  -17 25 

858 f 11. 6 t24 ,  -26 25  

2 0 5 *  3.9 t 7 , - 8  25  

262 f 10.9 t13 ,  -44 25 

456 f 11.4 t 1 9 ,  -21 25 

649 * 10.9 - t 1 7 ,  -23 26 

192 f 4 . 0  t11 ,  - 8 26 

3 0 5 *  8.2 t16 ,  -15 40 

419 * 9 . 6  t16 ,  -27 41  

52 

100 

12 

52 

88 

100 

54 

82 

95 

36. 0 * 9. 6 48 9 
88. 0 f 6. 5 

4 . 0 5  3.9 

0 

60. 0 * 9. 8 

92. 3 f 5. 3 

l l . 5 f  6 . 4  

62.5 f 7.7 

I V  10 c -4 0.769 2 0 0 5  3 .8  t 8 , - 7  24 62 25. 0 * 8 . 8  

11 c -5 0.769 297 f 4.9  t 9, -10 2 5  88 60. 0 * 9. 8 
12 C -6 0.769 418 f 10.4 t 2 5 ,  -28  25  100 88. 0 f 6. 5 

.V 13 C-10  1 .895  1 7 0 *  2 . 8  t 5 , - 4  21 33 14. 3 f 7. 6 

6 8 . 4 *  10 .7  '-' 1.895  2 4 0 *  9 . 3  t32 ,  -10 19 79 l 4  c - 1 0  

15 C-12 1. 895 360*  6 . 3  t 1 0 ,  -10 7 100 100 

16 C-11 1 .895  387 f 4. 5 t 1 0 ,  - 6 10 100 100 

3 04 

298 

:::Range of M i s s i l e  M a s s  w a s  f 5 p e r  cent .  



Table 4. 1 Regression Equations Expressing Probabili ty of Penetration 
fo r  Various Sizes of Glass  Fragment  Missiles.  See F igu re  
3. 1. 

m = miss i l e  m a s s ,  g m s  

V = miss i l e  velocity, f t / s ec  

P = probability of penetration ( 0  7 P 7 1. 0 )  

Equation m Regression Equations 
No. 

~ 

1 0. 0543 log  V = 2.5172 t 0 .4731  P 

2 0. 1 3 1  log V = 2 .3576  t 0 .4933  P 
3 0. 318 log V = 2 .2214  t 0. 5281 P 

4 0.769 log V = 2. 1723 t 0.5075 P 
5 1. 8 9 5  log V = 2. 1390 t 0 .4190  P 

Equation m Regression Equations adjusted to an average slope 
No. 

6 0. 0543 log V = 2. 5116 t 0.4842 P 

7 0. 131  log V = 2 , 3 6 2 1  t 0.4842 P 

8 0. 318 log V = 2.2433 t 0.4842 P 

9 0 .769  log V = 2. 1840 t 0 .4842 P 
10 1 . 8 9 5  log V = 2. 1064 t 0.-4842 P 

- 3 0 -  



Table 5, 1 Statist ical  P a r a m e t e r s  and Predicted Penetrat ion Data 
fo r  Missi les  fr.om Traps  a t  Various Ranges f rom Ground 
Zero  

Distance f rom Ground Zero, f t  

Maximum ove rp res su re ,  psi  

Number oi t raps  

Total  number of g lass  mis s i l e s  

Geometr ic  mean mis s i l e s  m a s s ,  g m s  

Standard geometr ic  deviation in m a s s  

Geometr ic  mean mis s i l e  velocity, f t / s e c  

Standard geometr ic  deviation in velocity 

Pe r  cent of total mi s s i l e s  expected 

to penetrate  

Average  number of mis s i l e s  p e r  sq f t  

Miss i les  pe r  sq f t  expected to penetrate  

4 , 7 0 0  5 ,500  10,500 

5. 0 3. 8 1.9 

6 2 5 

2129 32 0 37 

0. 133 0 .580 1. 2 5  

3 .  01 3 . 4 7  3 . 3 5  

170 168 103 

1. 27 1. 25 1. 25  

3 .9*  12 .84  0. 4 * c  

4. 3** 13.744 2 . 9 4 'X 

100.9 45. 5 2 . 1  

3. 9*< 5. 3* 0. 006* 

4 .3**  6. 1** 0. 03**< 

>:Computed f rom individual evaluation of each  mis s i l e  
>:+Computed f rom model mis s i l e  dis t r ibut ions 

- 3 1  - 



‘Table 6. 1 Marginal Distribution of Missi les  According to Log Mass 

Maximum Overp res su re  = 5 ps i  

m = m a s s  c l a s s  boundary in f t / s e c  

m = geometric mean m a s s  = 0. 1 3 3  
- 
- 
s = average standard geometric deviation = 3. 074 

P = percentage of miss i le  sample whose m a s s e s  have values between 
m and 111, determined f rom tables of normal  a r e a s  

= percentage of miss i le  sample whose m a s s e s  have values between 
the given c l a s s  boundaries 

m 

lSPm 

log m m log m - log ;F; log m - log m 
log F m P Apm 

-1. 6 

-1.4 

-1,2 

-1.0 

-0, 8 

-0. 6 

-0.4 

-0.2 

0 

0. 2 

0.4 

0. 6 

0.8 

1. 0 

0. 0251 

0. 039b 

0. 0631 

0.100 

0, 158 

0,251 

0.398 

0,631 

1,000 

1,585 

2. 512 

3.981 

6.310 

10,000 

-0.7239 

-0,5239 

-0,3239 

-0. 1239 

0. 0761 

0.2761 

0.4761 

0.6761 

0,8761 

1. 0761 

1.2761 

1,4761 

1,6761 

1,8761 

-1.49 

-1, 08 

-0.66 

-0.25 

0. 16 

0, 57 

0.98 

1.39 

1. 80 

2,21 

2, 62 

3. 03 

3,44 

3.85 

43. 189 

35.993 

24, 537 

9.871 

6.356 

21, 566 

33.646 

41,774 

46,407 

48. 645 

49, 560 

49.878 

49.971 

49.994 

7.20 

11.46 

14. 67 

16.23 

15.21 

12. 08 

8. 1 3  

4, 63 

2, 2 4  

0. 9 1  

0. 32 

0. 09 

0. 02 

-32 - 



Table 6.2 Marginal Distribution of Missi les  According to Log Velocity 

Maximum ove rp res su re  = 5 psi  

V = velocity c l a s s  boundary in  f t / s e c  

V = geometric mean velocity = 170 f t / s ec  

s = average  standard geometr ic  deviation = 1.267 

- 
- 

P = percentage of mis s i l e  sample whose velocities have values 
between V and v, determined f rom tables of normal  a r e a s  

A P  = percentage of miss i le  sample whose velocities have values 
between the given velocity c l a s s  boundaries 

V 

V 

log v 'V log v - log v 
log s log v - log v P v  

2.0 100.0 -0.2304 -2.24 48.745 

2 . 1  125.9 -0. 1304 -1.27 39.796 

2 . 2  158. 5 -0. 0304 -0. 30 11.791 

2 .3  199.5 0. 0696 0. 68 25. 175 

2.4 251.2 0. 1696 1. 65 45. 053 

2.5 316.2 0.2696 2. 62 49.560 

2. 6 398.1 0. 3696 3. 60  50. O O O *  

8. 95  

28.00 

36.97 

19.88 

4. 5 1  

0.44 

::<The distribution is assumed to terminate  a t  this c l a s s  boundary. I 
I 

-33- I 



Table 6. 3 Normal  Model Distribution of Glass Fragment  Missiles 
According to Log Mass and Log Velocity 

Maximum ove rp res su re  t: 5 ps i  

F igures  represent  percentage of sample expected within 
given c l a s s  boundaries 

Velocity, 
f t l s e c  

100.0 125.9 158.5 199.5 251.2 316.2 398. 1 -3 
I I L I 1 I 

Mass., gms 
\L 

0. 0251 

0. 0398 

0.0631 

0.100 

0.  158 

0.251 

0.398 

0. 6 3 1  

1.000 

1. 585 

2. 512 

3 . 9 8 1  

6.310 

10.000 

0. 64 2.02 2. 66 1.43 0. 32 0. 03 

1 
i 

1 

1. 02 3.22 4. 2 6  2.29 0. 52 0. 05 

1. 3 1  4.12 5.44 2 . 9 3  0. 66 0. 06 

1.44 4. 54 5. 99 3.22 0.73 0. 06 

1.35 4.26 5. 62 3. 02 0. 68 0. 06 
~~ 

1, 08 3. 39 4.48 2.41 0. 54 0.05 

B 
0.72 : 2.27 3. 00 1. 6 1  0. 36 0. 03 

0 0 0 l o  i 
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- 

Table 6. 4 Probabili ty of Penetration of Glass  Fragment  Missi les  
Averaged Over  Increments  of Mass  and Velocity, 
Target:  Abdomen of Dogs 

8 

" 

~~ 

Velocity, 
f t l s e c  

0 

0 

0 

0 

M a s s  g m s  

0. 0251 

0. 0398 

0. 0631 

0 .100 

0, 158 

0.251 

0. 398 

0.631 

1.000 

1.585 

2.512 

3.981 

6.310 

10,000 

;L' 

I o  . 0 2 1  

014 . 099 

0 

0 0 ' 0  

0 0 0 . 0 6 4  . 2 3 0  

0 0 031 . 165 .368 

-+ 100.0 125.9 158.5 199. 5 251.2 316.2 398. 1 

0 0 . 008 . 098 

0 0 . 040 . 183 

0 003 . 090 278 

0 027 . 157 .363 

0 .066  0 235 4 4 1  

. 008 . 109 .294 .513 

1 

. 032 . 166 .373  .579 

. 062 .219  ,435  .641 

. 093 .286  .492 .699 . 1 

. 2 8 4  .491 

. 3 9 0  ] . 5 9 6  

. 4 8 4  . 6 9 1  

.570  . . 776  

648 .820  

7 1 9  874 

1 

. 786  .945  

,848  .975  

.896  .995  

-35- 



Table 6.5 Expected Missile Penetrat ions for Given Log M a s s  and Log 
Velocity Intervals. 

0 

Maximum overpressure :  5 ps i  

F igures  represent  percentage of total mi s s i l e  sample expected 
to penetrate  within given c l a s s  boundaries 
Total Expectation: 4. 3 pe r  cent 

0 0 0 0 , 0 0 1  

Velocity, 
f t / s ec  

0 

+ 100.0 125.9 158. 5 199.5 251.2 316.2 399. 1 
1 
i M a s s ,  gms 

I 

0 0 .007 , 0 0 5  

.tJ 
0. 0251 

l o  
I 1 

0 

O I 0  
I 

0. 0398 

0 0 . 042 .014 

0 100 . 120 ,018  

1 

0. 0631 

0.100 

I .296 0 . 045 I 0 
0. 158 

.193 029 

0.251 

0.398 

0 

0 

0 
0.631 

0 . I 7 9  .441 . 168 .030 

007 .270 ,, 448 .174 . 020 

, 035 .267 .334 ,120  e 016 

1. 000 

. 001 
1.585 

.041 . 190 0 194 . 065 . 008  

. 027 . 097 092 . 029 0 

2. 512 
001 

. 001 
- 3.981 

6.310 

.013 . 041 ,, 035 . 008 0 

.007 .017 . 013 0 0 

10.000 

I ! 1 1 1 1 

- 3  6- 



Table 6. 6 Expectations of Penetration Determined f rom 
Model Missile Distributions for  Various 0-:er - 
p r e s s u r e  Regions 

O v e r p r e s s u r e  Region, psi  2. 0 3. 0 3. 5 3.7 4. 0 4.5 5. 0 

Exp e c te d p e r c en ta g e 
penetrat ions 3.42 9. 17 12.66 13.78 11.78 7.30 4.26 

Expected penetrating 
mis s i l e s  p e r  sq f t  0. 09 1.47 3,99 5. 51  6.24 5. 3 3  4. 3 0  

-37 - 
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log m - -2.3054 + 329 

m = Mass of Mlssile, gms. -- 
Vo = Highest velocity, ft./sec, 

for which probability of 

VO 

. penetration is zero. 

rarget : Abdomen 
of Dogs 

2 4 6 

IN, x io3, msec./ft. 



Probabil i ty of penetration of g lass fragments into the abdomen 
of a dog as a f u n c t i o n  of  missile mass and impact veloci ty.  
Equat ion 
where V = impac t  ve loc i ty  i n  f t / sec  

S t a n d a r d  Error  of Es t imate :  0.0745 

l o g  V = 2.5172 - l o g  ( log m + 2.3054) + 0.4842 P 

m =  mass of g l a s s  f ragments in gms 
P = probabil ity of penetration 

b 
0 

I 

. - -  
0.0 5 0. I I .o 

M i s s i l e  m a s s ,  g m s  

4 B 

5.0 



c V e' 

0.31 

Distribution of Glass Fragment Missiles According to Log Mass and Log Velocity at Ranges of 4700 ft, 5500ft, 
and 10,500 ft. from Ground Zero 

Small Rectangles Indicate Class Boundries 

Numbers in Rectangles Indicate Percent of Total Missiles 

R Lines Indicate Probability of Penetration of the Abdomen of Dogs 
500 

400 

300 

200 

100 

50 

II! 
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0. 
-. 

\ : 4001 
c * 

300 - 
I b x  r 6  ' 8200- Regression Equation 

'u, V = I68 7 m > 
aJ 
VI 
- ._ 

Standard Error L 
of Estlmote 01003 

s 
E 

100 - 

Range 5500 h 
Maximum Overpressure 38 b s i  
Total Missiles in Sample 320 

T 
Range: 10500 ft. 
Maximum Overpressure: 1.9 p.ri. 
Total Missiles in Sample: 37 Estlmote: 0.1050 

I I I I I l l l l  I I I I I I I I I  I I I 1 I1 -.-- I 
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