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FOREWORD 

This  r e p o r t  d e s c r i b e s  expe r imen ta l  and theore t ica l  s tudies  of 
blast- induced t ranslat ional  effects with r e g a r d  to dummies ,  an imals ,  
s tones ,  c o n c r e t e  building blocks,  and s p h e r e s .  S o m e  r e s u l t s  a r e  p r e s e n t e d  
of m a t h e m a t i c a l  model  s tudies  of the a c c e l e r a t i v e  as wel l  as the dece lera t ive  
phase  of displacement .  
of previously r e p o r t e d  data  and is intended to c la r i fy  s o m e  of the p rob lems  
a s s o c i a t e d  with t ranslat ion.  
events  a r e  not d i s c u s s e d  in  this  p a p e r .  

The  p r e s e n t  siudy r e p r e s e n t s  a fu r the r  ana lys i s  

The  biological implicat ions of t rans la t iona l  

This  r e p o r t  and s o m e  additional m a t e r i a l  w e r e  s u m m a r i z e d  on 
October  6 ,  1966, before  a sympos ium on the Biological Effects of A i r  
B l a s t  at the National Academy of Sc iences  sponsored  by the NAS-NRC 
Commi t t ee  on  Hearing,  Bioacoust ics ,  and Biomechanics ,  "CHABA. " 
On October 13, 1966, the r e p o r t  w a s  p re sen ted  a t  the New York Academy 
of Sciences conference on P reven t ion  of and  Pro tec t ion  aga ins t  Accidental  
Explosion of Munitions. 
Annals of the New York Academy of Sc iences .  

The  text  was  a l s o  submit ted for  inclusion in the 
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ABSTRACT 

A ma themat i ca l  model  was  developed to p red ic t  the  t i m e  d i sp lace -  
m e n t  h i s t o r i e s  of objects  t r ans l a t ed  by the b l a s t  winds f r o m  conventional 
o r  nuc lea r  explosions;  t h e s e  pred ic t ions  w e r e  then c o m p a r e d  to ac tua l  
expe r imen t s .  The objects  s tudied va r i ed  in s i z e  f r o m  139 m g  s p h e r e s  
to m a n  and w e r e  all a s s u m e d  to b e  f r ee , Jo  move  ove r  a smooth  horizontal  
su r f ace .  
neglected,  bu t  when they w e r e  cons ide red  the ground f r ic t ion  eventually 
brought  the objects  to r e s t  a f t e r  the winds had passed .  
ground f r ic t ion  used  w e r e  de t e rmined  exper imenta l ly  and w e r e  found 
to  b e  funct ions of the veloci ty  and  mass of the  object  being displaced.  

The  effects  of ground friction'  could e i the r  b e  included o r  

The  values  of 

The  t r ans l a t iona l  model  was  g e n e r a l  enough fo r  e i ther  c l a s s i c a l  
o r  non-c l a s s i ca l  b l a s t  waves  to be  cons idered .  Resu l t s  f o r  a chemica l  
explosion w e r e  obtained by using both the computed b l a s t  waves  of var ious  
au tho r s  and the exper imenta l ly  de t e rmined  b l a s t  waves .  These  predic ted  
r e s u l t s  w e r e  compared  wi th  each  o ther  as  we l l  a s  with expe r imen ta l  
data obtained wi th  s t e e l  s p h e r e s .  The mode l  w a s  used  to d e t e r m i n e  
dynamic -p res su re  impu l ses  n e c e s s a r y  to explain the m e a s u r e d  sphere- 
ve loc i t ies  a t  t h ree  r anges  f r o m  ground ze ro .  

Another  ma themat i ca l  model  was  br ief ly  desc r ibed  which was  
developed to compute the  detai led two-dimensional  t r a j e c t o r i e s  of 
ob jec ts  as  they ro l l ,  s l ide ,  and bounce along the ground.  The  model  
c lose ly  pred ic ted  the m e a s u r e d  d is tances  between bounces and the total  
d i sp lacements  of concre te  blocks and l a r g e  s tones  and thus helped to 
explain the mechan i sms  of tumbling by which an i r r e g u l a r  object  may  
become  a i r b o r n e  during both the acce le ra t ive  and the dece lera t ive  phases  
of d i sp lacement .  

* Ground f r ic t ion  is used  h e r e  to designate  the p r o c e s s  of energy  
d iss ipa t ion  by s l iding,  rol l ing,  and impact ing along the  ground. 
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BLAST -1NDU CED TRANSLATIONAL E F F E C T S  

E. Royce F l e t c h e r  a n d  I. Gera ld  Bowen 

INTRODUCTION 

The  Lovelace  Foundation has  conducted expe r imen t s  on two 
opera t ions  a t  the Nevada T e s t  S i t e  (Bowen e t  a l . ,  1956, 
e t  a l . ,  1959) and  on two opera t ions  using chemica l  explosives  (Bowen 
e t  a l . ,  1965; F l e t c h e r  e t  a l . ,  1965a; Bowen and F l e t c h e r ,  unpublished) 
i n  o r d e r  to evaluate  the  t rans la t iona l  effects  produced  by the b l a s t  
waves  f r o m  nuc lea r  and  conventional explosions.  Expe r imen t s  w e r e  
p e r f o r m e d  on f ive nuc lear  shots  ranging in  yield f r o m  11 to 44 kt and 
on two high explosive (HE)  shots  having yields  of 50 and 500 tons.  
T rans l a t iona l  veloci t ies  and in  s o m e  c a s e s  to ta l  d i sp lacements  w e r e  
de t e rmined  fo r  about 20 ,  000 objects ,  s u c h  as s p h e r e s ,  an ima l s ,  
an thropomorphic  dummies ,  s tones ,  conc re t e  building blocks,  
window -g la s s  f r agmen t s ,  and  s t e e l  f r agmen t s .  

1963; Tabore l l i  

Theore t i ca l  s tud ies  and l abora to ry  expe r imen t s  (Bowen e t  al. , 
1961, 1962; F l e t c h e r  e t a l . ,  1961; F l e t c h e r  e t  a l . ,  unpublished) w e r e  
done to  help explain the. mechan i sms  involved in  the  t rans la t ion  of 
objects  by  b l a s t  waves  and thus to m a k e  it poss ib le  to p red ic t  t he i r  
behavior  when exposed to  any specif ied a r b i t r a r y  b l a s t  wave .  The 
dece le ra t ive  phase  of d i sp l acemen t  when the objects  come  to r e s t  by 
s l iding,  rol l ing,  and bouncing along the ground has  a l s o  been s tudied 
both theore t ica l ly  and exper imenta l ly  ( F l e t c h e r ,  ,1965b) .  

In the  p r e s e n t  pape r  the r e s u l t s  of s e v e r a l  exper iments  (mos t ly  
conducted during a 500-ton TNT shot)  involving the t rans la t ion  of 
s p h e r e s ,  an ima l s ,  d u m m i e s ,  s tones ,  and blocks wi l l  be desc r ibed .  
Theore t i ca l  t ime-d i sp lacemen t  h i s to r i e s  f o r  the t r ans l a t ed  objects  w e r e  
computed using a r e v i s e d  ma themat i ca l  model  of blast-induced t r ans l a t ion  
( F l e t c h e r  e t  a l . ,  unpublished).  These  calculat ions w e r e  based  on b l a s t  
waves  p red ic t ed  by var ious  au tho r s  a s  wel l  a s  on exper imenta l ly  
de t e rmined  b l a s t  waves ;  i n  this  way,  the var ious  pred ic t ions  can be 
compared  not only to exper iment ,  bu t  a l s o  to e a c h  o ther .  

TRANSLATION MODEL 

The r ev i sed  ma themat i ca l  model  ( F l e t c h e r  et  al. , unpublished) 
of blast-induced t rans la t iona l  effects  is s i m i l a r  to the e a r l i e r  models  
(Bowen e t  a l . ,  1961, 1962), but two m a j o r  f ea tu res  have been added: 
(1)  a r b i t r a r y  b las t -wave  f o r m s  can  be used  and ( 2 )  the effects of ground 
f r ic t ion  can be  included i f  the  t rans la t ing  object  i s  tumbling over  smooth ,  
f la t  ground.  In the e a r l i e r  models  i t  was a s s u m e d  that  the b l a s t  waves  



w e r e  c l a s s i ca l  in f o r m  and tha t  the objects did not s t r i k e  anything while 
they w e r e  being t rans la ted .  Thus the total  d i sp l acemen t  of a t rans la ted  
object could not be  computed s ince  these  mode l s  included no way of 
descr ib ing  the motion of the object  during dece lera t ive  tumbling 
along the ground. 

As in  the c a s e  of the e a r l i e r  mode l s ,  t ime-d i sp lacemen t  h is tor ies  
a r e  calculated with the a id  of a digi ta l -computer  p r o g r a m  b a s e d  on the 
ma themat i ca l  model.  This  p r o g r a m  wi l l  a c c e p t  a n  o v e r p r e s s u r e  wave 
and  e i ther  a d y n a m i c - p r e s s u r e  wave  o r  a wind-velocity curve,  and  wi l l  
gene ra t e  th,? t ime-disp lacement  h is tory  of a n  object (whose  acce lera t ion  
coefficient" m a y  v a r y  with t ime)  which  m a y  e i ther  be  a s s u m e d  to b e  
i n  f r e e  air or  to be  bouncing and sliding along the ground as it t r ans l a t e s .  
If a n  equation is not avai lable  f o r  the b l a s t  wave, a "broken-line" 
approximat ion  m a y  b e  used  and in  this  way  p r e c u r s o r  and other  non- 
c l a s s i ca l  wave f o r m s  can  be handled. 

The e f fec ts  of ground f r ic t ion  on the object a r e  approximated  in 
the mode l  by a n  ave rage  dece lera t ive  f o r c e  which is a s s u m e d  to a c t  
on the object throughout the en t i r e  motion. The value of this a v e r a g e  
dece lera t ive  f o r c e  due to ground f r ic t ion  w a s  de r ived  f r o m  e m p i r i c a l  
f i ts  to data obtained by dropping an imals ,  s tones ,  and conc re t e  blocks 
f r o m  a t r u c k  t ravel ing a t  var ious  speeds  and measu r ing  the total  
d i sp l acemen t s .  The  f o r c e  p e r  unit mass (i. e . ,  the decelerat ion)  w a s  
found to b e  a function of velocity and mass f o r  an ima l s  and  a function 
of velocity only fo r  s tones and conc re t e  blocks.  
f r ic t iona l  dece lera t ion  wi l l  b e  p re sen ted  in  the next sect ion along with 
a descr ip t ion  of the "calibration" expe r imen t s  f r o m  which they w e r e  
der ived.  

Equations for  the 

In developing the model,  a different ia l  equation w a s  de r ived  which 
d e s c r i b e s  the motion of a n  object ac ted  upon by b l a s t  winds and ground 
fr ic t ion.  Since this  equation could not b e  solved explicit ly,  a l inear  
approximat ion  to the solution over  finite t i m e  s t eps  s m a l l  enough to 
introduce negligible e r r o r s  in  the f inal  a n s w e r s  w a s  used  in the computer  
p r o g r a m .  The computed acce lera t ion ,  velocity,  and d i sp lacemen t  of the 
object,  as wel l  as the per t inent  blast-wave p a r a m e t e r s ,  a r e  plotted and 
pr in ted  out a t  any specif ied in t e rva l  of time. 

CALIBRATION EXPERIMENTS 

In o r d e r  to u s e  the t rans la t ion  mode l  to pred ic t  the comple te  t ime-  
d i sp l acemen t  h i s to r i e s  of objects bouncing along the ground; i t  was  
n e c e s s a r y  to include the effects  of ground f r ic t ion  in  the model  in  s o m e  
way. T h e r e f o r e ,  expe r imen t s  to study ground f r ic t ion  (F le t che r ,  1965b) 
w e r e  p e r f o r m e d  in which m o r e  than 500 objects w e r e  dropped on smooth  
f la t  ground (a  g raded  a i r s t r i p  on a n  al luvial  plain) f r o m  a t r u c k  t ravel ing 
a t  speeds  ranging f r o m  10 to 60  mph.  Total  d i sp l acemen t s  of the objects 
w e r e  r e c o r d e d  as  wel l  a s  the dis tances  between individual impac t s  i f  the 
i m p r i n t s  could be  located. The  expe r imen ta l  objects  included s tones 

*Defined as the a r e a  p re sen ted  to the wind multiplied by the d r a g  
coefficient and divided by the m a s s .  
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(1 .  3 - 116 lb) ,  o r d i n a r y  conc re t e  building blocks (25. 0 - 32. 5 lb) ,  
concrete-f i l led building blocks (55. 0 - 56. 5 lb),  guinea pigs (1.  2 - 1. 7 lb) ,  
rabbi t s  ( 5 . 2  - 8. 1 lb),  dogs ( 3 8 .  0 - 44. 6 lb) ,  and  a goat (59 lb) .  
c o n c r e t e  building blocks (7.  5 x 7. 5 x 15. 5 inches)  and the a n i m a l s ,  
which  had been sac r i f i ced  by injections of Nembutal, w e r e  dropped in 
var ious  or ientat ions to  d e t e r m i n e  var ia t ions in the subsequent motion. 

The  

* 1- 
The a n i m a l  displacements  showed no var ia t ion with orientation 

but did show a significant var ia t ion with m a s s ;  f o r  a given speed  the 
l a r g e r  an ima l s  r e q u i r e d  a slightly longer  dis tance to s top than did the 
s m a l l e r  ones.  
to  s c a l e  f r o m  one a n i m a l  to another  and thus to explain the var ia t ion in  
total  d i sp lacement  with mass. It w a s  a s s u m e d  tha t  the total  displacement  
of the a n i m a l s ,  S,  w a s  only a functioll of: (1) the ini t ia l  velocity, 2 
(2)  the a c c e l e r a t i o n  of gravi ty ,  g; (3) the mass of the an imal ,  m; 
(4) the  a v e r a g e  density of the an imal ,  p; (5) the coefficient of sl iding 
fr ic t ion,  ps; and (6)  the coefficient of roll ing fr ic t ion,  pr. Then, b y 
applying the pr inc ip les  of dimensional  analysis  and a s s u m i n g  that g , 
p, and p s  a r e  constant for  all the a n i m a l  drops ,  the following relat ion 
w a s  derived: 

A dimensional  ana lys i s  approach  was  used  in  an a t t empt  

; 

I t  should b e  noted that  dimensional  ana lys i s  cannot pred ic t  the na ture  
of the undetermined  function, f .  The re fo re ,  pt  to d e t e r m i n e  
f empir ica l ly ,  a plot was  made  of S / m 1 / 3  vs in Zo/  an m attrr On this plot, 
the  da tum points f o r  all four  spec ies  fe l l  along a s ingle  cu rve  ( a  s e p a r a t e  
c u r v e  w a s  needed  fo r  each  spec ies  o t 
within expe r imen ta l  accuracy ,  S /m133 is only a function of ZO/m1”akd 
not a function of 

was too small to m e a s u r e  in the cal ibrat ion expe r imen t s ,  o r  ( 2 )  p r  should 

1 / 6  
not have been  included in the list of p a r a m e t e r s  of which S is a s s u m e d  to 
be a function. It w a s  fu r the r  noted that when the plot of S / m 1 l 3  vs Z d m  
w a s  m a d e  on log-log p a p e r ,  the s ingle  cu rve  appea red  to b e  a s t r a igh t  
l ine.  

a plot of S vs Z J  indicating t 

/m1 /3 .  This could be i n t e r p r e t e d  in e i ther  of two 
ways: (1) p r / m  lb is a constant or, at l e a s t  i f  i t  va r i e s ,  the effect  on S 

In view of the above cons idera t ions ,  i t  w a s  decided to analyze the 
a n i m a l  da ta  in  the f o r m  

w h e r e  A and B a re  constants  and  165 /m is used instead of l / m  s o  that 
the c h a r t  p r e p a r e d  to  show this re la t ion,  F IGURE 1, can  be r e a d  direct ly  
as S vs Zo f o r  a 165-lb an imal .  F o r  a n  a n i m a l  of any other  m a s s ,  s o m e  
calculat ion would b e  involved to obtain S as a function of Zo f r o m  the 
cha r t .  
r e s u l t s  f o r  all four  s p e c i e s  a re  in  good a g r e e m e n t  and that  the s c a t t e r  is 
quite low, the s t a n d a r d  e r r o r  of e s t i m a t e  in  S / r n 1 / 3  being approximate ly  
11 percent .  

F r o m  the 2 3 0  datum points in  FIGURE 1, it can b e  s e e n  that the 

R e g a r d l e s s  of the or iginal  or ientat ion,  the an ima l  a s s u m e d  a 
roll ing posit ion about i t s  long axis. 
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Since  the equation in  FIGURE 1 gives  the sca l ed  a v e r a g e  stopping d is tance  
as a function of the sca l ed  in i t ia l  velocity,  i t  is poss ib le  by  different ia t ing 
to  obtain the inc remen ta l  i n c r e a s e  in stopping d is tance  a s s o c i a t e d  wi th  a n  
inc remen ta l  i n c r e a s e  i n  ini t ia l  veloci ty  and thereby  to obtain the a v e r a g e  
dece lera t ion  due to ground f r ic t ion ,  D, = io. d(kp)/dS, as a function of 
veloci ty  and mass. The  dece le ra t ion  found i n  th i s  m a n n e r  w a s  

D = 8 . 9 0 2 9  [ i o ( 1 6 5 / m )  1/6,0.38308 
z L 

w h e r e  Zo is in  f t / s e c ,  m in lb,  and D, i n  f t / s e c  . 
it is poss ib le  to  compute the t ime  r equ i r ed  f o r  the a n i m a l  to come to r e s t .  
A few of t hese  s opping t imes  a r e  indicated in FXGURE 1 on the s c a l e  
labe led  t (165 / I1 j6 .  Thus, the  stopping t imes  can b e  r e a d  d i rec t ly  
f o r  a 165-lb a n i m a l  but mus t  be  computed fo r  a n  an ima l  of any  o ther  m a s s .  
In q r d e r  t o  fac i l i t a te  this c imputat ion,  the equation fo r  t as  a function 
of Z and m is a l s o  given in  FXGURE 1. 

F r o m  this dece lera t ion  

0 

Unlike the  an ima l  d isp lacements ,  those fo r  the s tones  showed no 
var ia t ion  with mass over  the  r ange  of the s tone  s i z e s  t e s t ed  ( 1 .  3 to 116 lb) ;  
i. e . ,  s tone  d isp lacements  a r e  a function of in i t ia l  velocity but not of 
mass .  The concre te -b lock  d isp lacements ,  on the o ther  hand, did v a r y  
wi th  or ien ta t ion ,  again unlike those fo r  an ima l s ,  but when the block 
data f o r  all or ientat ions w e r e  combined, t he re  was  no s ignif icant  d i f fe rence  
between e i ther  the hollow - o r  the f i l led-block d isp lacements  and the  
s tone  d isp lacements .  Consequently,  in  o r d e r  to p red ic t  the d isp lacements  
of e i the r  s tones  o r  blocks dropped in  random or ien ta t ions ,  a l l  the s tone  
and block data  w e r e  analyzed together  as shown in  F I G U R E  2 .  
points r e p r e s e n t  the geometr ic  m e a n s  of the pa r t i cu la r  group of blocks 
o r  s tones .  
indicated n e a r  the plotted points .  (Individual r a t h e r  than grouped data 
w e r e  used  in the r e g r e s s i o n  ana lys i s .  ) 
l a r g e  that  the total  d i sp lacements  f o r  only about 68 pe rcen t  of s i m i l a r  
individual exper iments  can be  predic ted  with 41 percen t .  The s tone 
and  block d isp lacements  have a g r e a t e r  var iabi l i ty  than the an ima l  
d isp lacements  because  the motion of the s tones  and blocks is not  a s  
uniform as that  of the animals. That  i s ,  animals always a s s u m e  the 
same rol l ing or ientat ion and tend to  s t a y  c lose  to the ground whereas  
the  s tones  and blocks a r e  most ly  a i rbo rne ,  the ene rgy  d iss ipa ted  upon 
impac t  being g rea t ly  dependent on or ientat ion as wel l  as velocity.  It 
should b e  noted that t h e s e  objects  w e r e  dropped f r o m  a t r u c k  a t  a height 
of approximate ly  2 .  6 f t  resu l t ing  in a v e r t i c a l  impac t  velocity of about 
13 f t / s ec  in addition to  the i r  hor izonta l  velocity, io. 
f o r  s tones  and blocks,  Ds, w a s  computed (as in the c a s e  of the a n i m a l s )  
and  found to be  

The datum 

The number  of individual exper iments  in each  group is 

The s p r e a d  in  the data. i s  s o  

The dece lera t ion  

0. 0996 D = 15.40 [i .] 
2 S 0 

where ,  as before ,  io is in  f t / s e c  and  Ds in  f t / s e c  . A few stopping 
t imes ,  t ,  and  the fo rmula  f o r  computing them a r e  a l s o  indicated in  
F IGURE 2 and w e r e  de t e rmined  in  the s a m e  m a n n e r  as  tha t  used  f o r  
computing the stopping t i m e s  f o r  an ima l s .  
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The a n i m a l  displacements  obtained in  the "calibration" expe r imen t s  
have been  compared  (F le t che r ,  1965b) to the r e su l t s  obtained by 
Anderson  e t  al. (1961) w h e r e  goats and dummies  w e r e  blown f r o m  a n  
open-end shock tube and tumbled to a s top ove r  a " g r a s s y  pas tu re .  ' I  
Reasonably  good a g r e e m e n t  w a s  found between the r e s u l t s  of the two 
expe r imen t s  consider ing the var ia t ions in the expe r imen ta l  techniques 
and the inherent  differences between a n i m a l s  and  d u m m i e s .  
expe r imen ta l  s tone and block displacements  have not been  compared  
to  the r e su l t s  obtained by any other  e x p e r i m e n t e r s .  

T h e  

SPHERE TRANSLATION 

During Operat ion SnowBall a n  expe r imen t  w a s  conducted to m e a s u r e  
fo r  s t e e l  s p h e r e s  of different  s i z e s  their  blast- induced veloci t ies  a; 
approximate ly  max imum value ( F l e t c h e r  e t  al. , 1965a).  T h e s e  veloci t ies  
could then be re la ted  by means  of the acce lera t ion  coefficient to those 
m e a s u r e d  photographically for  goats and  an thropomorphic  dummies  in 
ano the r  exper iment  to b e  desc r ibed  l a t e r .  The  s p h e r e  veloci t ies  w e r e  
a l s o  used to e s t i m a t e  the d y n a m i c - p r e s s u r e  impu l se  a t  each  of the t h r e e  
r anges  w h e r e  they w e r e  placed. 

Impac t  velocit ies w e r e  de t e rmined  by t rapping the s p h e r e s  in  hvo-inch 
l a y e r s  of expanded polystyrene (Styrofoam) and l a t e r  m e a s u r i n g  the i r  
depths of penetrat ion.  
w e r e  used  a t  each s ta t ion placed a t  965-, 790-, and  580-ft r anges  w h e r e  
the p red ic t ed  peak  o v e r p r e s s u r e s  w e r e  10 ,  15, and 30 psi ,  respect ively.  
T h e s e  instal la t ions w e r e  identified a s  IOSB, 15SB, and 30SB, the 
number  r e f e r r i n g  to the pred ic ted  o v e r p r e s s u r e  and  SB rep resen t ing  
SnowBall. 
to a piling s e t  in  conc re t e  with the bottom of the s h e e t  a t  ground level  
(FIGURE 3 ) .  
Styrofoam a t  heights of 0 .  8, 1 .  8, and 2 .  8 f t  above the ground. 
init ial  dis tance between the s p h e r e s  and  the S tyrofoam w a s  chosen  f r o m  
theore t ica l  considerat ions to t r a p  the s p h e r e s  a t  approximate ly  their  
maximum velocity. 
d i a m e t e r s  a p a r t  in shallow holes (0 .  1 d i a m e t e r  deep) dr i l led  in s t ee l  
bars which w e r e  one inch wide and one-fourth inch thick. 
w e r e  welded to ver t ica l  s t e e l  b a r s  (FIGURE 3) s e t  in  the ground. 

Two p ieces  (each  1 ft  x 3 f t  x 2 in) of S tyrofoam 

Each  s h e e t  of S ty ro foam w a s  cemented  in a ve r t i ca l  posit ion 

The  s p h e r e s  w e r e  located 4 . 0  f t  u p s t r e a m  f r o m  the 
The 

The spheres  w e r e  placed with the centers  two 

T h e s e  b a r s  

The  geomet r i c  m e a n s  and  the geomet r i c  s t a n d a r d  deviations of the 
i m p a c t  veloci t ies ,  V, (as  computed f r o m  the depths of penetrat ion)  a r e  
shown in FIGURE 4 as a function of the acce lera t ion  coeff ic ient ,  a, of 
the s p h e r e s .  The  c u r v e s  a r e  the p red ic t ed  V-VS-Q re la t ions ,  obtained 
using the b l a s t  waves  f r o m  the indicated r e f e r e n c e s  and the ma themat i ca l  
model  of blast-induced t rans la t iona l  effects .  When this model  was  used  
to  compute the sphere- impact  veloci t ies ,  it was  a s s u m e d  that the s p h e r e s  
w e r e  in f r e e  air ( s ince  they do not impac t  the ground in t rans la t ing  f r o m  
the i r  mount to the Styrofoam) and  that  the i r  acce le ra t ion  coefficients w e r e  
those based  on a d r a g  coeff ic ient  of 0.  47 ( H o e r n e r ,  1958). The  calculations 
w e r e  discontinued a f t e r  the s p h e r e s  had t rave led  four ft ,  the point a t  
which they should impac t  the Styrofoam. 
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The c u r v e s  based  on B r o d e ' s  work  (1957) w e r e  obtained by finding 
the ref lect ion factor  fo r  a s u r f a c e  b u r s t  which would p r e d i c t  the m e a s u r e d  
p e a k - o v e r p r e s s u r e - v s  - r ange  relat ion f r o m  SnowBall. By using this 
ref lect ion factor  (2 .  55) along with the ambient  p r e s s u r e  (13 .67  psi)  
and  ambient  speed of sound (1142 f t / s e c ) ,  the comple te  s e t  of b l a s t -  
wave  p a r a m e t e r s  could b e  obtained as functions of t ime.  
computed with these  p a r a m e t e r s  a r e  somewhat  high fo r  15SB and  30SB, 
but  s e e m  to . co r re spond  w e l b t o  the data at IOSB. Part of the d i sc repancy  
m a y  b e  explained by the fac t  that  a n  unrea l i s t ica l ly  high ref lect ion 
fac tor  of 2 .55  w a s  n e c e s s a r y  to obtain the c o r r e c t  o v e r p r e s s u r e  vs r ange  
re la t ion  w h e r e a s  a ref lect ion fac tor  of 1.  6 3  w a s  calculated fo r  SnowBall 
by Kee fe r  (1965). 
longer  durat ions and correspondingly g r e a t e r  d y n a m i c - p r e s s u r e  impu l ses  
and  thus pred ic ted  velocit ies which are  too g rea t .  

The c u r v e s  

This  high ref lect ion fac tor  (i. e . ,  high yield) led  to 

The  c u r v e s  b a s e d  on Dewey's w o r k  (1964) f i t  the  data m u c h  be t t e r ,  
pa r t i cu la r ly  at the 30SB stat ion,  although the predict ions at 15SB and 
30SB still appea r  to  b e  somewhat  high. 
i n  view of the fac t  that  Dewey's f o r m u l a s  are not s t r i c t ly  theore t ica l  
but r a t h e r  a r e  e m p i r i c a l  f i ts  to da ta  ga the red  on smaller but  similar sho t s  
(i. e . ,  h e m i s p h e r e s  of T N T  p laced  on the ground).  
the expe r imen ta l  velocit ies m a y  r e s u l t  f r o m  the fact tha t  Dewey's f o r m u l a s  
a r e  not r ea l i s t i c  fo r  t i m e s  beyond the limit of the expe r imen ta l  data 
s ince  they predic t  the winds wi l l  r e m a i n  posit ive fo reve r ;  i. e . ,  the wind 
s p e e d  r e a c h e s  a m i n i m u m  value and  then s t a r t s  increas ing  without having 
gone negative.  Although s o m e  of our  expe r imen t s  ( s e e  following sect ion)  
actual ly  did show evidence of an "extended" durat ion at the 1OSB stat ion,  
no s u c h  evidence w a s  s e e n  at the 30SB stat ion of Operat ion SnowBall. 

T h e  better fits are not s u r p r i s i n g  

T h e  deviations f r o m  

The velocity vs  a curves  based  on the w o r k  of Mills e t  al. (1964) 
a re  high at all  t h r e e  s ta t ions.  However ,  the i r  data  do p r e d i c t  the 
expe r imen ta l  peak  ove rp res su re -vs - r ange  relat ion for  a ref lect ion factor  
of 1 .63,  and  their  p red ic ted  durat ions fo r  the posi t ive o v e r p r e s s u r e  a r e  
within 10 p e r c e n t  of those m e a s u r e d  by Keefe r  (1965) .  
appea r  tha t  the d y n a m i c - p r e s s u r e  impu l ses  of Mil ls  e t  al. a r e  too l a rge .  
Since the peak dynamic p r e s s u r e  can  b e  de t e rmined  f r o m  the peak  
o v e r p r e s s u r e  and  the Rankine-Hugoniot re la t ions ,  apparent ly  the 
d y n a m i c - p r e s s u r e  impu l ses  a r e  too g r e a t  because  of a n  unrea l i s t ic  
shape  f ac to r  o r  durat ion,  o r  both. 
the data of Mil ls  e t  al. and  Brode  a r e  in  a g r e e m e n t  for  the 30SB 
stat ion but that  the predict ions of Mil ls  e t  al.  become  p r o g r e s s i v e l y  
higher than those of Brode  as  the o v e r p r e s s u r e  d e c r e a s e s .  

I t  would thus 

Note that the predict ions based  on 

The c u r v e s  labeled "C" in F IGURE 4 w e r e  computed us'ing a 
combination of expe r imen ta l  blast-wave p a r a m e t e r s  and the theoret ical  
calculations of Brode;  i .  e . ,  the expe r imen ta l  peak  o v e r p r e s s u r e  and 
the expe r imen ta l  durat ion of the posit ive o v e r p r e s s u r e  waves  w e r e  taken 
f r o m  Minor (1964) and Keefer  (1965),  the peak dynamic p r e s s u r e  was  
computed f r o m  theory,  the dynamic -pr  e s s u r e  durat ion was  calculated 
f r o m  a cu rve  of (dynamic - p r e s s u r e  duration) / (posi t ive-overpr  e s s u r e  
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durat ion)  vs  (peak o v e r p r e s s u r e )  taken f r o m  Brode  (1957), and  the 
o v e r p r e s s u r e  and dynamic -p res su re  impu l ses  w e r e  de t e rmined  f r o m  
c u r v e s  of impulse vs o v e r p r e s s u r e  a l so  taken f r o m  Brode  and  based  
on a ref lect ion factor  of 1 .63 .  T h e  m e a s u r e d  o v e r p r e s s u r e  c u r v e s  
appea red  to be  near ly  c l a s s i ca l  i n  shape,  and  f r o m  Dewey's  m e a s u r e m e n t s  
(1964) on previous shots ,  it was  ant ic ipated that a t  l e a s t  the leading 
edges of the d y n a m i c - p r e s s u r e  c u r v e s  would a l s o  be n e a r  c l a s s i ca l .  
For l a c k  of m o r e  detailed information the o v e r p r e s s u r e  cu rves  w e r e  
approximated  by F r i ed lande r  equations with l inear  t e r m s  and the 
dynamic -p res su re  c u r v e s  w e r e  approximated  by F r i ed lande r  equations 
wi th  s q u a r e  t e r m s  as is done in  T h e  Effects of Nuclear  Weapons 
(Glasstone,  e d . ,  1962), but a multiplicative factor  w a s  introduced into 
the exponent i n  all c a s e s  s o  that  t h e  d e s i r e d  impu l ses  could be obtained. 
The  negative phases  of all these  cu rves  w e r e  not used,  but this had a 
negligible effect on the computed impac t  velocit ies s ince  (1) m o s t  of the 
s p h e r e s  impacted  be fo re  the negative phase  a r r i v e d  and ( 2 )  those s p h e r e s  
which did "see" the negative phase  s t i l l  spent  m o s t  of the t i m e  t r a v e r s i n g  
the four - f t  dis tance in  the posit ive phase  and the p r e s s u r e s  during the 
posi t ive phase w e r e  much  l a r g e r  than the p r e s s u r e s  during the negative 
phase .  F o r  all but the "C"  c u r v e s ,  however,  the negative phases  w e r e  
included d i rec t ly  as they w e r e  computed f r o m  the var ious  s o u r c e s  
(note that Dewey's  d y n a m i c - p r e s s u r e  cu rves  did not have a negative 
phase  but that  his o v e r p r e s s u r e  c u r v e s  did).  

The  "C" c u r v e s  s e e m  to f i t  the data reasonably w e l l  indicating that 
B r o d e ' s  impu l ses  based  on a r ea l i s t i c  re f lec t ion  fac tor  a r e  reasonable  
even though the corresponding predic ted  o v e r p r e s s u r e  vs range relat ion 
is not. The computed velocit ies a r e  much m o r e  dependent on dynamic-  
p r e s s u r e  impulse than on duration; hence, the good a g r e e m e n t  between 
the pred ic ted  and  experimental  s p h e r e  velocit ies does not n e c e s s a r i l y  
m e a n  that  the pred ic ted  d y n a m i c - p r e s s u r e  durat ions a r e  c lose  to the 
expe r imen ta l  values .  

In a previous paper ,  ( F l e t c h e r  e t  a l . ,  1965a) d y n a m i c - p r e s s u r e  
impu l ses  w e r e  e s t ima ted  by the following procedure:  
vs  a data at each  s ta t ion w e r e  approximated  using a l e a s t - s q u a r e s  
r e g r e s s i o n  analysis  of the f o r m  

The  impac t  velocity 

V = K I a f K  a 2 
2 

w h e r e  K l  and  K2 a r e  constants .  
impu l se  can be taken to be  equal to the r e g r e s s i o n  coefficient K1. 
impu l ses  e s t ima ted  in  this way appea r  in Table  I under the column 
labeled "es t ima ted  f r o m  s p h e r e s .  The  impu l ses  de r ived  f r o m  Brode  
using a ref lect ion fac tor  of 1. 63 and  used  in  computing the "C" c u r v e s  
in FIGURE 4 a r e  a l so  l i s ted  in  Table  I under the column labeled "predicted 
by Brode .  ' I  Note that  these  two e s t i m a t e s  of the impu l ses  a r e  in fair 
ag reemen t ,  the biggest  difference being a t  the lOSB stat ion.  The 
d y n a m i c - p r e s s u r e  impu l ses  of Brode  w e r e  adjusted (leaving all other  

I t  w a s  shown that  the d y n a m i c - p r e s s u r e  
The 
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TABLE I 

DYNAMIC-PRESSURE IMPULSES IN PSI-MSEC 

rlr .*I .la 

Es t ima ted -  Predicted- '  A dj  us  t e d-"" 
Stat ion f r o m  S p h e r e s  by Brode  (1957) Impulses  

lOSB 140 120 130 

15SB 170 190 170 

30SB 340 340 340 

Using a ref lect ion f ac to r  of 1. 63. 
in  der iv ing  the "C" c u r v e s  in  FIGURE 4. 

T h e s e  impu l ses  w e r e  used 

J, .*, 
-*e'- Adjusting the  impu l ses  to obtain c u r v e s  which f i t  the  da ta  i n  

F I G U R E  4 be t t e r  than the "C" curves. 

quant i t ies  including peak  values  and dura t ions  the s a m e  as used  in 
computing the I'C" cu rves )  to  find the  impu l ses  which b e s t  f i t  the data 
plot ted in  FIGURE 4. 
1 unde r  the l a s t  column.  
wi th  the e s t i m a t e s  f r o m  the r e g r e s s i o n  ana lys i s ,  but  fo r  lOSB the ad jus ted  
value is somewhat  lower  than the impu l se  e s t ima ted  f r o m  the  s p h e r e  
da ta .  This  d i sc repancy  apparent ly  r e s u l t s  f r o m  the f ac t  that  a t  the 
lOSB stat ion the m e a n  velocity of the  s p h e r e s  with a n  a of 0 .  139 f t 2 / l b  
is lower  than what  would b e  p red ic t ed  b a s e d  on the veloci t ies  of the  o ther  
s p h e r e s  cap tu red  a t  this s ta t ion .  
i n c r e a s e  the impulse  e s t ima ted  by  the  r e g r e s s i o n  ana lys i s  and d e c r e a s e  
the impu l se  e s t ima ted  by the ad jus ted  B r o d e  ana lys i s .  

T h e s e  "adjusted" impu l ses  a r e  a l s o  l i s t ed  in  Table  
Note that  for  15SB and 30SB the  values  a g r e e  

This  lower velocity would tend to 

The  c lose  a g r e e m e n t  of t h e s e  impu l ses  and the m o d e r a t e  s c a t t e r  
in  the da ta  indicate  tha t  the d y n a m i c - p r e s s u r e  impu l ses  can  b e  approximated  
within the a c c u r a c y  of the  da t a  by  using the s impl i f ied  r e g r e s s i o n  ana lys i s  
r a t h e r  than using the t r ans l a t ion  model .  
app roach  which s t i l l  a l lows d y n a m i c - p r e s s u r e  impu l ses  f r o m  s h o r t -  
dura t ion  b l a s t  waves  to be  computed to a r easonab le  deg ree  of a c c u r a c y  
without the de ta i l s  of the b las t -wave  p a r a m e t e r s  being cons ide red  as  
functions of t ime .  

This  i s  a f a s t e r  and  s i m p l e r  

ANIMAL AND DUMMY TRANSLATION 

During Operat ion SnowBall  a n  expe r imen t  (Bowen e t  a l .  , 1965) 
w a s  a l s o  conducted to de t e rmine ,  with motion p i c tu re s ,  d i sp l acemen t  
and veloci ty  as funct ions of t ime  f o r  goats  and an thropomorphic  dummies  
p laced  a t  the s a m e  ranges  as the  IOSB, 15SB, and  30SB s p h e r e  s ta t ions .  
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Other  objectives w e r e  to  m e a s u r e  the total  d i sp lacements  of the 
exper imenta l  objects , to  study the tumbling mechan i sms  during 
displacement ,  and to c o m p a r e  the m e a s u r e d  velocit ies with those 
pred ic ted  with the s p h e r e s .  

At  each  s ta t ion  two dummies  and  one goat  w e r e  placed on a n  
a spha l t  pad on which a g r i d  had been  painted and  which  w a s  l ined 
on e i the r  s ide  with s t r ipped  poles ,  both se rv ing  as r e f e r e n c e  l ines  
i n  the  f ie ld  of view of two c a m e r a s  mounted on 18-ft towers  placed on 
e i the r  s ide  of the pad. The  anthropomorphic  dummies  used  i n  th i s  
exper iment  weighed 165 lb  and  the i r  joints  w e r e  adjusted to  give 
sufficient tension fo r  the dummy to s tand e r e c t .  
facing away f r o m  the b l a s t ,  and  the other  dummy w a s  p rone ,  f a c e  
down, with i t s  head toward the b l a s t .  
by leaning i t  approximately 2 "  f r o m  the  ve r t i ca l  aga ins t  a horizontal  
s ec t ion  of pipe a t  about the l eve l  of the small of the back. 
which had been sac r i f i ced  with a n  overdose  of anes thes ia  about t h r e e  
hours  before  the shot ,  w e r e  supported in  a n o r m a l  standing posit ion 
s ide-on to  the winds wi th  the a id  of a r a c k  designed in s u c h  a way that  
t rans la t ion  was  unhindered. Thus,  both the goats and  the standing 
dummies  p r e s e n t e d  a max imum area  to the oncoming b l a s t  wave. 

One dummy w a s  standing, 

The  v e r t i c a l  dummy w a s  supported 

The  goa ts ,  

To a id  in  the in t e rp re t a t ion  of the film r e c o r d s ,  the posit ions 
a t  va r ious  t i m e s  of the init ially-standing dummy and the goat w e r e  
sketched on a single drawing of the a spha l t  pad as shown i n  F IGURE 5 
f o r  the  lOSB stat ion.  The dummy moved out f ee t  f i r s t  without any 
apparent  ro ta t ion  about i t s  long a x i s .  F o r  a t i m e  the resu l t ing  a i r fo i l  
tended to  keep the dummy a i r b o r n e ,  the f i r s t  impact  being on the  dummy ' s  
head a f t e r  abDut 547 m s e c  and  15-ft displacement  as indicated by outline 
(h)  in FIGURE 5. 
ahead  of the trunk resu l t ing  i n  a n  orientation which would cause  the b l a s t  
winds to def lec t  the motion of the goat  to the r igh t  and  upward. 
effect due to  the head motion took precedence  over  tha t  due to the foot 
motion causing the goat to impact  on i t s  f ee t  with the head in a fo rward  
posi t ion after a d i sp lacemen t  of about 1 1  f t  as shown b y  out l ine ( f )  
in FIGURE 5. 
lef t .  
on the f i l m s .  
because  i t  w a s  rapidly obscured  by dus t .  

Note that  the goa t ' s  head and  f ee t  ini t ia l ly  moved 

The  

Note tha t  both the  dummy and the  goat deflected to  the 
This is a r e s u l t  of non-rad ia l  winds which w e r e  c l e a r l y  v is ib le  

The  motion of the ini t ia l ly  p rone  dummy i s  not shown 

The  dummies  and goat  a t  the  15SB s ta t ion  w e r e  obscured  by dus t  
a f t e r  about 200 m s e c  but until tha t  t i m e  they behaved in a manner  similar 
to  those a t  10SB. One difference,  however,  w a s  tha t  a t  15SB the  standing 
dummy ' s  a rms  w e r e  blown fo rward  thus reducing the  total  d r a g  a r e a .  
A t  the 30SR s ta t ion  all  exper imenta l  objects w e r e  obscured  by dus t  
immedia te lyupon a r r i v a l  of the b l a s t  wave s o  that  no ana lys i s  of t he  
f i l m  r e c o r d s  was  possible .  

The complete  t ime -displacement  h i s to r i e s  of the goats and dummies  
w e r e  coniputed with the t ranslat ion model  (including the ground f r ic t ion)  , 

13 



14 



using the s a m e  b la s t  waves  that w e r e  a s s u m e d  in  computing the "C"  
c u r v e s  in FIGURE 4, s ince  t h e s e  waves  had predic ted  the s p h e r e  
velocit ies f a i r l y  accura te ly .  
ove r  be fo re  much  rotation has  o c c u r r e d ,  the acce lera t ion  coefficients 
of the standing dummy and goat w e r e  a s s u m e d  to r e m a i n  constant  at  the i r  
ini t ia l  values of 0. 052 and 0. 046 f t2 / lb ,  respect ively,  during the en t i re  
t rans la t ion  in  o r d e r  to simplify the calculations.  This approximat ion  would 
not be  just i f ied in  c a s e s  w h e r e  the durat ion of the b l a s t  wave  is long enough 
to  allow dummies  and goats to ro ta te  appreciably before  the winds have 
p a s s e d  (Tabore l l i  e t  al. , 1959). 
dummies  and goats a r e  plotted in  FIGURE 6 in  the f o r m  of velocity-vs- 
displacement  c u r v e s ,  the points and s t r a igh t  l ines  represent ing  the 
expe r imen ta l  data .  The  straight-l ine segmen t s  r e p r e s e n t  m e a s u r e d  
velocit ies which appea red  to be  constant  over  a range of s e v e r a l  f ee t  
beyond a displacernent of about two feet .  The datum points indicated by 
c i r c l e s  a r e  the m e a s u r e d  total  displacements  and the points indicated 
by s q u a r e s  a r e  the velocit ies a f te r  a displacement  of four f t  as computed 
f r o m  the polynominal fits to  the s p h e r e  data ( F l e t c h e r  e t  a l . ,  1965a) 
making use  of the ini t ia l  a ' s  of the dummies  and goats .  

Because  m o s t  of the acce lera t ion  phase  is 

Resul t s  of the calculations fo r  the standing 

At the 30SB stat ion the predict ions about both the dummy and the 
goat a g r e e  reasonably wel l  with the m e a s u r e d  total  displacements  and  
the velocit ies e s t ima ted  f r o m  the s p h e r e  'data (no analysis  of the f i lm 
r e c o r d s  w a s  possible  at  this s ta t ion because  of the dust) .  At the 15SB 
stat ion the computed and m e a s u r e d  velocit ies of the dummy and goat 
a r e  i n  c lose  a g r e e m e n t  as a r e  the computed and m e a s u r e d  total  
displacements  of the dummy, but the m e a s u r e d  displacement  of the 
goat (48 ft) is considerably g r e a t e r  than the pred ic ted  displacement  ( 2 3  f t ) .  
A t  the lOSB stat ion all of the computed velocit ies and displacements  
a r e  significantly lower than the expe r imen ta l  values .  
that  in t h r e e  out of s i x  c a s e s  the re  i s  good a g r e e m e n t  between the 
expe r imen ta l  data  and the computed t ime-d i sp lacemen t  h is tor ies  , and in 
the th ree  other c a s e s  the a g r e e m e n t  is poor .  
fhe t h r e e  c a s e s  w h e r e  the a g r e e m e n t  was  good, the a v e r a g e  angular  
deviation f r o m  the r ad ia l  ( m e a s u r e d  f r o m  the init ial  to the final position) 
w a s  2. 5" with two objects deviating to the left  and one to the r ight .  
However ,  in the th ree  c a s e s  w h e r e  the a g r e e m e n t  was  poor ,  the a v e r a g e  
angular  deviation f r o m  the rad ia l  w a s  14",  all t h ree  t r a j ec to r i e s  being 
to the le f t .  This suggested that the anomalous velocity-vs-displacement 
h is tor ies  w e r e  in  s o m e  way  connected with the anomalous non-rad ia l  
winds which had been  obse rved  in the p ic tures  taken a t  the lOSB stat ion.  

It is thus evident 

It w a s  a l s o  noted that in 

S e v e r a l  other  observat ions provide f u r t h e r  evidence f o r  t he  p r e s e n c e  
of a n  anomalous wind p a t t e r n  at 10SB. 
standing dummy i n c r e a s e d  f r o m  3 0 . 4  to 3 3 .  7 f t / s e c  about 0 . 5  s e c  a f t e r  
the b l a s t  wave a r r i v e d  even though the dummy w a s  in tumbling contact 
with the ground by th i s  t ime.  
posit ive winds long a f t e r  the m a i n  o v e r p r e s s u r e  wave  had p a s s e d .  ' I .  The  
t r a j ec to ry  of the dummy w a s  init ially about 9" to the lef t  of a r ad ia l  
l ine but m u s t  have changed during the l a t t e r  portion of t rans la t ion  

The  velocity of the ini t ia l ly-  

This s e e m s  to indicate  the presence.,*of 

* The m e a s u r e d  duration of the posi t ive o v e r p r e s s u r e  pulse  w a s  

0.23 s e c .  15 



- Displacements and velocities determined from f i lm records 
0 Velocities after 4 f t  of travel estimated from sphere data 
0 Measured final displacements 

The curves represent the theoretical displacement vs velocity data obtained 
with the translation model 
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"i"' 

I 
20 
I 

40 

Downwind Displacement, f t  
F i g u r e  6. Velocity vs displacement f o r  the standing dummies and goats 

$0 

The 

s t ra ight - l ine  segments  r e p r e s e n t  the c a m e r a  measurements ,  the c i r c l e s  the 

measu red  total  displacements,  the squa res  the e s t ima tes  based on the s p h e r e  

experiments ,  and the curves  the theoretical  predictions which w e r e  computed 
with the translation model.  



s ince  i t  was  found 19" to the left.  I t  might  b e  a rgued ,  however,  tha t  the 
additional deflection could have been caused  by the random n a t u r e  of 
the dece lera t ive  tumbling. 
w a s  about 60 f t  although the corresponding dummy a t  15SB (175 f t  n e a r e r  
to ground ze ro )  with about the s a m e  max imum velocity w a s  displaced 
only 34 fee t .  The behavior  of the p rone  dummy (which w a s  placed on 
its f ace  with the head toward ground ze ro )  at lOSB indicated the p r e s e n c e  
of non- rad ia l  winds.  
1. 0 f t ,  the dummy had been ro l led  ove r  to a back-down posit ion,  the 
head  and fee t  having moved 3 .  5 f t  a n d  6. 3 f t  to the left ,  respec t ive ly .  

The  total  r ad ia l  d i sp l acemen t  of the dummy 

Although the a v e r a g e  r ad ia l  displacement  was  only 

In a n  effort  to understand the anomalous wind pa t te rn ,  FIGURE 7 
was p r e p a r e d  showing the IOSB, 15SB, and  30SB dummy s ta t ions  and  
indicating the ini t ia l  and final posit ions of the goats and dummies  as w e l l  
as the p red ic t ed  f inal  posit ions.  Although the anomalous winds probably 
did not have a s h a r p  boundary, apparent ly  they w e r e  f a i r ly  local ized 
in  that the goat a t  the15SB stat ion suf fered  a much  g r e a t e r  angular  
deviation than did the standing dummy (10. 6" as opposed to 3 .  O o )  
which w a s  init ially only 8 f t  f r o m  the goat. 
d rawn on FIGURE 7 to  indicate  the approximate  boundary of the anomalous 
winds.  
s ince  this was  the a v e r a g e  angular  deviation of the th ree  objects p r e s u m e d  
to b e  in  the anomalous winds.  Note that the U.S.  b l a s t  l ine w a s  s i tuated 
wel l  outs ide the appa ren t  boundary of the non-radial  winds and hence 
no b l a s t -wave  instrumentat ion was  avai lable  in the region of the anomalous 
winds.  
all t h r e e  c a s e s  w e r e  located m o r e  than 200 f t  c i rcumferent ia l ly  f r o m  
the dummy stat ions (FIGURE 7 ) ,  w e r e  affected by anomalous winds; 
however ,  non-radial  winds would b e  difficult to de tec t  s ince  the dis tance 
of t r a v e l  of the s p h e r e s  w a s  only four  feet .  
ana lys i s  does not indicate the c a u s e s  of the anomalous winds nor  the 
frequency of o c c u r r e n c e .  

In view of this ,  a l ine was  

The  l ine w a s  drawn at  a n  angle of 14" with r e s p e c t  to the r ad ia l  

T h e r e  is no indication that  any of the s p h e r e  s ta t ions ,  which in 

Unfortunately, the above 

STONE AND BLOCK TRANSLATION 

In 1957 during Operat ion P lumbbob,  exper iments  w e r e  conducted on 
two nuc lea r  shots  to study s tone and block t rans la t ions  (Bowen e t  a l . ,  
One of t h e s e  expe r imen t s  wi l l  be  desc r ibed  s ince  the in te rpre ta t ions  of the  
r e s u l t s  a r e  applicable to the p r o b l e m  of t rans la t iona l  effects f r o m  
conventional explosions.  On Shot Galileo (11 kt ,  500-ft HOB), a 
concrete-block wal l  was  cons t ruc t ed  a t  a ground r ange  of 2750 f t  to 
study the b reakage  and displacement  of the blocks due to the b l a s t  wave .  
This  wal l  (FIGURE 8, p r e s h o t  view) which weighed about four tons and  
contained 236 conc re t e  blocks (7.  5 x 7. 5 x 16 inches,  34 lb) was  located 
on level ,  g raded  ground. 
been  s t r u c k  by a n e a r - c l a s s i c a l  b l a s t  wave with a peak  o v e r p r e s s u r e  of 
8. 7 p s i  and  a durat ion of 0 .  58 seconds.  
r e m a i n e d  intact  and  that  s o m e  of them w e r e  apparent ly  stopped by the 

1963). 

FIGURE 9 is a view of the wal l  a f te r  i t  had 

Note that many of the blocks 
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30SB Sphere Station 
Located -370f t 
c i rc u mfe ren t ia I I y from 
the Dummy Station 
INITIAL POSITIONS: 
* Goats 
0 Standing dummies 
a Prone dummies 

A Goats 
0 Standing dummies 
0 Prone dummies 
15SB Sphere Station 

'\f COMPUTED FINAL POSITIONS: s\ =. 

Located - 240 f t 
circumferential ly from 
the Dummy Station 

Vectors indicate measured 
final positions 

790' 
Range k \ 15SB 

\ 

L l  l l  
IOSB Sphere Station 965' 
Located - 230 f t 
ci rcu mfe rent i a I I y from 
the Dummy Station 

I 

\ 

F i g u r e  7. Layout of the  t h r e e  dummy s ta t ions  showing the  ini t ia l  and 

f inal  posit ions of the goats and  dummies  as we l l  as  the pred ic ted  f ina l  

posit ions.  

indicated.  

The  approxi.mate boundary of the anomalous winds is a l s o  

18 



6
1

 

n
 

0
 

Y
 n
 

7;
’ 

v
 



2
0

 

. 

9
) 

al 
k
 

+
 

V
 

F: 
0
 

V
 

9
) 

5 W
 

0
 

.. 
M

 
Id k 

W
 

9
) 

5 W
 

0
 

al > 3 
.
,
-
i
 

A
 



t h r e e  S tyrofoam m i s s i l e  t r a p s  p l aced  behind the wa l l  (FIGURES 8 and  9 ) .  
F i n a l  r e s t ing  posi t ions f o r  the l a r g e r  wa l l  f r agmen t s  (whole,  half ,  and 
joined blocks)  are  plotted i n  FIGURE 10. 
indicated a t  the  top of the c h a r t )  w a s  found as far  as 403 f t  downst ream 
and 170 f t  to the lef t  of the cen te r  of the  wal l .  
behind the t r a p  ins ta l la t ions .  

One block (not  plot ted but  

Note the absence  of blocks 

In o r d e r  to e s t i m a t e  the veloci t ies  of the wa l l  f r a g m e n t s  f r o m  the i r  
to ta l  d i sp lacements ,  i t  w a s  nGcessary  to use  the r e l a t ion  f o r  in i t ia l  
veloci ty  vs  d isp lacement  for  s tones  and blocks as de te rmined  f r o m  the 
ca l ibra t ion  expe r imen t s  desc r ibed  in  a previous  sec t ion .  F u r t h e r ,  i t  
w a s  n e c e s s a r y  to make  t h r e e  s implifying assumpt ions :  (1 )  The wal l  
f r a g m e n t s  achieved  the i r  peak  velocity be fo re  they w e r e  d isp laced  any  
s ignif icant  d i s tance .  This  is approximate ly  t r u e  f o r  ob jec ts  with low 
acce le ra t ion  coefficients such  as those fo r  the l a r g e r  wa l l  f r agmen t s ,  
N <O. 03 f t 2 / l b .  In effect ,  th i s  a s sumpt ion  al lows us to neglect  the b l a s t  
wave  and to s imply think of the wa l l  f r agmen t s  as having s t a r t e d  off 
wi th  an  " ini t ia l  velocity.  I '  

(no ve r t i ca l  component) and followed a log n o r m a l  dis t r ibut ion,  s o m e t i m e s  
ca l led  a geomet r i c  dis t r ibut ion.  ( 3 )  
eight l a y e r s  of blocks f i r s t  impacted  the  ground a t  the point pred ic ted  
by the geomet r i c  m e a n  "init ial  velocity,  I 1  the  height of the l a y e r  above 
ground,  and the acce le ra t ion  of grav i ty .  This  is a n  approximation 
s ince  the actual  f i r s t  impac t  points would be s c a t t e r e d  about this d i s tance  
due to  var ia t ions  in  the I' in i t ia l  ve loc i t ies .  I I  

( 2 )  T h e s e  " ini t ia l  veloci t ies"  w e r e  hor izonta l  

All  the  blocks f r o m  e a c h  of the 

With the above assumpt ions  i t  is poss ib le  to  compute the dis t r ibut ion 
of d i sp l acemen t s  i f  a geomet r i c  m e a n  in i t ia l  velocity and a geomet r i c  
s t anda rd  deviation a r e  a s sumed .  The b e s t  values  of t hese  p a r a m e t e r s  
w e r e  de t e rmined  by  t r i a l  and e r r o r  and the r e s u l t s  of this ana lys i s  a r e  
shown in  FIGURE 1 1  w h e r e  the downwind d is tance ,  dx, is plotted aga ins t  
the p e r c e n t  of the  wa l l  f r agmen t s  t rave l ing  l e s s  than the indicated 
d is tance .  
d i s t r ibu t ion  of the 155 wa l l  f r agmen t s  and the cu rve  r e p r e s e n t s  the 
theoret ical  distribution for  a geometr ic  mean velocity of 3 2  f t / s e c  and  
a geomet r i c  s t anda rd  deviation of 1. 55. 
affect  the c u r v e  in  different  ways  (changing the velocity tends to t r a n s l a t e  
the  c u r v e  while  changing the s t anda rd  deviation tends to t i l t  the cu rve ) ,  
both a r e  c lose ly  de t e rmined  b y  the p r o c e s s  of f i t t ing the da ta ,  a change 
of as l i t t le  as 4 pe rcen t  in e i ther  the geomet r i c  m e a n  in i t ia l  velocity o r  
the geomet r i c  s t anda rd  deviation producing a c u r v e  which c l e a r l y  does 
not f i t  the  da ta  as w e l l  as the c u r v e  shown in F IGURE 11. HoxTever, 
because  of the approximations and the l a r g e  s c a t t e r  in the data ,  this 
does  not mean  that  the t r u e  values  l i e  within 4 p e r c e n t  of the e s t i m a t e s ,  
but i t  does  show tha t  the poss ib l e  e r r o r s  in t roduced  by the p r o c e s s  of 
fitting the da ta  a r e  re la t ive ly  small. 

The c i r c l e s  on this plot  r e p r e s e n t  the exper imenta l  cumulat ive 

S ince  these  two p a r a m e t e r s  

In another  expe r imen t  a t  the s a m e  range  as the  block wal l ,  s t e e l  
s p h e r e s  w e r e  t rapped  in S tyrofoam at approximate ly  the i r  max imum 
velocity.  I t  w a s  shown that  the s p h e r e  veloci t ies  a g r e e d  wel l  with those 
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CONSISTING OF WHOLE, HALF, OR JOINED BLOCKS - 

- 
Curve computed assuming a geometric 
mean initial velocity of 32 ft/sec and a 
geometric standard deviation of 1.55 
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Figure 11. 

block wall. 
distribution. 

Downwind distribution of the whole, half, and joined blocks from the concrete- 
The points represent the actual distribution and the curve is the predicted 



computed with the e a r l i e r  t rans la t ion  model  (Bowen e t  a l . ,  1963). 
Using an a v e r a g e  ini t ia l  acce le ra t ion  coefficient (0. 0263 f t 2 / l b  a s suming  
a d r a g  coefficient of 1. 07) for  the blocks in the wa l l  , a peak velocity of 
30 to 33 f t / s e c  would be predicted f r o m  the s p h e r e  data .  This is in  
excel lent  a g r e e m e n t  with the geomet r i c  m e a n  ini t ia l  velocity of 32 f t / s e c  
computed f r o m  the block d i sp lacemen t s ,  indicating that  velocit ies of 
blocks f r o m  walls  can  be  reasonably e s t ima ted  by a s suming  the f ree- f ie ld  
blast wave  and  using the ini t ia l  acce le ra t ion  coefficient of the blocks - 
at l e a s t  in  the lower p r e s s u r e  regions and  f o r  similar types of block 
wal l s  which a r e  not re inforced .  T h e r e  i s ,  however,  the possibil i ty 
that  the t r u e  geomet r i c  m e a n  velocity w a s  a l i t t le  higher than 32 f t / s e c  
s ince  s o m e  of the displacements  would probably have been g r e a t e r  
i f  the t r a p s  had  not been  located behind the wal l .  
small because  a t  l e a s t  s o m e  of the blocks s t r ik ing  the t r aps  w e r e  
f r agmen ted  by the impac t  and hence w e r e  not included in  the " la rger"  
f r a g m e n t s  u sed  in  this ana lys i s .  

This effect is probably 

DEGELERATIVE TUMBLING MODEL 

A mathemat i ca l  model  of dece lera t ive  tumbling was  developed 
(F le t che r ,  1965b) to study the m e c h a n i s m s  of tumbling of the s tones ,  
blocks,  and an ima l s  and to be  ab le  to extrapolate  to g r e a t e r  ini t ia l  
veloci t ies  than those used  in  the expe r imen t s .  In this  model,  a two- 
dimensional  r igid object is a s s u m e d  to s l ide ,  rol l ,  lift-off, and impac t  
along perfect ly  horizontal  ground w h e r e  the interact ions between the 
ground and the object a r e  through the coeff ic ients  of sl iding and roll ing 
f r ic t ion  and the coefficient of res t i tut ion ( a s s u m e d  to be z e r o ) .  The  
shape  chosen  fo r  the t rans la ted  object w a s  a "general ized el l ipse"  of 
the f o r m  (x/a)n 4- ( y / b ) n  = 1 w h e r e  1 < n < a. 
values of a ,  b,  and  n, the object can be  m a d e  to approx ima te  rectangular  
blocks o r  r o c k s  and an ima l s  with var ious d e g r e e s  of roundness .  

By choosing appropr ia te  

I t  is of i n t e r e s t  to note the mechan i sms  of the model  by which 
objects l if t  off the ground, par t icu lar ly  s ince  the coefficient of res t i tut ion 
between the ground and the object is a s s u m e d  to be  z e r o  and therefore  
the objects do not bounce in  the u s u a l  s e n s e  of the word.  
( f r ic t ional  and  no rma l )  of the ground aga ins t  the object is in  such  a 
direct ion as to r e s u l t  in  a n  upward component of velocity,  the object 
can  l i f t  off. 
would s l ide  and r o l l  ( r a t h e r  than bounce) until  i t  c a m e  to r e s t  because  
of the  roll ing f r ic t ion  l o s s e s .  

When the f o r c e  

In g e n e r a l  then, without the sl iding f r ic t iona l  force ,  the object 

Because  of the complexity of the ma themat i ca l  model,  computations 
w e r e  per 'formed on a n  e lec t ronic  digital  computer .  
s o m e  of the computed output fo r  an object with m a j o r  and minor  axes  
of 1.  0 and . 05 f t ,  respect ively,  (n  = 3) which had an init ial  horizontal  
velocity of 100 f t / s e c ,  a n  ini t ia l  downward velocity of 10 f t / s e c ,  and no 
ini t ia l  angular  velocity ( the  physical  constants  a r e  indicated on the 
f igure) .  The  height of the c e n t e r - o f - m a s s ,  angular  velocity, dis tance 
t rave led ,  and  energy  p e r  unit m a s s  a r e  all plotted as functions of t ime.  

F I G U R E  12 shows 
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the dece le ra t ive  tumbling model .  

displaced as  wel l  as i t s  ini t ia l  velocity and  orientation a r e  indicated 

i n  the lower fourth of the f igure .  

Some  of the  t r ans l a t ion  p a r a m e t e r s  computed using 

The shape  of the object being 

Physical Parameters: Y 3- 

Coefficient of rolling uo =loo,,, 
Acceleration of gravity 

(%I3+ (.E) - I - 

f t  
Coefficient of sliding friction .75 

rad 
w o =  o,,, - 

I I I I 
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Note that the velocity and  ene rgy  a re  "discontinuous" when a n  impu l s ive  
impac t  o c c u r s .  When the object is a i r b o r n e ,  the height-above-ground 
c u r v e  should b e  parabol ic  r a t h e r  than t r iangular  as plotted by the compute r  
f o r  the s a k e  of s implici ty;  however,  the peak  heights as shown in FIGURE 
12 a r e  c o r r e c t .  
being typical of the  ac tua l  mot ion  of s tones  and blocks but not of the 
rounder  sof te r  an imals .  

Note that the object is a i r b o r n e  m o s t  of the t ime,  this  

The  first  detailed calculations m a d e  with the ma themat i ca l  model  

Values of 
w e r e  designed to s imula te  the motion of the conc re t e  blocks dropped  
f r o m  the moving t r u c k  and  d e s c r i b e d  in  a previous sect ion.  
roll ing and sliding f r ic t ion  coefficients w e r e  e s t ima ted  and  subsequently 
ad jus ted  in  o r d e r  to achieve r easonab le  a g r e e m e n t  with the expe r imen ta l  
r e su l t s .  
wi th the i r  long axis perpendicular  to the motion, four dropped on edge, 
and  four  flat on one face .  FIGURE 13 shows both the computed and the 
m e a s u r e d  d is tances  as a function of bounce number .  To introduce s c a t t e r  
into the theore t ica l  data ,  f ive calculations w e r e  made  fo r  each orientation; 
t h e s e  r u n s  a s s u m e d  the block was  dropped at exactly the d e s i r e d  angle 
and  at Zt5" and *lo" f r o m  the d e s i r e d  angle.  
bounce, both the theore t ica l  and expe r imen ta l  dafa  divide into two groups 
acco rd ing  to or ientat ion.  The  c u r v e  in  FIGURE 13 s e p a r a t e s  both the 
theore t ica l  and expe r imen ta l  d i s tances  assoc ia ted  with one or ientat ion 
f r o m  the s a m e  values assoc ia ted  with the other  or ientat ion ( a f t e r  the 
first bounce).  

During the expe r imen t s  eight blocks w e r e  dropped a t  29.  3 f t / s e c  

Notice tha t ,  after the first 

FIGURE 14 is a plot of ini t ia l  horizontal  velocity vs  total  d i s tance  

The  53 expe r imen ta l  drops a r e  approximate ly  divided evenly among 
t rave led  f o r  all the blocks dropped  in  the two orientat ions shown in FIGURE 
13. 
six velocit ies:  14. 7, 29. 3, 44. 0, 58. 7, 73. 3, and 88. 0 f t / s e c .  Again 
the s c a t t e r  in  the theore t ica l  r u n s  w a s  obtained by a s s u m i n g  the blocks 
w e r e  dropped a t  exactly the d e s i r e d  angle and  at angles  deviating f r o m  
this angle by Zt5" and * l o t  
o r  a total  of ten theoret ical  r u n s  f o r  each  velocity. S i m i l a r  to those in 
FIGURE 13, the theore t ica l  points i n  FIGURE 14 a re  slightly displaced 
on the ord ina te  s o  they c a n  be  eas i ly  distinguished f r o m  the expe r imen ta l  
points.  
are  s e p a r a t e d  by or ientat ion as they w e r e  in  FIGURE 13. 

Thus  f ive r u n s  w e r e  m a d e  fo r  each  orientation, 

Note that ne i ther  the theore t ica l  no r  the expe r imen ta l  points 

F r o m  FIGURE 13 and FIGURE 14 it can be s e e n  that  the theore t ica l  

Stone displacements  can  be  computed 

At  this  wri t ing,  no a t t empt  has  

and expe r imen ta l  r e s u l t s  f o r  blocks a g r e e  c lose ly  in  a v e r a g e  displacement  
and  s c a t t e r  in the d i sp lacemen t s .  
by averaging the total  displacements  a s s o c i a t e d  with all or ientat ions of 
the blocks as is indicated in  FIGURE 2. 
been  m a d e  to compute  the dece lera t ive  tumbling p r o c e s s  f o r  an imals .  

DISCUSSION 

In addition to the t rans la t iona l  effects d i s c u s s e d  in  this p a p e r ,  there  
a r e  s e v e r a l  other  r e l a t ed  areas of i n t e r e s t  which a r e  important ,  but have 
not been  included because  of s p a c e  l imitat ions.  S o m e  of these  effects 
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f i l led blocks with a n  i n i t i a l  velocity of 29.  3 f t / s e c  and impact  or ientat ions indicated by the 

A comparison of exper imenta l  r e su l t s  with those computed with the dece lera t ive  

Distance t rave led  is plotted as a function of bounce number  fo r  hollow and  

symbols  represent ing  c ros s - sec t ions  of the blocks.  
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is plotted as a function of init ial  velocity f o r  hollow and f i l led blocks dropped in the two 
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A compar ison  of experimental  and theore t ica l  data .  Tota l  dis tance t raveled 



should a t  l e a s t  be  mentioned even though i t  is beyond the scope of this 
paper  to d iscuss  the damage to biological o r  physical  t a rge ts  that  might 
r e su l t  f r o m  these  t ranslat ional  phenomena. 6d 

Of par t icu lar  significance is the problem of secondary mis s i l e s ,  
o r  blast-energized debr i s .  
a biological hazard  depending, among other  things, on the velocit ies,  
s i ze s  , shapes,  and ma te r i a l s  involved. If the blast-wave p a r a m e t e r s  
are known and if the mis s i l e s  a re  relatively f ree  to move, the t ranslat ion 
model  can be  used to compute-the t ime-displacement  h is tor ies  of the 
objects assuming they a r e  in f r e e  air o r  bouncing along the ground. 
Additional assumptions a r e  somet imes  necessa ry  depending on the 
c i rcumstances  of exposure.  
the t ime-displacement  h is tor ies  of f ragments  f r o m  concrete-block wal ls  
w e r e  d iscussed  in this paper ,  and those for  computing the motion of 
window-glass f ragments  w e r e  studied by Bowen e t  al. (1963). 

These  mis s i l e s  may  o r  m a y  not r ep resen t  
1 

Appropriate  approximations for  predicting 

One l imitation of the p re sen t  t ranslat ion model is the assumption 
of unidirectional winds which produce only one-dimensional displacements .  
It has  been shown that the model  is  reasonably adequate for  computing 
displacement  assoc ia ted  with nea r -c l a s s i ca l  b las t  waves in "clean" 
geometr ies  (i. e. , unperturbed rad ia l  winds),  and although verification i s  
not now available,  i t  is p re sumed  that model  solutions for  dis turbed 
wave f o r m s  ( p r e c u r s o r ,  for  example) would be  sa t i s fac tory  provided 
appropr ia te  p a r a m e t e r s  of the wave could be  specified.  

Other  problems such  as t ranslat ion in she l t e r s ,  in and behind 
buildings, and in fo re s t s  , do not fall in the categories  mentioned above. 
TO study these  thoroughly, i t  would be  necessa ry  to develop a th ree -  
dimensional t ranslat ion model  and a three  -dimensional decelerat ive 
tumbling model.  
conducted in she l t e r s  (White e t  al. , 1957; Richmond et  al. , 1959; Bowen 
e t  al. , 1963) and the problems have been approached theoretically 
(F le tcher ,  1965c) , much m o r e  experimental  and theoret ical  effort  is 
needed in  this f ield.  

Although some  translation experiments  have been 

, It  has  been shown that the t ranslat ion of grave l  placed in f ront  of 
a wal l  a t  a dis tance g r e a t e r  than the s t r u c t u r e ' s  height o r  width was  not 
grea t ly  affected by the p re sence  of the  obstruction (Bowen e t  a l . ,  1963). 
However, an  adequate theory has  not been developed for  the t ranslat ion 
of objects located relatively nea r  a "large" obstruction when the b l a s t  
wave i s  finite in duration, although a theory for  flat-top b las t  waves has 
been repor ted  (White e t  al. , 1965; F le tcher ,  1 9 6 5 ~ ) .  

Another t ranslat ional  problem assoc ia ted  with sur face  bu r s t s  involves 
c r a t e r  debr i s  o r  e jecta .  
the ejecta ,  the translation model  cannot be used to pred ic t  velocit ies 
and displacements .  However, e jecta  velocities have been es t imated  f rom 
the distances to impact  with, and without, the a r r i v a l  t imes  (Bowen e t  al. , 1965). 

Because both ea r th  and a i r  motion acce le ra t e  

. 
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A r e v i s e d  ma themat i ca l  model  of b las t - induced  t rans la t iona l  effects  
was  d i scussed  which has  two advantages ove r  the e a r l i e r  models :  (1) 
a r b i t r a r y  b las t -wave  f o r m s  can  b e  used  and (2)  the  effects  of ground 
f r i c t ion  can  b e  included i f  the  t rans la t ing  object  is tumbling o v e r  
smooth  flat ground.  F o r  re la t ive ly  sho r t -du ra t ion  b l a s t  waves  ( s u c h  as 
those  produced by HE) the  s ing le  m o s t  impor t an t  b las t -wave  p a r a m e t e r  
needed t o  p red ic t  t r ans l a t ion  is the dynamic - p r e s s u r e  impulse .  

Exper iments  involving the t rans la t iona l  veloci t ies  of s t e e l  sphe res  
w e r e  descr ibed ,  the r e s u l t s  of which w e r e  used  to  e s t ima te  dynamic-  
p r e s s u r e  impu l se  by two methods:  the f irst  was  accompl ished  by m e a n s  
of the  ma themat i ca l  model  and the  second s impl i f ied  technique r equ i r ed  
only a l e a s t - s q u a r e s  ana lys i s  of the expe r imen ta l  da ta .  The exper imenta l  
s p h e r e  veloci t ies  w e r e  compared  to the veloci t ies  computed wi th  the 
t r ans l a t ion  model  using the b l a s t  waves  p red ic t ed  by var ious  au tho r s ,  and 
the d i sc repanc ie s  w e r e  d i scussed .  

In o r d e r  to unders tand  the  p r o c e s s  of dece le ra t ive  tumbling, a 
s e r i e s  of "cal ibrat ion" expe r imen t s  w e r e  p e r f o r m e d  in  which conc re t e  
b locks ,  s tones ,  and an ima l s  w e r e  dropped f r o m  a t r u c k  t rave l ing  a t  
var ious  speeds  and the d is tances  between bounces and the total  d i sp lacements  
w e r e  m e a s u r e d .  
t e r m  was  de r ived  and included in  the  t rans la t ion  model .  

F r o m  these  expe r imen t s  an  "average  ground fr ic t ion" 

The model  w a s  t e s t ed  using da ta  obtained in expe r imen t s  w h e r e  
dummies  and goats  w e r e  d isp laced  by  the  winds f r o m  a 500-ton T N T  
detonation. 
reasonable  a g r e e m e n t  with the expe r imen ta l  r e s u l t s  except  in  those 
c a s e s  w h e r e  anomalous  non-rad ia l  winds w e r e  p r e s e n t .  The model  could 
not be  adequately t e s t ed  for  the l a t t e r  c a s e s  s ince  appropr i a t e  b las t -wave  
pa r a m  e t  e r s w e r e not a va i la bl e .  

The computed ve loc i t ies  and d isp lacements  w e r e  in  

In another  expe r imen t ,  the  velocity d is t r ibu t ion  of the l a r g e r  
f r agmen t s  f r o m  a concre te -b lock  wa l l  blown a p a r t  by the winds f r o m  a n  
11 -kt  nuc lear  shot  was  r econs t ruc t ed  f r o m  the m e a s u r e d  d isp lacements  
of the f r agmen t s  an.d t k  "cal ibrat ion" expe r imen t s .  The  geomet r i c  m e a n  
velocity of the f r a g m e n t s  was  shown to be in good a g r e e m e n t  with the 
pred ic ted  velocity fo r  a s ingle  loose  block s i tua ted  in  f r e e  a i r .  

A br ief  descr ip t ion  was  given of a ma themat i ca l  model  which was  
developed to study the mechan i sms  of dece le ra t ive  tumbling f o r  s tones ,  
b locks ,  and an ima l s  and to be  ab le  to ex t rapola te  to g r e a t e r  veloci t ies  
than have here tofore  been obtained exper imenta l ly .  The predict ions of 
the model  w e r e  shown to be  in good a g r e e m e n t  with the r e s u l t s  of the 
I I  cal ibrat ion" exper iments  f o r  block t r ans l a t ions .  
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between bounces and t h e  t o t a l  displacements of concrete blocks and large 
stones and thus helped t o  explain the mechanisms of tumbling by which an 
i r r egu la r  ob jec t  may become airborne during both t h e  acce lera t ive  and t h e  
dece lera t ive  phases of displacement. 

---I- ~ _ _ - _ _ _ _ ^ _ _ I _  * Ground f r i c t i o n  is used here t o  designate the  process or energy d i s -  
s ipa t ion  by  s l i d ing ,  ro l l i ng ,  and impacting along the  ground. 
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