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ABSTRAC T

The objectives of this  program were  to conduct scaled exper iments  to
measu re  air  blast pa ramete r s  f r o m  barr icaded and unbarr icaded hi g h exp lo-
sive charges , an d to co mpa re t h e res ul ts of t hose expe r i m e n t s  wit h the
Resea rch  Tr iang le Insti tute ’s anal ytical program present l y bein g developed.
Blast parameter  measurements were  m ade for the f ree  field (no barr icade
present ) , near field (barricade located near the explosive charge) ,  and the
far  field (barr icade located a considerable  distance away f r o m t he ex plosive
ch a r g e )  cases. The exper iments  utilized i- lb  and 64-lb spher ica l Pentol ite
char ges , and sin gle revet ted and mou nd b~.rricade confi gurat ions.  The e f fec t s
o f the barr icades  on the blast parameters  (peak pr e s s u r e s, scaled impu l ses ,
sca led t ime of a r r iva ls, and shock ove rp re s su re  dura t ion)  w e r e  inve s t i gated
and com pared wi th  the blast  p a r a m e t ei s  fo r  the unba r r icaded condi t ion.
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I. IN T R O DU C T I O N

This  r e p o r t  cles - r i h e s  an exp er i m e n t a l  p r o g r a m  c onducted  at Southw c-  - .t
R e s e a r c h  I n s t i t u te  fo r  t h e  R e s e a rc h  T r i a n g le I n st i t u t e , u n d e r  Si ’ c o nt r a c l
No . l - O U-4 3 1 , P r i me  C o n t r a c t  D A 1 JC O O4 - t ~~~-U - U O 2 8 .  The o b j e c t i v e  of t h e
t e s t  pr o g  r a m  was  as fo l l o w s :

Conduct scaled exper iment s to measu re  air blast pa r ame te r s  f rom
ba r r i caded  an d unbarricaded high explosive charge s, and compa re
the resu lts  with the  Resea rch  Tr iang le Ins t i tu te ’ s anal y tica l pro gram .

One h u n d r e d  and f ive shots  w e r e  f i r e d  d u r i n g  t he  ( o u r s u  of t h i s  inves-
t i ga t i on .  The cond i t ions  c o n s i d e r e d  in thi s e xp e r i men t  s i m u l a t e d  exp l o s i v e
wei g h t s  of 8000 and 64 , 000 lb of exp los ive  w i t h  10- anu  2 0 - f t  b a r r i c a d e
hei g h t s .  The e xp e r i m e n t s  conduc ted  m e a s u red  t h c  b la s t  !~~ r am et e r s  in the
f r e e  fie ld (no ba r r i cade  p resen t ), t h e  nea r  f ie ld  ( b a r r i c a d e  loca t ed  n e a r  the
exp los ive c h a r g e ) ,  and the  fa r  f ie ld  ( ba r r ic ade  located  at a c o n s i d e r ab l e  di s-
t ance  away f r o m  the  exp los ive  c h a r g e ) .  Th~ exp er i m e nt s u t i l ized  I - l b  and
b 4 -~lb sph e r i c a l  P en t o l i t e  c h a r g e s .  Eight y t e s t s  w e r e  c o n d u c t e d  u t i l i z i n g  the
1-lb charges  and 25 t es t s  were  conducted uti l izing the 64-lb charges.  The
two ch arg e si zes were selected t o ver if y the scaling laws.  The results
obtained in the free field condition are compar ed with results published in
the l i te ra ture .

Two d i f f e r e n t  b a r ri c a d e  c r o s s  s e c t i o n s  w e r e  used  fo r  the  b a r r i c a d e
t e s t s , siri g l e - r e v e t t e d  and mo u n d .  T h e s e  t e s t s  s i mu l a t e d  b a r r i c a d e d  s t o r a g e
f a c i l i t i e s  and ob jec t s  ba r r icaded fo r  pr o t e c t i o n.  Ei g ht y - s e v e n  e xp e r i m e n ts
w e r e  conduc ted  u t i l i z i n g  at l eas t  eight  b a r r i c a d e  c o n d i ti o n s  ( two c r o s s  sec-
t ions  X t w o  c h a rg e  s izes  Xt w o  bar r i cade  spac ings),

All  b las t  p a r a m e t e r s  w e r e  m e a s u r e d  to an a c c u r a c y  of ± 10 p e r c e n t
or b e t t e r . M e a s u r e m e n t s  wer e  made up to d ist a n c es  co r re s p o n d i n g  to peak
o v e r p r es s u r es  ~f 0. 5 psi for  t he  f r ee  f i e ld  c o n d i t i o n .

In t he  r ep o r t  tha t  fo l lows , t ec h n i c a l  d i sc u s s i o n  is g i v e n  c o v e r i ng  back-
g r o u n d  i n f o r m a t i on , blast  w a v e  s c a l i ng ,  and data a cq u i s i t i o n  t e c h n i q u e s.  The
e x p e r i m e n t a l  p r og r a m  o u t l i n e s  the  e x p e r i m e n t al  a p p r o a c h  and the  exper i -
men ta l  se tup .  The r e su l t s  and anal y s e s  a re  p r e s e n t e d  in the  fo r m  of gra phs
and i l l u s t r a t i on s .  C o n c l u s i o n s  and r e c o m m e n d a t i o n s  a r c  made , and two
t a b l e s  of the  comple te  t es t  data a re  inc luded  as Appendix  A of t h e  ma in  r ep or t .
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II, TECHNICAL DISCUSSION

A B a c k g r o u n d  In f o r m a t i o n

The p r e s e n t  Am e r i c a n  p r a c t i r  e is t o  a s s u m e  tha t  b a r r i :ades r e d u c e
t h e r~ sk ‘f d a m ag e  f r o m  m a s s~~deto~ia t i n g  exp l osi v e s  at a g iv e n  d i s t an c e  Th~q u a n t i t y  d i s t a n c e  t a b l e s  a ss u m e  tha t  b a r r i ca d e s  f u r n i s h  pr o t e c t io n  over  a
wide  r an g e  of d i s t a n c e s , ove r  a wide  r an g e  in wei g ht of e xp l o s i ve s , and
aga~ rist a wide  v a r i e t y  of damage  m e c h a n is m s,  The t a b l es  p rov ide  for in c r e
m e n t a l  I n c r e a se s  in d i s t an c e s  w i t h  i n c re a s i ng  a m o u n t s  of exp l o s i v e s  and
cco~e r  a m o u n t s  up to 500 , 000 lb n e t , w h i c h  is s u f f i c i e n t  fo r  most  c o m m e rc i a l
p u r p o s e s  in t h i s  c o u n t ry .  On the basis  of data ob ta ined  b y t he  anal y s i s  of
expl o s i o n s  over  a per iod  of 50 y r , the  tables  w e r e  pub l i shed  w i t h  the r e q u i r e
m er i t  tha t  b a r r i c a d e d  d is tances  be approx imate ly one-ha l f  t he  unbar  r i c a d e d
d i s t a n ce s , on t h e  t h e o ry  that  b a r r i c a d e s  and d is t a n c e  w e r e  r e q u i r e d  for
p r o t e c t i o n  and t h a t  t h e  i n c r e a se d  d i s t ance  spec i f i ed  for  u n b a r r i c a de d  exp lo-
- I o n s  w a s , in r e a l i t ~’, a pena l ty  a s s e s s e d  for  not p rov id ing  the  b a r r i c a de .
Qu a n t i ty  d i s t a n c e  pr o t e c t io n  is the  sti pu la t ion  of app ropr i a t e  d i s t a n c es  f r o m
a po ten t i a l  s o u r c e  of haza rd  t h a t  would be s u f f i c ie n t  to provide  the  d e s i r e d
d e g r e e  of pr o t e c t i o n  to w h a te v e r  t a r g e t  is un d e r  c o n s i de r a t i o n .  T h ey  a r e
°r e Iat ive~ y r i s k y ” or ‘ 1 e l a t i v c l v  s a fe ’ ’ d i s t a n c e s  r a t h e r  t han  “abso lu t e l y
sa f e ” d i s t a n c e s .

Broadl y ca tegor iz ing ,  the d i s t a n c es  a r e  g e n e r al l y g r o u p e d  as f o l l o ws .

• Magaz ine  d i s t ance -  - s u f f i c i e n t  to p r e v e n t  c o m m u n i c a t i o n  b e t w e e n
ad j acen t  s t o r e s  of m a t e r i a l ,

• I n t e r l in e  d i s t a n ce - - s u f f i c i e n t  to limi t  c o m mu n i c a t i o n  and r e du c e
d e a t hs  and i nj u r i e s  upon p e r s o n ne l  who a r e  exposed to h a z a r d s
w i t h i n  m a n u f a c t u ri n g  plan t s .

• Jnhab i ted  bui ld ing  d i s t a n c e -  - s u f f i c i e nt  to p ro t ec t  p e r s o n n e l  f r o m
r i s k  to li fe  and limb as a r e su l t  of bu i ld ing  col lapse, fl y ing
debr i s , blast , and f i r e,

At the  i n h a bi t e d  bui ld ing  d i s t a n c e, m u st  damage is the  r e s u l t  of b l a s t
p r e s s u r e s  of low in t e n s i ty .  The t ab l e s  speci f y a d i f f e r e n t  i n h a b i te d  b u i l d i ng
d i s t a n ce  for  b a r r i c a d e d  and unba rr icaded f a c i l i t i es . T h e r e  is l i t t le  discus-
sion , in the  p r e s e n t  m a n u a ls , of m e t h o d s  for  d e s ig n i n g  s t r u c t u r e s  or  bar r i -
c a d e s  to b e t t e r  r e s i s t  the  e f f e c t s  of an exp los ion  in c ase s  w h e r e  a g r e a t e r
l eve l  of pr o t e c t i on  is e s s e n ti a l  at a given  d i s t ance  than  tha t  provided  b y t h e
q u a n t it y - d i s a n c e  tab les , or w h e r e  a s t ru c t u r e  m u s t  be loca ted  c lose r  to t h e
pote ntiai source of explosion than the barricaded distance . Since barricade
d i s t a n ce  t a b l e s  pe rmi t  u s ing  half  as g r e a t  a d i s t a n c e  as u n b a r r i c a d e d -d i s t an c e
t a b l e s , t hey  lead to the assumpt ion  that  the damage  would  be no g r e a t e r  i t

- -
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t h e  b a r r i c a d e d  d i s t a n c e  t h a n  t h a t  ~ the  u n b a r r icaded dis tance .  T h e r e f o r e ,
t h e  t ab l e s  imp l y tha t  b a r r i c a d e s  make a g r e a t  change  in low level  a i r  blast
p r e s s u r e s .

At interline and interrnagazine distances for a mass-detonating explo-
s i v e , a -~i m il a r  h a l v i ng  of u n b ar r i c a d e d  d i s t ance  for  a ba r r i c aded  condi t ion
is allowed fu r  a c er t a i n  level  of damage.  But , at hi ghe r  blast  p r e s s u r e s,
d a m a g e  l eve l  o f te n  re la ted  m o r e  to b l a s t  impulse  than to p r e s s u r e .  Since
the  t a b l e s  a r e  based on p r e s s u r e s, t h e y  may  not app ly for  t h e s e  condi t ions .
Also , for t h e s e  interline and intcrrnagazine categories , one co uld assume
f r o m  t h e  t ab l e s  that  a reduction in the probability of fragment and debris
s t r i k e s  is made in pr op o r t i o n  to the  r educ t ion  in air blast  va lues .  The t ab les
do not , in f ac t , cons ider  t hese  mechan i sms  to scale in the same way as the
a i r  blast s ince , in the  d e s c r i ption of damage at inhabi ted  bui ld ing  d i s t ances,
it is men t ioned  tha t  damage f r o m  f r a g m e n t s  wi l l  be neg li g ible except at dis-
t a n c e s  appropr ia t e  to small quan t i t i e s  of explos ives  w h e r e  blast damage is
predicted to be u n i f o r m l y minor . Di scuss ions  in the  manual  r e l a t i ng  to the
c o n s t r u c t i o n  of the  b a r r i c a d e  and the  m a n n e r  in wh ich  it is a s s u m e d  to fu r-
n i s h  p r o t e c t i o n  do not change  in a c c o r d a n c e  with explos ive  wei g ht , actual  or
scaled d i s t a n c e , or damage m e c h a n i s m s .

As a r e s u l t  of our i nves t i ga t ions  and othe r investi gations, it is cur-
r en t l y fe l t  t ha t  many  of the  q u a n t i t y - d i s t a n c e  r e l a t i o n s  may be improved.
G e n e r a l l y, the  net  r e s u l t  of the  use  of the p re sen t  DOD ins t ruc t ions  is a loss
of e c o n o m y  because :  ( 1 )  more  land may be ut i l ized than  n e c e s s a r y  to s to re  a
q u a n t i ty  of explos ives , and ( 2 )  s t r u c t u r e s  w h i c h  may not a f f o r d  the intended
pr o t e c t i o n  for  a g iven  damage level may be c o n s t r u c t e d .  A lack of knowledge
of e f f e c t s  of b a r r i c a d e s  on the  blast p ar a m e t e r s  may r e s u l t  in a l e s s  than
d e s i r e d  d egr e e  of s a f e ty .

The data r ep or t e d  in Sect ion IV of thi s r epor t  p rovide  addi t ional  info r-
ma t ion  to evaluate  the  e f f e c t i v e n e s s  of b a r r i c a d e s, and f u r n i s h  a foundat ion
for  r e a s s e s s i ng  c u r r e n t  b a r r i c a d e  p r o c e d u r e s .

B . Sca l ing  of Blast  P a r a m e t e r s

E xp e r i m e n t a l  s tudies  of b last  wav e phenomena  are  o f t e n  qui te  diff i -
cu lt and expens ive , p a r t i c u l a r l y when  conducted on a la rge  scale. Methods
of c o m p u t a t i o n  of b last  wav e c h a r a c t e r i s t i c s  a r e  of ten  so involved that one
c a n n o t  economica l ly r epea t  t he se  compu ta t ions  w h i l e  v a r y ing,  in a s y s t e m a t i c
m a n n e r , all of the  ph y s i c a l  p a r a m e t e r s  w h i c h  may a f f e c t  the blast  wave.  So,
al m o s t  f r o m  the  ou t se t  of s c i e n t i f i c  and eng i n e e r i n g  s tudies  of a i r  blast ,
v ar i ous  inves t i ga to r s  hav e attempted to genera te  model or scaling law s which
wou ld widen the app l icab i l i ty  of t he i r  exper iment s or anal yses .

The most  c om , i i un  f o r m  of sca l ing ,  f ami l i a r  to a n y o n e  who has had
even a r u d i m e n t a r y  i n t r o d u c t i o n  to blast  stud ies , is Hop kinson  or ~~~~~~~~~~~ ~‘
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s c a l i ng .  Th is  law was  f i r s t  f o r m u l a te d  b y B. Hop kinson ( 1 )
~~, and it states

tha t  s e l f - s i m i l a r  b las t  w a ve s  a r e  p roduced  at i d e n t i c a l  scaled dis tances f r o m
two exp losive  c h a rg e s  of s i m i l a r  g e o m e t r y  and iden t ica l  exp losive material ,
but  of d i f f e r e n t  s i z e , w h i c h  a r e  de tona t ed  in t h e  same a tmosp h e r e .  Scaled
d i s t a n c e  is a n o n d im en s i o n al  p a r a m e t e r  (or , r a t h e r , uniquel y d e t e r m i n e s  a
n o n d i m e n s i o n al  p a r a m e t e r )  d e f i n e d  as

Z = R / W 11
~ ( 1 )

w h e r e  R is d i s t ance  f ro m  c e n t e r  of exp los ive  source  and W is weig ht of
exp los ive .

The imp l ica t ion s  of Hopk inson  sca l ing  can perhap s  be best  d e s c r i b e d
by the  exam ple i l l u s t r a t ed  in F igure  1. An o b s e r v e r  located a d is tance  R
f r o m  the  c e n t e r  of an exp los ive  so u r ce  of c h a r a c t e r i s t i c  d imens ion  d wil l  be
s u b j e c t e d  to  a b la s t  wave  w i t h  a m p l i t ude  (peak o v e r p r e s s u r e)  P, dura t ion

~ T , and a c h a r a c t e r ist i c  t ime  h i s t o ry .  The pos i t ive  impulse  I of the blast
w ave , d e f i n e d  b y

rTA +

~ J TA p(T)dT 
( 2 )

w h e r e  TA is a r r i v a l  t ime  of the shock f ron t  and p (T)  is the wave f o r m  of the
t i m e - v a r ying ov c r p r c ’ s s ur c ,. is also of ten used to cha rac t e r i z e  the blast wave.
The Hop k i n s o n  s c a l i n g  ia~ then  s ta tes  that  an o b s e r v e r  s tat ioned a d i s t ance
\R from the center of a s i m i l a r  explosive source  of c h a r a c t e r i s t i c  d imens ion

~d detonated in t he same a tmosp h e r e  will  feel  a blast wav e of similar wave
f o r m , i d e n t i c a l  ampl i tude  P, d u r a t i o n  X~~T , and impu l se  U. All c h a r a c t e r i s t i c
t i m e s  such  as a r r i v a l  t ime  T A are  sca led  b y the  same f a c t o r  as the  l eng th
sca le  f a c t o r  \. In such  sca l ing ,  both p r e s s ur e s  and ve loc i t i e s  a r e  unchanged
at  homologou s t imes .

Hopk i n s o n  sca l ing  has been shown by m a n y  i n v e s t iga to r s  to apply ov e r
a v e r y  wide  r a ng e  of d i s t a n c e s  and explos ive  source  e n e r g i e s . An examp le
of ea r l y published w o r k  is that of Stoner and Bleakney (2 )  wh ich  showed tha t
such scalin g would apply for  a l imi ted  r a n g e  of d i s t ances  and sou rce  energ ies .
The l i s t  of o ther  inves t igat ions c-or  r obo ra t i ng  t h i s  law is too n u m e r o u s  to
i n c l u d e  h e r e , but a r ec e n t  r epor t  by K i n g e r y ,  et ai(~~

) showing  v e r y  good
ag r e e m e n t  be tween  blast  data obtained dur ing a field tes t  wi th  a 100-ton TNT
de tona t ion  and predicted va lues scaled f rom exper iment s wi th  1- to 8-lb
c har g e s , wi l l  s e r v e  to i nd i ca t e  t h e  u s e f u l n e s s  of thi s ubiquitous law . It has ,
in f ac t , become so u n i ve r s a l l y used  tha t  blast data are almost alway s pr e-
sen t ed  in t e r m s  of t he  Hop k i n s o n - s c a l e d  p a r a m e t e r s :

S 

*Sup ersc r i pt n u m b e r s  in p a r e n t h e s e s  r e f e r to r e f e r e n c e s  l i s t e d  in Section VI
of t h i s  r ep or t .
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Z R / W 11~ (scaled d i s t ance )

T T/ W 113 (scaled t ime)  
(3 )

i i w 11
~ (scaled i m p u l s e )

This  law implies  that  all quant i t i es  wi th  d i m e n s i o n  of p r e s s u r e  and ve loc i ty
are  unchan ged in the scaling. Thus , side-on p r e s s u r e , d ynamic  p r e s s u re ,
and re f lected pr e s s ur e  all remain  identical  at homologous t imes;  and both
shock veloci t y U and t im e hi s to r ies  o f par t ic le ve loci t y u are  unchanged . The
law can be stated in anot her way :

P = P (Z)

T = T (Z )
(4a)

V =

= ~ (Z )

i, e . ,  each specific p r e s su re, scaled time , ve locity or scaled impulse is
given by a unique function of scaled distance Z.

It is not immediately appar ent that Hopkinson scaling is indeed t r u e
S 

dimensionle ss modeling, because t he parameters  shown in Equation (3)  a re
not dimensionless.  But , a br ief model anal ys is  wi ll show that the p a r a m e t e r s
the re are indeed uniquely de fined by dimensionless  groups.  Let us f i r s t  list
a poss ible set of physical  p ar a m e t e r s  which  should gover n blast waves in air
unde r  any given ambient  condi t ions , t ogethe r  wi th  t h e i r  d imens ions  in a f o r c e -
length-t ime (FLT ) system.

Symbol Description Units

E Total e n e r g y  in blast source FL

d Size of source L

r~ Shape of source -

R Distance f rom source  L

D Detonation velocity of source  L/T
(or other characteristic velocity )

Density of source  FT 2 /L4



Since t h e r e  are s ix  ph ys ica l  pa r a m e t e r s  and t h r e e  fundamenta l  d imens ions ,
then  t h e r e  wi l l  be 6 - 3 = 3 d imens ion less  groups  w h i c h  d e s c ri b e  the  model
law , These ir t e r m s , found in the  u sua l m a n ne r  o f d im ens iona l ana l ys i s , i n c

= r i d

= R / d  ( 4h )

E / p ~~ D2 d 3

The f i r s t  t e r m  s tates  that  ra t ios  of all source  d i m e n s i o n s  to some charac-
teristic length d must be identical between model and prototype.  The second
t e r m  states t hat the d is tances  at which  var ious blast wave proper t ies  are
obse rved  mus t  sca le in the same geomet r ica l  manner  as the sources,  The
third define s the characteristic length d in terms of known characteristics of
conventional chemical explosiv es. An alternative definition of thi s last term
could be emp loyed fo r  o the r  s o u r c e s  by r ede f in i t i on .  For examp le , for a
compressed  gas source , D could be def ined  as sound veloci ty  in the sou rce,
whi l e  

~E still  r ep r e s e n t e d  i t s  d e n s i ty .  For a nuc lea r  explosive source ,
f ic t i t ious  value s for  

~E and D might be requ i red  to proper l y simulate the v e ry
hi g h e n e r g y  dens i t ies .  Thi s law is the Hopkinson law , sli ghtl y gene ra l i zed
to allow some f r eedom in var ia t ion  of blast e n e rg y  source, and the same
inferences can be drawn as before.

Hopkint son scaling assumes that heat conduction and viscosi ty  may be
neg lected.  In addition , gravi ta t ional  e f f ec t s  are  assumed minimal. In an
attempt to account for  the e f fec t s  of al t i tude ambient conditions on air  blast
w aves , Sachs (4) pro posed a more  genera l b last  sca ling law t han that  o f
Hopkinson. Sachs’ scaling law states that dimensionless groups can be formed
which involve p re s su re , time , impulse , and cer ta in  parameters  for the
ambient  air , and that these  g roups  a re  unique f u n c t i o n s  of a d imens ion less
d is tance  parameter . Specif ical ly ,  the g rou ps

P/P0, Iao/W~~
/
~~po’~/ 3 , Taopo l / 3 / W 1/3 ) (5)

are  stated to be unique func t ions  of (R p0 1/3 / W ’-/3 ). In these  re la t ionshi ps ,
P0 and a0 are ambient pressure and sound velocity respectiv ely.

Sp e r r a z z a(~~
) has presented a careful derivation of Sachs ’ scaling law,

us ing  dimensional analysis techniques. The effects of altitude conditions
were  no t invest i g ated i n t his pro g ram ( si nce it was per for med at g round
leve l )  and , t h e r e f o r e , d iscuss ion of Sachs ’ scal ing laws is not apropo s to t h i s
re port . Scaling of blast pa rame te r s  w h e r e  s t ruc tu res  such as barr icades
are  pr e sen t is do n e by fol lowing Hopk inson ’ s scaling laws and applying geo-
metr ic  similarity. Basically, we scaled the entire experiment geometr ical ly,

* as shown in Fi g u r e  2 , by a scale fac tor  X, making the ene rgy  source  of
characte ristic dimension Xd and locating the barricade of characteristic
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d i m e n s i o n s  U-I and at a d i s t a n c e  \R f r o m  the  source. This scaling predi cts

t h a t  t h e  p r e s su r e s  in f r o n t  and beh ind  the  b a r r i c a d e  wi l l  have s i m i l a r  wave-

f o r m s  to tha t  ob t a inc ( l  in t h e  f u l l — s c a l e  e x p e r i m e nt s  w i t h  a m p l i tude  P and

~n r a t i u n  Vi’. T h e r e f o r e , t h e  Hopk i n s o n - s c al ed  p a r a m e t e r s  for  t he  geome-

t r i c a l  s c a l i n g  of t h e  b a r r i cad e  a r e  g i v e n  b y Equat ion (6) :

h
H =

(l 5 )

L =
w 1/3

C . T ec h n i q u es  of Data A c q u i si t i o n

The c o n f i g ur a t i o n  and s p ec i f i c a t i o n s  of our  e x p e r i m e n t a l  a p p a r a t u s

~ ‘- e l - c ~u ch  t h a t  w e  could m e a s ur e  f o u r t e e n  c h a n ne l s  of p r e s s u r e — t i m e  h i s t o r i c — ’

o f t h e  blas t  waves  emana t ing  f r o m  the detonat ion of a sphe r i ca l P e n t o l i t i

c h a r g e  at v a r i o u s  scaled d i st ances  f r o m  ground  zero .  Our appa ra tu s  w a s

desi gned to m ea s u r e  pe ak p r e s s u r e s  f r o m  0. 05 to 100 psi wi th r ise  t imes  of

1 . ~ ins or more  and pulse  len gths of 30 ms w i t h  d i s t o r t i o n  of 5 p er c e n t  or

le s s . The f o u r t e e n  c ha n n e l s  of p r e s s u r e - t i m e  h i s to r y  were recorded at

60 in .  per  s (i p s)  on magne t ic  tape and replayed  at 1 -7/ 8  ips , seven c h a n n e l s

at a t ime , t h r o u g h a r e c o r d i n g  o sc i l l og raph. The r e s u l t a n t  p r e s su r e - t i m e

h i s t o r y  r e c o r d s  w e r e  anal yzed  for  peak p r e s s u r e , impu l se , t ime of a r r iv a l ,

pu l s e  l e n g t h , and w a v e  f or m .

The  gages  used for  the exper imenta l  data t aken at all locations excep t

t h o s e  on the  s ur f a c e s  of the  ba r r i cades  w er e  Atlantic  R e s ea r c h  LC-33 penci l

blast  gages.  These  gages  have a sens i t iv i ty  of approximatel y 3 X l0~ pico-

couloinbs/psi (p C / p s i ) ,  an internal capacitance of 4. 5 X 10 3 p F, and nea r l y

an i n f i n i t e  r e s i st a n c e . T h e i r  r i s e  t ime is 10 ~c s. T he p hys ica l  a p p e a r a n c e

of t h e s e  gages  can be seen  in Fi g ur e  3. The piezoe lec t r ic  sens i t ive  a rea  of

the  gage  is  u n d er  the b lack s tr i p appear ing  3 in.  f r o m  the  point of the  gage .

Data obtained by moun t ing  a transducer on the barricade or on a plate

on the ground behind the barricade w er e  taken with Susquehanna ST-4 trans-

du :ers . These  t r a n s d u c er s  have  a s ens i t i v i t y  of approximate l y 0. 1~~8 p C / p s i

o r  cons ide rab l y iess  than th a t  o f the penci l  blast gages.  The i r  capac i tance

i s  approx imatel y 14 pF and internal resistance is above l0~ 12. The physica l

appearance of these transducers can be seen in Figure L The piezoelectric

sensitive area of the transducer is on the cy linder end.

The na tu re  of th i s  experiment  necess i ta ted  that the location of pe r-

sonne l and r ecord ing  apparatus be at safe separat ion distances of up to 500 ft

f rom the ene rgy  source.  This  mean t  that cable lengths rang ing f rom 133 to

500 ft w e r e  n e c e s s a r y  to reach the penci l  blast gages and ST-4 t r a n s d u c er s  in

the field f rom the ‘i n s t r u m e nt a t ion and personne l  location.  The cable used 

—~ -- r-~~~ .’~ 
-



‘ITT ~T~~~~~~
_ _

L C - 3 3  GAG E

HOLDER

f~-
.

TOP BOTTOM

— 
ST - 4 T R A N S D UC E R

f’ It~; t J H l  ~~. ‘I Y P I C A L  Pl~ !:~~S t J R I ~: T R A N S D t 1 C J - R~



11

w as  R G -  t~~U , a c o a x i a l  c ab l e  w h o s e  phy sical characteristics make it most
j r  l)ia ~ t work. The capacitance of t h i s  cable is 14. 5 pF/ ft ;  our

ib i c  l e n g t h ~ h a d  t o t a l  i m t p ~~c i t a n u  u s  r ang ing f r o m  1. 85 nF to 6. 10 nF.

Obvi ’i ~~ly ,  i b l e s  w i t h  s u c h  a range  of capaci tances  could affect  the
. t l i b r a t i u n  ot  a d a l i h i r i n e l  if c a l i b r a t i o n  and data for  a given channel w e r e

n t  hI I t h  t k cn  w i t h  t h e  same cable  and transducer on that channel, Gages,
hit ~, ~~ .d r e ( ’ r d i r i g  . h an n e l  s w e r e  never interchanged without recalibra tion .

Cab les  f r o m  t h e  L C -3 3  pencil blast  gages and ST-4 t ransducers  were
I of l f lc (  t e d  to t h e  inpu t s  of two 8-channel  impedance matching amplif iers
des igned  and bui l t  i t  Sw RI . These amp lif i e r s  h ave a vo lta ge amplification
f a c t o r  of ten ari d se rve  to prevent  loss of low -frequency response of the
m e a s u r i n g  sy s t e m  due to the hi gh impedance of the gages and cables com-
p ared  to the low (approximate ly  20 ‘X 103 12) input impedance of the tape r e c o r d e r
s y s t e m .  The input capacitance of these  amp li f i e r s  i s va r i able in ste ps f ro m
0 01 ~if to 1. 0 if , thus allowing some adjustment  of the total capacitance seen
by the  LC-33  and ST-4 gages.  Since these gages produce charge proport ional
to t he  ap plied p ressu re , vary ing  the total capacitance that  a gage may see
e f fec t ive ly  va r ies  the voltage per unit p r e s s u re  sens i t iv i ty  factor  at t he
amp li f ier  input s for  that  channel.  Consequentl y, the voltage per unit p r e s -
su re  sensi t iv i ty  of the gages , cables , and amplifier  channels taken together
could be ad justed channel by channel to give approximately the same total
voltage out of each ampli f ier  channel even thoug h one channel might be sensing
a 50 psi peak p ressure  event while another was sensing a 0, 5 psi peak pres-
sure event.  Thi s characteris t ic  of our impedance matching amplifier  allowed
us to use a tape recorder  without over extending the voltage range (1)  within
w hich the recorder  was linear , (2 )  within which the r eco rde r  had a hi gh
signal to noise ratio , and (3) within which the recorder  could be ad jus ted  to
maximize the linear disp lacement of the galvanometers  in our record ing
osci l lograph for  the peak voltage it was expected that channel  would sense.

The output of each impedance matching amplif ier  channel  was con-
nected to the input of one of the four teen channels  of our Ampex F R - l 8 0 0-L
tape recorder  with E S - l O O  FM Signal Elec t ronics , Th e signa l elec t ron ic s
(Figure 4) consists  of four teen  FM r ecord  and replay ampl i f i e r s  w i t h  a high-
f r equency  response of 2 X iø 4 Hz at a record  speed of 60 i ps . The low - fre-
quency  res pon se of t he signal e lect ronics  is DC. All data were  recorded at
60 ips and replayed at 1-7/ 8  ips. This allowed us to record  the data with a
relativel y hi gh f requ enc y res ponse and yet rep lay it into a record ing  oscillo-
grap h whose galvanometers had much lower maximum f requency  response
without  distorting the data , T he tape r ecorde r  FM e lec t ronics , however ,
established the h igh - f r equency limit of our measur ing sys tem at 2 )c l0~ H~ ,

Data taken at 60 ips rep layed at 1 -7/ 8  ips expanded our t ime scale by
a fac tor  of 32 . This time scale was fu r the r  a f fec ted  by our recording oscil lo —
grap h. The output of the tape r eco rde r  channels  was fed throug h a switch

- - - S.
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box , sev e n  channels at a time , int o a seven-channel recording oscillograph. -
Th e  frequency response of the recording oscillograp h was from DC to
5 ‘

~ l0~ Hz.  A max imum l inear  de f lec t ion  of 1 . 0  in.  was poss ib le  fo r  each
channe l of th i s  recording device.  The paper speed was e i ther  16 or 32 ips
wi th  t i m i ng  mark s at e v e r y  i O ’Z  second.  We rel ied on t h e s e  t i m i ng  m a r k s
to de te rm ine our pulse a r r iva l  t imes  and pulse l eng t hs ,  e l imina t ing  var ia t ion
in pa per speed as a source  of e r r o r,  as desc r ibed  in more  detail in the cali-
b ra t ion  d i scuss ion  in Section III .

Data obtained f rom the output  of the impedance match ing  amp l i f ie r
channe ls to which  ST-4 t r a n s d u c e r s  were  connected were recorded directly
by an osc i l loscope .

As an ori gin t o our time sca le , it was neces sa ry  to devise a means
of superimposing a mark on our data which would occur at the p rec i se  moment
of a charge  detonation . This was accomplished with the use of two operat ional
ampl i f ie rs  used as summing circui ts  of amplification factor  one. A pu l se at
t 0 or the instant  of charge  detonation was obtained by the use of a break
wire  c i rcu i t  with the break wire in direct  contact with the explosive . At the
momen t discontinuity was obtained in the break wire  the voltage drop ac ros s
a res is tor  was recorded on two channels of the tape recorder  th roug h the
summing c i rcu i t s .  The “ s ta r t”  pulse or t = 0 pulse thus reco r ded could be
re lated to all other  record channels with microsecond resolution.  Rise  t ime
of th i s  “ s ta r t”  pulse was on the order  of mic roseconds .  A block diagram of
the  exper iment al appa r atus may be seen in Figure 5.
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III .  E X P E R I M E N T A L  PRO G R AM

A. Experimental Approach

A total of 105 scaled experiments were conduc ted  wi th  the  ob j ec t i v e

of m e a s u r i n g  air  blas t  p a r a m e t e r s  f r o m  ba r r i caded  and u r iba r r i caded  hi gh
exp l o s i v e  c h a r g e s .

The exper imenta l  p rog ram was des i gned by app lying the  Hopk inson
sc al ing laws described in Section II of this report to the fo l lowing f u l l - s c a le
condi t ions :

• Exp los ive  lim i t s - - 8 0 00  and 64 , 000 lb of TNT

• Bar r i cade  shapes-  - s ing le - r e v e t t e d  and mound

• Barricade dimensions--lO ft and 20 ft high; slope 2.5:1

• Location of ba r r i cade  re la t ive  to exp losive  charge-  -scaled
d i s t ance  (Z R / W 1/ 3 )  = 1 and 40 .

The scaled models  genera ted  f rom the above condi t ions  w e r e  as
fol lows:

• Exp los ive-  -Pentol i te  sph e r e s

• Explos ive  wei gh t s -  -1 and 64 lb

• Barr icade  shapes - - s i ng l e - r eve t t ed  and mound

• Bar r i cade  di me n s i o n s --6 , 12 , and 24 in.  hi gh; slope 2 .5 : 1

• Location of barricades relat ive to explos ive  char~~e-- -scaled
d i s t ance  (Z  = R / W 1/3 ) 1 and 40

• He i ght of the  exp los ive  cha rge  above the  g round-  -4 in. to t he
c e n t e r  of the  I - l b  charge  and 16 in.  to the  c e n t e r  of the  6 4- l b
c h a r g e .

The relationship of scaling equivalents between exp l o s i v e  wei ghts
and barri cade dimensions is shown in Table I.
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T AB L E  r. R E L A T I O N  OF SCALED E QU I V A L E N C Y

Model Scale F u l l - 3  ale

E x p l o s i ve  Wei~~ht  B a r r i c a d e  H e igh t  Exp los ive  W e i g h t  Bar i a d  I J e l L ’ h t

(Ib )  ( in .  ) ( l b )  Jj t )

1 6 ~) 4 , 0 0 0  20
24 t 4 , 000 20

1 12 8, 000 20
8, 000 10

12 64, 000 10

The fo l lowing  t h r e e  major  con fi gura t ions  w e r e  used f o r  m e a s u r i n g  the

a i r  blast  p a r a m e t e rs  f r o m  ba r r i c aded  and un b a rr i c a d e d  hi gh exp losi e c h a re e s

• Free  F i e l d - - m e a s u r e m en t  of blast  p a r a m e t e r s  w i t h o u t  t he
p r e s e n ce  of any b a r r i c a d e

• Near  Field-  - m e a s u r e m e n ts of a i r  b last  p ar a m e t e r s  made  wi th
a b a r r i c a d e  located at a scaled d i s t ance  of Z 1 f r o m  the

exp los ive  source

• Far Field-  - m e a s u r e m en t  of blast  p a r a m e t e r s  wi th  t h e  b a r r i c a d e
located at a scaled d i s tance  of Z = 40 f r o m  the e xp lo s ice  s o u r c e .

Mound and sing l e - r e v e t t e d  ba r r i c ades  w e r e  used in th i s  in est i ga tion
The definitions of these types of barricad es are given below (6)

Mound. An e levat ion of ear th  h a v i n g  a c r e s t  at leas t  3 f t  wide , w i th
the ea r th  at the n a t u r a l  slope on each side and with such e l e va t i o n
that any s t ra i ght line drawn f rom the top of the side wal l  of a m ag a zin e

or ope ra t i ng  bui lding or the  top of a s tack  c on ta ining  exp losi  es to

any pa r t  of a m a g az i n e ,  ope ra t ing  bui ld ing,  or s tack  to be p r o t e c t e d
wil ’  pass t h r o u gh the  m o u n d .  The  toe of the  mound s h a l l  be loca ed
as nea r  the  m a g a z i n e,  opera t ing  bui ld ing,  or s t ack  as p r a c t i c a b l e

Sing l e - R e v e t t e d  B a r r i c a d e .  A mound which has  been m o d i f i e d  by a
r e t a i n i n g  wal l , p r ef e r a b ly of c o n c r e t e , of such slope and t h i c k n e s s  a~-
to ho ld fi rml y in p lace the 3 - f t  width of e a r t h  r e q u i r e d  h i  the  top ,
wit h the ea r th  at the na tura l  ang le on ofle s ide,  All  o the r  r e q u i r e m e n t s
of a mound shall  be app licable to the  s ing l e - r e v e t t e d  b a r r i c a d e .

The ba r r i cade  shapes and t h e i r  locat ion r e l a t i ve  to the s o u r c e  of
e n e r gy a re  i l l u s t r a t ed  in F i g u r e  6. In the case of the fa r  f i e l d ,  the s ing le
r eve t t ed  b a r r i c a d e  was p laced wi th the  toe of the  b a r r i c a d e  l a c i n g  the  exp lo-
sive sour e - Thi s  s imulated the  condi t ions  of ex te rna l  b las t  sour ’  es loadin e
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a s t r u c t u r e  wh i c h  the  b a r r i c a d e  was  p r o t e c t i ng .  The  lot  a t ion  of t h e  gag ’s
r e l a t i v e  to t he  exp l o s i v e  c ha r g t ’  and t h e i r  Sc a led  h e i g h t s  f r o m  t h e  g r ou n d  a r ,
g i v e n  in Tab le  II. N o t e  f ro m  Tab le  II t ha t , f o r  the  n e a r  g a g i ’  l o c a t i o n s , th~h e i g hts  of t he  d e t e c t o r s  i n c r e a s e d  w i t h  d i st a n c e  f r o m  the b a r r i c ad e .  In i - v ,
c a s e , the scaled hei g h t s  (H = 

~ ~i~
’ lb l/3 ) we ri  p r e s e  r v , ’d f o r  t ’x p e  r i m , ’n t s

~ i t h  d i f f e r e n t  charge sizes. The  inc  rease in hei ght w i t h  s c a l e s  d i s t a n c e  \C a s

d e s ig n e d  to m i n i mi z e  a n y  ground inte  r f e r c n c e  e f f e c t s .  1 yp i ca l  p r e s s u r e  —
time histor y traces obtained during the  c o n d u c t  of o u r  e xp e r i m e n t s  a re
si i o ’~c n in F i g u r e  7. The up p e r  t r a c e  shows  a p r e s s u re  - t i m e  h i s to  r v  f o r  an
u n b a r r i c a d t ’d  c o n d i t io n , i l l u s t  r a t i ng  the  w e l l — k n o w n  s h a rp  r i s e  t i m e  and
e xp o n e n t i a l  d e c a y  of t he  shock  ave .  The  m i d d l e  t r a c e  i l l u s t r a t es  the  p r t ’s  -
s o r e  - t i t i t e  h i s t o r y  o b t a i n e d  f r o m  a gagi ’  loca ted  b eh ind  a s i n g l e —  r e v e t t e d
b a r r i c a d e  in the  f a r  f i e l d  c a s e  at a s ca led  d i s t a n c e  of Z = 43 , and at ont ’
b a r r i c a d e  he i g ht f r o m  the g r o u n d .  The i n i t i a l  r i s e  r e p r e sen t s  t h e  a r r i va l  of
t h e  i n c i d e n t  ‘c av~’, anti t he  h u mp  f o l l o w i ng  the  i n i t i a l  r i s i  r ep  r i se n t s  the
a r r i v a l  ol the  r e f l e c t e d  w a v e  generated as the  shock  w a v e  p a s s e d  o’ i r t he
b a r r i c a d e .  The l o w e r  t r a c e  r ep r e s e n t s  the  ty p ica l  p r e s s u r e - t i me  h i s t o r y
of a gage  l o c a t e d  at the same sca l ed  d i s t a n c e  as the  abo c e t r a c e , bu t  at one -
s i x t h  b a r r i c a d e  hei g ht f r o m  the g r o u n d . In th i s  p a r t i c u l a r  case ’ , note ’ tha t
the  p r e s s u r e  as s o c i a t e d  w i t h  the  h u mp  is gr e a t e r  than  the  p r e s s u r e  a s s o c ia ted
w i t h  the ’ i n c i d e n t  w a v e .  T h i s  e f f e c t  was o b s e r v e d  by o t h e r  i n v e s t i g a t o r s
s t u d y ing the  shapes  of a i r  b l a s t  w a v e s  p a s s i n g  o v e r  small-scale obstructions
01 v a r i o u s  shape’s .  (7 14 ) The p eak  p r e s s u r e s  r ep o r t e d  in Sec t ion  IV 01 this
r ep o r t  w e r e  o b ta i n e d  b y m e a s u r i n g  the  m a x i m u m  p r e s su r e  o u t p u t  r e c o r d e d
b y t h e  individual g a g e s  r e g a r d l e s s  of w h e t h e r  t h i s  m a x i mu m  was  a s s o c i a t e d
w i t h  the ’ i n c i d e n t  or  r e f l e c te d  w ave ’ .

The  p r e s s u r e  c a l i b r a t i o n  t e c h n i q u e  used  in th is  p r o g r a m  was  a quas i -
dy n a m i c  app l i c a t i o n  of p r e s s u r e  to the  s e n s i t i v e  a r e a of t h e  g a g e .  The spe-
c i f i c  c a b l e , i mp e d a n c e  m a t c h i n g  amp l i f i e r  c h a n n e l , tape’ r e c o r d e r  c h a n n e l ,
and g a lv an o m e t e  r ch a n n e l  w i t h  w h i c h  a g a g e  would  be used  to t ake  data  ccc r
a l s o  u s e d  to  o b t a i n  the  c a l i b r a t i o n  r e c o r d  f o r  the  gage .  The s e n s i t i v e  a r e a s
of t h e  L C - 3 3  p e n c i l  b l a s t  g a g e s  w e r e  i n se r t e d  in a sp e c i a l l y m a d e  c h a m b e r
t h a t  c o u l d  be p r e s s u r i i t ’ d  up to 50 p s i .  T h i s  c h a m b e r w a s  0 r i n g  I& ’ a — ~ n’uo~
and i t s  p h y s i c a l  ap p e ar a n c e  can be see n  in Fi g u r e  8. P r e c e d i n g  t h i s  c h a t t t h ~’ r
v. as a s o len o i d  v a l ve  w h i c h  cou ld  be a c tu a t e d  to a l low i n f l t L x  in to  t h e  c h a i n b~’ r
of Or f l p  re S st ’d a i r  f r o m  a r e s t ’  rvoi r . ‘1 1w v o l u m e  of t he c ham be r SO r r o u n d i n g
t i -  g a g i ’  t ’  l e me nt  as i n s i g n i f i c a n t  in c o r r t p a  i’i son to t h a t  o t h e  I’ e Se r c o i  r
P :‘ t -  s~ i r i s cc ( r e  u t t a s u  red at the  r c ’ se r v o i  r w i t h  a c a l i b ra t e d  boo rdon  g a g ’ or
a i a -  r c u  ry  o r  ‘,c a te  r !-nanoi -n i ’t e  r .  The b o u rd o n  gage  w a s  u s ed  to fi~ t ’ a s i t  r e

~ 
r - s s u r , S a b o v e  20 ps i  and w a s  d e a d — w e i g h t  t e s t e d  f o r  c a l i b r a t i o n .  The f l i e r —

*The probable reason for lack of a sharp  r ise  in the ref lec ted wave is that
this  wave has been modified by in teract ion with  an expansion fan which follow s
the inc ident  wave in d i f f rac t ing  over the c o r n e r  of the barr icade.



T AB L E  II.  L O C A T I O N  OF’ GAGES

Lot . ~~t i t ~ n F ron t  l I E  I l e i g h ’ of Ga~i’
h ~ ( t t , l b ~~~~~) F r e e  Field i / W 1 I

5 0 75
7 1 (0)

l~~ I
2 E ~ ~ 00
45 3 00
58 3 00

3 00

N e a r  F i e l d

3 0 5
4 0 1 7
5 0 75
7 1 00

12 1 . 5 0
25 2 00
4 5 3 0 0
45 0 7 5t
58 3 . 0 0

3 00

F a r  F i e ld

12 1 50
25 2 00
4 3  0.11
43 0 50
43 1 00
43 3 . 0 0
45 3 00
58 2 00~
58 3 00
80 3 0 0

Stations  loca ted  onl y in the 6 4 - l b  case .
t U se d  in 6 4 - l b  mound case  onl y .
t 1 - lb  case onl y.  

- a———
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Free Field Cond ition

Fa r Field , Singte Revetted Bar ricade
Sensor At One Barricade Height From Ground, Z 43

Far Field, Single Revetted Ba rr icade
Sensor At One-S ixth Barricade Height From Ground, Z • 43

247 7

FIGURE 7. TYPICAL PRESSURE -TIME HISTORY
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u t c r c u r v  and c v , t t e r  m a n o m e t e r s  were used to m e asu r e  p r e s s u r e s  in the  2 . 0
t o  1 . 0 psi and 1 . 0 to  0. 2 psi r a n g e s , r espec ; t ive1~ - Th~ ~t i i  i i i  t h e  r e s e r v o i r
W O S  I ’ i ) t , i i f l C d  f r o m  a c o mp r e s s e d  ai r  cy l i nder  and ~ ‘is r egu l at ed  Iiy a 0— t o

S O — p s i  t’ e g , i l t t o r . Op er a t i o n  of the  soleno id  va lve  ou ld  bring the 1) rc -,s u r , -  i i i
t he  c li~ inbe r sti r r o u n d i n g  t h e  gage  e l e me n t  f r o m  0— to 5 0 — p s i  in  10 in or ] ‘ s -t h i s  ‘ r i s e  t i m e  to peak p r e s s u r e  ~~as a f u n c t i o n  of a i r  i n ’ - r t i a  and  the  t i t i ’ —

(h p & ’n d t ’n t  op en i n g  c h a r a c t e r i s t i c s  of t h e  so l e n o i d  v a l v e , bu t  v ,a s  ‘, o i t s i d ’ ’ r ; 111
l e s s  t h a n  o n e — t e n t h  t he  HG constant of t he  s y s t i - i n .  l i t  l in ~i t i i i g  RC e o n s t , i u t
o f t he s y s t e m  w a s  d e t e r m i n ed  b y the  HG ~oci p 1ing  of t l ~ i r i t p e ’c l a n e  & -  m at ~ h i r i g
a m p l i f i e r  t o  t h e  tape ’  r e t  o r d e r  i np u t  (HG — 301) m i t s ) .  1 h i  p r e s s u r e  app l i e d
i . e . , t h e  p r e s s u r e  in t he  r e s e r v o i r  at the ’  t i m e  of a l i b r a t i o n )  d i v i d e d  b y

~i - ac of t h e ’  d e f l e ct i o n  of the ’  t r a c e ’  o b t a i n e d  in th e  o s c i ll og  rap h in inc i i i ’ s  gi ‘~

t i n  c al i  l ) r a t i o n  f o r  tha t  gage , an ip l i f i e ’  r c hanne’  1 , t ape  r i c o  r de ’  r e h a n n e l , am’ i r I
o s e i l l o g  rap h c h a n n e l .  We w i l l  h e n c e f o r t h  r e f  t ’ r to t h i s  c o mb i n a t i o n  as ‘ a
-h a n n t ’ l  . F o r  any i n d i v i d ual  c h a n g e  in a co m p o n e n t  of a t h an r i i ’l , t he  c h a n n t ’  I
ceas re’calibrate’d.

The S u s q u e h a n n a  ST-4  t r a n s d u c e r s  and c h a n n e l s  in w h i c h  t h e y  \ \ e r l ’

u s e d  w e r e  c a l i b r a t e d b y the’ p r e v i o u s  m e t h o d  w i t h  t h e  c x i . e ’ption t h a t  the  o u t  —

p u t  of t he  impedance ’  m a t c h i n g  a m p l i f i e r  was  d i s p l a y e d  d i  r ’ ct l y on an u s e  i l  l u —

St  op e .  The’ HG coup l ing  b e t w e e n  t h e s e  co mp on e n t s  ga\ e a c o n s t a n t  of H G 1 S ,

and b e t we en  t h e  t ransduct’ rs and lint’ and the i m p e d a n c e  m a t c h i n g  amp l i t  i t ’

i n p u t  g a v e  a c o n s t a n t  of RC 1 0’~ s~ r e s u l t i ng  in a v e ry  low f r e q u e n cy  r e ’ s p u m l s
c h a r a c t e r i s t i c  f o r  t h i s  s y s t e m .  F u r t he  rn io  re , the  r i s e — t i m e  c a p a b i l i t i e s  It , r
t h i s  s ~‘ s t e m n  w e ’re ’  in i p r o v e c i  b y the  use ’ of the scope. The’ hi g h — t r e q u e ’ i \ c  y
r e sp o n se  of the ’ a m p l i f i e r  and scop e  w a s  on the  o r d e r  of m eg ah e r t z :  t h e  r e t ,  r e ’ ,
t h e  r i s e  t i me ’  f o r  t h i s  sy s t e m  was l i m i t e d  b y t he  g a g e  to a f e\ c  f is  or less. Scope

ra e  i ’s  of the ’ p r e s s u r e  c a l i b r a t i o n  si gna l  f r o m  the  q u a s i — d y n a m i c  c a l i b r a t i o n
v i e  e we  Fe’ u sed  to e:alib r a t e  two  c h a n n e l s  u s i n g  ST _ 4 1~~ in t t ’  rm s  of PS / v o l t .

l i m e sca l e  c a l i b r a t i o n  f o r  c h a n n e l s  u s i n g  the ’  tape ’ re ’co m ’de r and o se  i l l 0 —

O rap h was  o b t a i n e d b y ali g n i n g  the  tape ’ r eco  rde ’ r a c c o r d ing  to i t s  sp ec  i i i . , a —
t i o n s  and r e d u c i n g  the  r e a l  t im i ’  scale’  of e v e n t s  b y a f a c t o r  of 2 to a l low t o

t h i .  tape ’ s lowdown f r o m  t 4  ip s to 1—7/8 ips on re ’p l a y .  The o s c i ll o g r a p h
on t a i n s  a 10-2  - s inte rval m a r k e r  w h i c h  was  use ’d to m e a s u r e  t h e  e xp an d e d

t i m e ’  sca le ’  f r o m  the ’ t ape  r t ’co  rd e ’  r .  In gene  ra l , t ile ’ osc il log rap h w a s  r u n  at
32 ips  g i v i n g  an ap p r o x i m a t e ’  rea l  t i m e  scal e ’  of ( 1 / ~2) (1 / 32)  1. 0 m s / i n .
of c h a r t .  Eu r p r e s  .5i .m re  calibrations , t h e  oscilloscope cc as r u n  at 1/ 4  ips

i v in g  an app  r o x i m a te  r e a l  t i m e ’  s c a l e ’  of 1 30 ins  / i n .  of c h a r t .  A i .  c- o r a t e
m t ’a su r e u i e n t s  of t u n e ’  of a r r i v a l  antI p u l s e  l e n g t h s  f or  e ’ach i n c l i c - i d u a l  r e t
we re accomp lished , h o w i ’~ ,‘ r , b y coe in t ing  the ’ 1o 2 — s t i m e  i n t e r v a l  m a rk  s on
the  o s c i l lu g r a p h r e c o r d  anti d i v i d i n g  b y 32 to allow for the’ t ime  sca le  e x p a n —
sion by t i i t ’  tape re ’co r d e ’r .  1’. r ro  r of about  3 p r c e n t  in t he  a c t i o n  of t h e
10 2 — s  t ime ’ i n t e ’r v a l  m a r k e r  w h i c h  o c c u r r e d  in t h e  f i e l d  w h e n  o u r  powe ’  r
s o u r c e was  a g e n e r a t o r (as  it was in the  case ’ of the 6 4 — l b  ex p er i n t e ’n t s )
r a t h e r t han  t h e  c i t y - s up p l ie d  l ine ’ vo l t age ’  (as it was in the ’ case ’  of t he  1 - l b
e x p t ’  r i n i e n t s )  was  t a k e n  into accoun t  anti all events  u n der  t he se  c o n d i t i o n s
we r i ’  co r r t ’c t e ’i I  in r e l a t i o n  to t h e i r  t i m e  s c a l e s .



U . E xp e r i m e n t a l  Setu p

The’ e x p e r i m e n t a l  prog  r a in  w a s  c o n d u c t e d  at t he  SwRI  exp l o s i v e ’  f i n  11-
i t i e s  f o r  the ’  1 — l b  ~‘ ‘ :p e r i r i i e n t s ,  ant i , cc i t h  the  p e r l i l i s s i o n  of the Ar m y, at
G a n ip  R u l l i s , ‘Te x a s , 3 ( 1  m i l e ’ s r u i n  SwH I , f o r  t h e  64—lb e’~~p ’ r i i i i t - f l t s .  A l l

~ t s w e r e  r e ’u t e ) t e ’ly  f i r e d  f r om  a f u l l y ins t  r um e n ted  c o n t r o l  t r a i h i ~ r lot  a ted
at the ’ t x p e  r i m i t e ’ n t a l  s i t e ’ s .  I3oth exp losic - e facilities m e t  all th e  sa f i ’t  y
r eq t i i r e t i i t m i t s  i mp o se d  b y t h e  Fede ra l  and Sta t ’-  go ’~ e r n n i t ’n t s

1— Lb  Exp e  r i m e ’n t s

- l he b l a s t  I i e ’ l d  e s t a b l i s h e d f o r  t h e  1 — l b  exp e ’  r i n u , - n t  s is shown  in
l ’ i g t i  Fe  ~ . In a d d i t i o n  to t h e  in s t  r um ent a t i o n  d e s c r i b e d e ’a r l i ( ’  r to me ’asu  Fe ’
h~- ilast pa ran -ate’ rs , an ane’inonteter , barometer , relative’ humidity indicator ,

and  t i n ’  m~ m o m i i  e ’t  e r  cc e re ’ p re ’s t n t  at the’ ti ril e ’ of (‘N pe’ r i  me n t a l  op e r a t i o n s  to
H ’  ,, -‘ c m r e  a m b i e n t  c o n d i t i o n s  f o r  e a ch  cc - t n t .  G e n e r a l l y,  the ’  cc in d  v e l o c i t y  ccii,
i m n i t t e a s u r a b l y Lice (app r c i x i m i t a t e ’  l y mp h) ,  t h e ’ h u m i d i t y  w a s  of t h e  o rde’r of
-‘0 pt I C  ent , and the ’ t e m p e r a t u r e  cc-as 90° F or  less  ( l u r i n g  t he  c o u r s e ’  of t h e
e’x pe r i n t en t s

‘I h e  s i t , ’ cc-as l a i d  out soc h that the’ t r a i l e ’  r cvas app r o x in ia t e’lv
I ~( ) t i  1 r u i n  t h e  e ’ .p l o s i c i ’  s o u r c e’  and the’ f a r t h e st gage ’  was  loca ted  at a

a i e ’ d d i s t a n c e ’  of 7 = 80 . G r o u n d  z e r o  cc as e s t a b l i s h e d  b y m o u n t i n g  a s t e e l
p l a t e ’  of  d i m n e m i s i o n s  3u ~ ‘

- 2 in. in the ’ ground cc ith i t s  up p e r  s ur f a c e  l e c e l
cc it hi t h  g r o u n d .  On the’ t en t e r of t h i s  p late ’ the  e ’xp l o s ic e  c h a rg e  was  m n o u n t e ’ d
oil  a a r d b o a r d  h o l d e r  su c h  t ha t  the ’  c h a r g e ’  ce ’n t e r  ( the  c h a r g e ’  was a sp h e r e ’ )
ccas  4 i n .  abov’  t h e  p la te ’ s s u r f a c e , as i l l u s t r a t e d  in Fi g u r e  10. F’or  t h e  I -l~

- r i m i t , nt s, i i i  i’ , \c i. r e  t h r e e  case ’ s s t u di e d :  ( 1)  f r et ’  f i e l d , (2 )  n e a r  ie l c l ,
and ( 3 )  f a r  f i e l d .

For the f r ee  field case LC-33 gages w e r e  locatedat  scaled distances
ran g ing f rom Z = 5 to Z = 80, and scaled heights rang ing f rom H = 0. 17 to

II  3 , as d i s c  r ibed  in ‘T able  II and i l l u s t r a t e d  in Fi g u r e ’  ~~~~ The re \ c e r ’  a

- 
t nt n ir n u n i  of si c - e n s t a t i o ns  and e a c h  s t a t i o n  c o n s i st e d  of t w o  c han n e ’l s  .
c hanr i e’ l c o m i s  i st e d  of a gage’ mounted at t h i ’  end of a -~ —ft p i pe , as i l l u s t r a t e d
in l’ ’ igu re 1 1 . The’ si us it iv i a r c a of the’ gagt’ protruded 1 or 2 in. in front
of a st r e ’a r l i l i n ( ’ ( I  adap t  e’ r n i o e i n t e ’d  in the’ pipe’. Gable’ i. onne’ c t i o n s  cc e r e ’  c o f l  —

t a m ed w i t h i n  t h t .  pipe’ . T h i s  m e a n t  t F i a t  no si g n i f i c a n t  shock e f f  e ’c t  s cc c’ re ’  f e l t
b y t i t i -  c a b l e  until the’ blast w a v e ’  had pas sed  oct r the gagi’ and 3 ft farther
w h i r t ’  t h e  cab l e  t ’ m i i t ’r ge ’d f r o m  the ’ p ipe .  Gages  anti p i pe’s cct ’m ’ t ’ m i i o u n t e ’d  on
p i pe l ’ s such  that  t wo  gag e ’  t ’ l e n t e ’n t s  would  be n e a r l y  10 in .  apar t  at the  sam”
sca led d i s t ance ’  and scale ’ d h e i g h t s .  For  the nea r  s t a t ions , the gage ’s  p o i mi t e ’d
d i r e c t l y at t he  b a r g e  & e n t e r , w h i l e ’  f u r  t h e ’  f a r  s t a t i o n s , t h e  gages cc- c X e  m l i e ) u n t e d
PC’ rpendicu lar to the  g r o u n d  at a scaled height well cc-ithim i the Mach  s t e ’ m i t  of
t h e  s h o c k  I r o n t .  I he’ ex ac t  l o c a t i o n s  of al l  p r e s s u r e  t r a n s d u c e r s  f o r  a l l

hanne l s  a r l~ g i v i ’n  in I a h l t ’  I I.
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For  the  n e a r  f i e ld  c a se , f o u r  b a r r i c a d e  conf i g ur a t i o n s  w e ’r e
s t u d i e d .  They  were ’  the  s ing l c - re v e t t e ’ d and mound , 6 - i n .  b a r r i c a d e , and
sing le - r e v e t t ed  and mound , lZ - i n . b a r r i c a d e .  * The locations of the b a r r i c a d e
re la t ive ’  to the  ene r g y  s o u r c e  a r e  i l l u s t r a t e d  in F i g u r e s  12 t h r o u g h 15. S i ng l e -
reve ’t te ’d and mound b a r r i c a d e s  were ’  made of concre ’t e  and r e i n f o r c i n g  s t i - e ’ l
and cce ’r e  16 ft  in total l e n g t h , as shown in Fi g u r e s  12 and 13. The l e n g th  of

t h e s e ’  barricades was selected to insure that no d i f f r a c t e d  w a v e s  f r o m  the ’
c o r n e ’r s  of the  b a r r i c a d e  imp inged  on the  t r a n s d u c e r  d u r i n g  the  p a s s a g e  of
the  inc iden t  wave ’ ove r  the b las t  gages , and a lso , to s i m u l a t e ,  at l e a s t
appr oximately, the conditions f o r  w h i c h  the anal y t i ca l  model  was  be ing
ci e’ v elope d.

The exact  locat ion of the g a g e s  r e l a t iv e  to the ’  e n e r g y  s o u r e i . -  f o r
t h e  n e a r  f ie ld  case  is g iven  in Table  II. Of special  i n t er e s t  b r  t h i s  c a s e ,
ST -4 transducer channels we’re  m o un t e d  on top of t h e  b a r r i c a d e , h a l f w a y
docc-n t i le  s lop e  of t h e  s ing l e - r e v e’t t e d  and mound  b a rr i c a d e , and in a ste ’e ’l p l a t i ’
l e v e l  w i t h  the ’ g r o u n d  i m m e d i a t e ly beh ind  the b a r r i c a d e .  The t r a n s d u c e r s
cc c’ re  moun ted  f l u s h  w i t h  the’ b a r r i c a de  s u r f a c e  and al l  c a b l e s  cc cr c ’  r u n  t i i r u t i g i i
t h e  beneat h the b a r r i c a d e  and u n d er g r o u n d  fo r  some d i s t a n c e .

For  t h e  f a r  f i e l d  case ’ , the  same f o u r  ba r r i cade ’  con fi g u r a t i o n s
c c e r e  a lso s t u d i e d .  Exac t  gage  l oca t i ons  a re  given  in T a b l e  I. Of spec  t a l
i n t e r e s t  cc e ’re ’  gage ’ s moun ted  at the sca led  d i st a n c e  of Z = 43  wi th  the  t r ans -
d u c e r  e l e m e n t s  v a r y ing  in hei g ht f r o m  the g r o u n d  f o r  s ca l ed  he ig hts  of Fl 0. 17

to H 3. 0 as i l l u s t r a t e d  in Fi gure ’  16 and 17.

Ei g h ty  e x p e r i m e n t s  w e r e  conduc ted  f o r  all f i e l d  cases  and
b a r r i c a de  conf i g u r a t i o n s~ us ing  the 1 - lb  c h a r g e s  at the  SccRI exp l o s i v e  f a c i l -

i t i e s .

2.  t 4 - l b  E x p e r i m e n t s

To check  v a l i d i t y  of s c a l i n g  of the r e s u l t s  ob ta ined  f r o m  th i .
1 - lb  exp e ’ r i n i e ’n t s  as we l l  as to ob ta in  a d d i t i o n a l  data not  c o r r e s p o n d i n g  to
sca led  1 - lb  exp e ’r i me n t s  6 4 - l b  e x p e r i m e n t s  w e r e  conducted at the  Camp BulL s

t e s t  s i t e .

The setup of t he  blast field w i t h  a barricade is i l l u s t r a t e d  in
1 i e i i r e  18. Powe r to the’ i nst r u m e ’n t a t i o n  t r a i l e r  was ob ta ined  b y the  use  of a

15-kw gen e r a t o r dr i v e ’n  b y an i n t e r n a l  c o mn b u st i o n  eng ine .  A check  Oil l i n e
v o l t ag e  f l u c t u a t i o n s  i n d i c a t e d  t ha t  a l l  equi pm e n t  could  f u n c t i o n  n o r m a l ly  w i t h i n

the ’  l i m i t s  of t h e s t ’  f l u c t u a t i o n s  and that  the  v o l t age  le ’ve ’l was  adequate’ ( 1 1  ~ t o

120 volts AC) .

- - F h r o u g hout  t h i s  r e p o r t , a s ing le d i m e n s i o n  a s s o ci a t e ’ d  w i t h  a b a r r i c a d e ’
i nd i ca t e s  i ts hei g ht .
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The  C a u t 1 :  l 3u l l i s  s i t e ’  c o n s i s t e d  of a 1cc- e l  — g r a d e d  and dra ggi- d

field o a b o u t  75 b y 2 ~0 y a  r’ c l s  . I h t -  i n s t  r u  i i  n ot a t i o n  t r a iL -  r as  l o c - a t t ’d
l)e ’h l f l t l  a c l u m p  of t r e e’ s at  500 i t  t r o u t  g r o u n d  i - r u .  Gr o u n d  z ’ ’r o  c o n s i s t e d
of a s te - e l  p late ’ cit 8 ~~. 8 c~ 1/ 2  — f t . 1110’ u t  e l  on the  g round and ~ ;t p p o  r t e d  b y
r c ’ in f o r t  ccl cone r i t e  t i  a d e p t h  of 3 f t , w i t h  t h e  s u rl ac e  t , f  t i e  s t e e l  p l a t i -  at
it i’o i tnd  l e v e l .  The ’ t 4 — l b  c h a r g e ’ s cc- c ’ r e  m o u n t e d  on a l i ~t h t  p l v c c o u r i  

~~~~~~~~~ 
e cc i t i

a c u t o u t  w h i c h  w a s  s u p p or t e d  b y a c a r d b o a r d  box su c h  tha t  t h e  c h a r g e  e ‘ - r i t e r s

ccc re ’ lu  in .  f r o m  t h e  S t e - c l  p l a t e .

The sam e t h r ee  f i e l d  case’s  cc- c’ re  s t c i d i e - t l  f o r  t h e ’  t 4  — l b  ( ‘Np r i  —

i l i e ’n t s  as cc- c ’ Fe s t u d i e d  f o r  the  1 — l b  te’ s ts . Gage’ m o un t i n g s  wi re  g e - n e  r a i l  y
t i - t i -  s a m i n -  as f o r  the’ 1 — l b  c - c e n t  e x c ep t  t h a t  t h e ’i r  l o c a t i o n s  1 r u m  g r o u n d  I - r u

anti  t h e i r  he ’ig t s  f r o m  the  gr o u n d  w e r e  s c a l e d  by a f a t  t o  r of 4 .

The ’ t e s t  se’tup f o r  t h e  f r e e  f i e l d  case ’ was  a s c a l ed  d u p l ic~i 1 o f
t h e  1 — l i )  t ’ x ’ ) e - r i r m i e ’ n t s .  The ’  s e t up  f o r  t in ’  n e a r  t i c - I d  g a g - s  v a s  a l so  s c a l e d  t o
t h e -  1 — l b  c a s ’-  e x c ep t  t h a t  t cc o a d d i t i o c a l  s t a t i ons  c c i -  Fe’ added  at s c a le d  d i s t a n t , - s
of 1, 3 and 7 = 4. B a r r i c a d e s  u s e d  f o r  the  ne ’ar f i e l d  c a s e -  w i - r e -  s i n g l e -

, - t t e ’ d  and  mound  b a r r i c a d e s , o4 I t  long anti  2 t t  hi g h cc - ith a s ec t  ion t on-
s i s t i n g  of a s t e e l  she l l  f i l l e d cc i th  r ’ - i n f o r c e d  cone r i - t e ’  18 f t  cn l c - n g th p lat  i _ I m r .

t h e  c e n t e r , and a s t e e l - f a c e d, e a r t h- f i l l e d  sect ion on the’ ends , as shocc n in

Fi g u r e - s  18 t h r o u g h 2 1 .  The s t e e l  and cone F e t e  s e c t i o n s  of  t h e  b a r r i c a d t ’ s
cve ’ r e -  ‘ p e g g e d ”  in to  the  gr o u n d  w i t h  1 - i n .  — d i a m e t e r  s t e e l  d r i l l  rod to pm ’ e ’  eI~~
t no ’, c n ~e’nt of the  b a r r i c a d e .  The gage’ locat ions and t h e ir  he ’t  -x t ~~ b r  t I~’ - n e a r
t i e l d  c a s e -  a r e  g i v e n  in Table ’  II.

In the  f a r  f i e l d  case ’ , f o u r  b a r r i c a d e  c o n f i g ur a t i o n s  cc e n  ~ t u d m t - c : :

( 1 )  s i ng le- - r u v e t t e d  and mound , 2 4 - i n ,  b a r r i c a d e ;  ( 2 )  sing l e ’ - r e ’ v t - i t u - l and
m n o u n d , 1 2 - i n .  b a r r i c a d e .  The 2 4 - i n .  b a r r i c a d e  c o n f i g ur a t i o n s  a r e ’ d i r e c t
s ca l e  m n o d e l s  of th e ’ ô — i n .  b a r r i c a d e s  u t i l i i e ’ c l  in ti le’ 1 — l b  e ’xp e r i n i t - o t s .  I a-
12. - in,  b a r r i c a d e  conf i g ur a t i o n s  r e p r e s e n t  new data and t h e i r  sca l ed  equic  a l e n cy
is g i c e ’ n in Table I. The phy s i c a l  loca t ions  of the g a ge s  cc- c r c ’  d i r e c t l y s c a l e d
f r ( - m  the  1 - l b  e x p er i m e n t s  except f o r  the  addi t ion  of one s ta t ion  at Z = 4~~.
The i - x a c t  gage loca t ions  ar e  g iverS  in ‘T a b l e  II.

T w e n t y  — f i v e ’  u4 — l b  ex p e ’  r i r n e n t  5 c c c -  r e  s t u d i e d a t  t in ’  ( ~amii p Bul l  i s
lot  a t  i on .  R e - g a  r d i n g  s p t - c i a l  p r o b le m s  i m i c o l ~~t - d  f o r  th~ si  t i - s t  l ong  c a b l e ’s
i i e - c ’ - s s i t a t e d  b y l o c a t i n g  t h e  t r a i l e ’r  300 f t  f rom -n  g r o u nd  i i -  ro d i d  not s i g n i f i —
c a n t  I y a f t c - c t  ou r d a t a  si g n a l — t o  — n o i  ~ e - r a t i o  th r o u g h  an te ’mi m i a ‘‘ p it -k L ip ,  ‘ a h t h o u i c  h
t h e ’r e  cc-as a s l i g ht  i n c r e a s e ’  in t h e -  c i i s c e ’r n i b l e ’  HF ’ n o i s e  I c - v ’ 1 .  The  a m n b i e ’ m i t
c o n d i t i o n s  at C a m p  Bu l l i s  cc-i re  a p p r o x i m a t e l y t h e  s a i nt ’ as f o r  t i l e -  s t ud y of

1 — l b  e x p e r i r n i - n t s ’’ i t h  t he  p o s s i b l i -  e x c e p t i o n  of t e m n p ~- r a t u r e ’  cc - i - t i e - l i  r a n g e d  iii
t h , -  hi g h 00 ’ s and ,c,cc 100’ s. G , - r t a i n  o t h e r a m n b i t ’ n t  i ’ i t , - c t s  cc t rke ’ d cie ’ t i ’ t m n , - u :a I l v
ott o u r  exp i ’  r i ’ i i e - u t . s (name ’l y ,  a n i m al  l i f e ’  t~ - e ’d i n g  t O  o u r  c - ab l e s )  and n e c e s s i t a t e d
t h a t  a l l  c a b le s  be ’ b u r i e d  o r  e i t h i i ’ r c c i s e -  p r e t .  & ~- d i m i  t b -  f i t - I d .  ~‘\ll c - a b l i ’s abuc - e’
g r o u n d  cc t n ’  p r o t t ’ e - t t - d  b y s t ’ - t - l  c on d u i t .
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IV Rl- ST 1 1~ I S  A N I )  / \ N \ I , Y S L ’ )

I ’  c 1 a t ~ i e , i ’ a i e t - d  i n  t h e ’  t - x p t - n i i i i e - i t a l  p r o g r a m  de sc r i be d  it

s, - , ~~~~ III  l O t  1 H~- n i i - a s u i m ’ ’- I n e - n t s  of  p e al- p r - ~~s m ’ i- . i i i i p ’ i l s e - . 11 m m ’  ( i f  s l e e t -
u m ’ m ’ I -  a t , ar - t e l  p e si ’ l ’. C e i — i - r p m’ . - s su r i - d ’ e r a t m e o i s .  As  s t u t t ’ d l  h i ’ f o n ’ , m m i c - a s u r e ’n l , - u i l
‘ c e - r e ’  m i i a c i e -  in ‘ I i -  i i ’ , ‘ -  f i t i c i , n e ’a r  I i t ’ l ( l ,  a i d  f u r  t i e - I d  c a - u - s .  A l l  t h e ’  d a t a
e , h ’ a i m i , - r l  h av e ’  be , - r u  t a b - d a t e d  an t i  j c c l - ~de ’t1 i t t  A pp ‘ d i ’ , A ‘ o ‘ 1 , 15  r e p i e r ’ ’ I i t .

~~~~ g i v e n  in t h a t  a p p i - r o l i x  i n c  l o de ’  t a b l e s  d e st  r i b i u g ‘ l i e -  b ar r c a r i e  c c i -  f : t ~ -
r a t i o n ,  i i , , -  Sc a l t - u i  d i s t a n t  i , t h e ’  t e i ~ al n u m n b e ’ r  of pe ak ; r e - s~ i re ’  t i l t - a s . m- e- i u ’ ’ - ’
ma cic ’ . t h t  p~ - -i i- p m’ c - s s u i r . - . t h e ’  s t a n da r d  d e c - i a t m o n  f o r  j i ’ - a k  p r i - s s  i r e - , ~i i -
n i r l i h e r  of i m u p u l s e -  m e ’ a s d r e ’m l i e n t s  m -na cie , th e ’  sc ale ’cl  i m i i p i i l s e , t h e  s ’ a n d a r d

i- , a  t i o n  oct t h e  s t a l e - t i  m m n p u l s t - , t i - t i ’  s c a l e d  t i m e s of a r r i c - a l ,  ‘h e  5 t a n d a r d
ci . ‘ i a l i o n s  cii t he ’  n l & ’ a s u n e ’ m i i c ’ m i t s  on t i m - t i e ’ s of a r r i c ; i l ,  t h -  S t a l e - r i  o v e ’r p r e ’s s ur e -
d r  a t i o ’i s , anti  ‘h e ’  s t a n d a r d  d e ’ v i a t i c i u s  of t h e ’  o \ - e ’r p r e ’ s s e i r e ’  d u r a ’ i o n s  F’o r
t i n -  c 4 — l b  d a t a ,  t h e r e ’  w e - r e ’  not s u f f i c i e ’n t  e x p e r i m e n t s  c o n d u e i i - d  to b e ’ ab le  t i e

c u . . e l  a t e -  rne ’aning f u l  s t a n d a rd  de c - c a t i o n  s I l i t -  r e ’fo  r e , an ab sol  t i -  a i r a g e - ’-c as
r e p o  N ed for i-at h data point.

Ih e  r e ’su l t  s tha t  t o l l o w  a r e -  e ’va l i a t i o n s  of the ’ b l a s t  J i a r d i r i e ’ e r ’, in
r in s  c it t h e  un b a r r i c a d e ’d anti b ar r i cadec . i  & o n di t io n s ,  and in e ’ach  c o n d i t i e , n

r ’ s t i l t s  a r e ’  c om n p a r e d  to e i t h e r  a s t a n d a r d  ge n e r a t e d  b y o t h e r  i n v e ’ s t m  ga b  rs
o r  ‘he ’ mn e ’a s u r em e n t s  a re ’  c o m p a r e d  to the  f r e e  fi  e ’ld c a s e ’s n e ’a s - ir e d  in o ’er
e ’x pe’ r in i e ’n t s .

A F r e e  F i e l d  Case’

- 
T h i -  obj e c t i c e ’ s  of the’  f r e e  f i e l d  e x p e r i m e n t s  cc c’ Fe ’ to v e ’r i f y ~hi ’ St  a l i ng

i a e c  s and to g e n e  r a te  data that  could be com pared  cc i th  r e s u l t s  of o the r inv es  -
‘ i g a b o r s  f o r  t h e  p u r p o s e ’  of e s t a b l i s h i ng  c o n f i d e n c e ’  in o u r  m e ’a s u r i n g  s y s t e ’ m n
A t o ta l  of f i f t e e n  1 — l b  anti t h r , ’e ’ 6 4 — l b  e ’ x p e ’ r i m i - ie ’ n t s  cc- e’ r e ’ c o n d u c t e d  in t h e  f r e e ’
f i t - I d  a s , - . I he ’  f i r s t  f i c e -  t e s t s  u t i l i  / i n g  the’ 1 — l b  c h a rg e s  cvi ’ re fired to c h e c k
e u , ’ t i e -  o c e ’  r a i l  sy s  t i - n i ;  the  r e f o  n t , t h e -  d a t a  o b t a i n e d  f r o m - t i  the ’ se t e s t  s a re ’  not

p o r t i - d .  Re ’s u lt s  of t h e ’  s u b s e q u e n t  e xp e r i m e n t s  d e a l i n g  w i t h  n i e a su r e ’m i e ’nt
of t h e  b l a st  p a r a mt ’t e  rs  in the  f r e t ’  f i eld a Se a r e  shi t cvri in  F ig i re- s 22 i l u  r cu .g i i
25  as a f u n c t i o n  of s c a l e d  d i s t a n c e .  I h e ’ s e ’  m e ’a s u r emn e ’n t s  are’ c o mp a r e d  cvi ’  ii

l i t -  S t a n d i a rd Ha l  l i s t  i c  s H t -  se’a r e -h  Labo ra te )  r i  i s  (B R L )  f r e t ’ he lc i  da ta  g t e  e ’ ra~ e ’ ( i

f o r  l a r g e ’  I N I  i - x p los ion  s~ ~ f o r  t h e ’  pa r a m e -t  e ’ rs  peak p r e ss  i t  r t ’ and i m p u r l  si
l i c e -  m e ’a su r e m e ’n t s  of t i m e  of s h o c k  a r r i c - a l  a r e ’  c o mp a r e d  w i t h  t h e ’  BRL  c o i n —

- ‘ p i l e - t i  f r ’ - e — a m r  b l a s t  dat a ( 1 6 )  by app l ying a 1.8 reflection lae t o i’ to , i e e o u n t
t o  r o u r  e - x p lo s i c -t ’  p r o x i m i t y  to t h e ’  g r o u n d  . It is ohs e- rv e ’c i  t h a t  for the ’ & as i’

of  the’ peak p r i ’s s u r i ’  s , ou r  expe  r in i e n t a l  d a t a  f a l l  s o m e w h a t  ab o \e  the ’ B R L
s t a n d a r d  f o r  s -a l e ’d  c l i s t a n e  i ’s  r ang ing t ip  to i~ 10 , but t h e y  are’ in gene- r a l
ag r e e ’m n t ’n t  w i t h  i t  an t i  do & on f i  m i  t he  sc a l i m i g  l a w s  f o r  l i i i  s e on f i  g i m  r a t m  on -

N f e  t h a t  lo r ‘ i i .  c a s t ’  of t he  s c a l e d  i m p u l s e ’  and sc a led  s h o c k  a r r i v a l  t i m e ’s
she iv , n in f” igu  m’ e - s  2 3  anti  24 , e m , i r  da ta  a g r e e ’  we ’l l  w i t h  the ’ B R L  da ta  A ~~05  —

s m  i , l e  e xp l a n a t i o n  f o r  t h e  sm a l l  d i s c  r ep a n c i t ’ s  b etw e ’e ’n  o u r  da ta  a n n  t h 1 ’  J~ R I ~ 

---~~~~~~~~~~~~ -
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s t a n d a r d  s i i e i - ,’, t i  i n  ‘in ’  p e ’ak p r e s s u r e  p l o t s  (F i gure ’  2 2 )  c a n  be’ a t t r i b u t e d  ‘ci

t he’ d i f t t ’ r e f l c e ’ I , . ’ cc ‘ i -n  l x i  and P e ’n t o l i t e  and the ’ t a t  i s  t i - t a t  in O u r  i - x p t ’  ri —

Wi l t  -, ‘i n -  e ’x p l e i s i c  i - s  c c e ’ r e -  f b i  in d i r e c t  c o n t a c t  c c - i t h  the ’  g r o m i n c l  a s  t h e y  - t i - r e
i n  ‘ l i e ’  B R I .  cc c i  rk (1 5) , a m i d  t i - t a t  we  ei -np lo yed  a ri g id r e f l e c t o r  p l a t e  to p r c - c  t a c t
e r a t e ’  r i  t~~ T h i s  E a t i  e r  f a t  t is  si g n i f i c a n t  be c a u s e ’  no t  as r m i u i c  ii ecu ’ rgy is
a h ) s e ’ r l ) e ’di ii ’,- ‘i n -  ~ mo u nd i n  o u r  e ’x p e ’ r ir n e n t s  as c o mp a r e d to  t h e  I N ’ I  i - x p e ’ r i  -

t i l e ’ ’i t~~ I-’i g c e r e -  25  s h o w s  t h e ’  c o r r e l a t i o n  of t h e ’  pe ’ak p r e s s u r e ’  c c i t h  ‘he ’  s c a l e - t i
1 mp u l  ~i c v h  h m n a v  be -  of c- alu e ’  f o r  c ulne ’ r ab i  l i t y  anal ys i s .  Ib is f i g ur e  g i c i -  s

i i i -  r e ’l  a t  i on  s h i p  b e t  c c t ’e ’n  t h e  pe ’ak p r e s s  U Fe’ and the  i m p u l s e ’  at 1 lii ’ sc ale’d
d i s ’ a~~e i - s cc h i - r e  ‘ l i e  m i i e ’a s u r i ’r n en t s  w e ’r e ’  t a k e n .

B N e a r  F~~- 1d Case

i ’o l l o c c t n g  c o n f i r m a t i o n  of the ’  s c a l i n g  laws  and e s t a b l i s h i n g  of co n f i -
i i e n c  e ’ m r  e i u r  n i e ’as i r i n g  s y s t e m , two b a r r i c a d e  c o n f i g u r a t i o n s  ( s i n g le’ - re ’\  e - t t e d
anti t i - t o  m d )  \Ce r e  l oca t ed  in the  n e a r  f i e l d  at a s c a l e d  d i s t a n c e  of ( 1 , The’
o b j e - c  t i c c ’ s of  t h e ’  i -t ea r  f i e ’l ci  exp e r i mn e n t s  were ’  p r i m a r i l y to e v a l u a t e  ‘hi-
e f f t - c  t i - : e ’ne ’ss of t h e  b a r r i c a d e s  i m m e d i a t e ly beh ind  the  s t r u c t u r e  and at the
i n h a b i t e d  b u i l d i n g  s c a l ed  d i s t a n c e  of Z 40. In orde ’ r to p r op e r l y e v a l u a t e ’
t h e  d a t a  r e t  - r e n c , ’ i s  made  to the  tab le  r e l a t i ng  s ca l ed  e q u i v a l e n c y  ( T a b l e  1)
and  t h e  l o t  a tio n  of t h e  gages  r e l a t i v e  to the exp los ive ’  c h a r g e  and hei g ht f r o m
‘ lie ’ g r o ’  e a r l  (T a b l e ’  11) g i v e n in Sect ion Ill of t h i s  r ep or t .

-‘\ ‘o t a l  of t h i r t y - s e v e n 1 - l b  and n ine  6 4 - l b  e xp er i m e n t s  cc e ’re  conciuc  ted
; ii  }~e ‘ t e a r  f i t - I d  e a s t ’ , and the r e s u l t s  of the  e f f e c t i ve ’n e s s  of t h e ’  b a r r i c a d e  on
the ’  b l d s t  p ar a m e t e r s  a r c  shown in Fi g ur e s  26 t h r o ug h 37. Fi g ur e s  2e t h r o ug h
3 1 c o m n p a m e  t h e  e f f t ’c t i v c n e ’ ss  of t he  s i n g l e -  r e c - et t e d  anti t he  m o u n d  b a r r i c a d e ’ s
on t h e ’  p eak p r e s s u r e s  and i mp u l s e s .  Al l  the m e a s u rem e n t s  w e ’r e  c o mp ar e d
cc i ’h ‘he  f r e ’ e ’  f i e - I d  c a se  as m e a s u r e d  in ou r  e ’x p e r i m e n t s .  1” ti r e x p e r i m e n t s
i n v o I c i n g  t he ’  s i ng le - r e vet t e d  conf i g ur a t i o n , peak p r e s s u r e s  and i mp u l s e s
cc i - r e ’  r e -d . i e : e-d s ign i f i c a n t l y up to sca led  d i s tance’ s of Z = 10. 13c y ciad t he ’  s c a l e d
cli s t a n c e  of 1. 10 , the  peak p r e s s u r e s  t ended  to ap p r o a c h  t h o s e ’  of the ’ I re ’e
f i e l d  c a s e  v e r y  r ap idl y and at the inhab i t ed  bu i ld ing  d i s t a n c e  of i~ = 40 t h e
peak p r e s s u r e - s  were ’  a l m o s t  the  same  as tha t  of the  u n b a r r i c a d e’d  c o n d i t i o n s.
1 he ’ i m p  dses  a l s o  tende’d  to a p p r o a c h  those  of f r e e ’  f i e l d  c a se ’  bu t  not as
r a p i d l y  as the’  peak p r e s s u r e s ;  at the  i n h a b i t e d  b u i l d i n g  d i s t a n ce ’  of Z 40.
one ’ s t i l l  obse r v e s  some r e d u c t i o n  in the sca led  i mp u l s e ’  In the ’  case ’  of t h e
m m i o . e n d  b a r ru  ach - t h ’  f o l l owing  obse rva t ions  a r e  made

• An in c  r e a se  in p r e s sure’  and i mp u l s e  ove ’ r t he  f r e ’ e ’  f i e l d  & ast’ is
obse r v e d  at a sca led  he ig ht of H = 0. 17 at a sca led  d i s t a n c e ’
l o c a t i o n  of /. 4. However , th i ’  p r e s s u r e ’  and i m p u l se  o b s e r ve d
dt t h e ’  scaled hei g ht of H 0. 5 at Z = 3 are ’  both le ’ss  than  f r e ’ e ’
f i e l d  v a l u e ’s  as shown in Fi g u r e s  2.7 and 30.
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• I h e r e  is a v a r i a t i o n  of th e  peak press ire and i mp u l s e ’  w i t h  scale, !
h e i g h t  fo r  the ’  t cv o g a g i ’s  b e  ate ’ d at i~ - 45 at sca led  he i g h t s  of
I i  0 . 75 anti I I  1 . 50 , r e s I n - c  i i  ve ’l y

• l’he’ e f f e c t s  of d e c  re ’ase io p e a k  t ’sst i t~ ’s and i m p u l s e s  by the
m o u n d  b a r r i c a d e s  a r c  not as g r e at as f o r  t h e ’  s i ng le -  r e ’v i ’ t t e ’ d
barr ic ad c’s.

I he ’ o b s e r v a t i o n s  made ’ above s u g ge s t  t h a t  the ’r e ’  i s  a p r e s s u r e  g r a d i e n t
as a t in  l i o n  of t h e ’  l o c a t i o n  of the’  g a g e ’s  i’ t - l a t i v e ’  to the  g r o u nd ~

Fi g ur e ’s 28 and 31 show a c o rn p a r i s c i n of t h e  peak p r e s s u r i’s  and s c a l e d
i mp u l s e  f o r  t h e  1 2 — i n , si n g le ’ — r e ’v e ’t t i ’d  anti m ound b a r r i c a d e s,  The ’  same
o b s e ’r v a t i o n s  made f o r  the ’ p r e v i o u s  tcc o bar  n e  ade’ cond i t i on s  c a n  be m i - t a d e -  f o r

t h e s e ’  c o n d i t i o n s  N o t e  t ha t  t h e s e  f i g ur e s  i n d i c a t e -  t h a t ,  f o r  the ’ mound  b a r r i c a ’ l e ’
c o n d i t i o n , both p r e s s u r e s  and in pu l sc ’ s t e n d  to  ap p r o a c h  those ’  of t he  f r e e -  f i e l d

c a s e  at the ’ se-alec! d i s t a n c e  of Z = 10; on th e  o the r hand ,  f o r  the ’  s ing l et-
r e ’v et t e d  case  F i g u r e s  28 and 31 i nd i c a t e ’  tha t  the re  is s t i l l  some r e d u c t i o n  in
p eak p r e s s u r e ’ s  and s ca l ed  i m p u l s e  at s c a l e d  d i s t a n t  i s  g r e a t e r  t h a n  Z 10.

A n a l y z i n g  the  shock cvave ’ t i m e  - o f - a r  r i v a l  d a t a ,  i t  i i ,  obse  r c  ed t h a t ,

f o r  the  s ing l e - r e v e t t e d  b a r r i c a d e  c o n f i g u r a t i o n ,  the  t i m e s  of a r r i v a l  at t h e
s p e c i f i c  gage  l oca t i ons  ar e  gr e a t e r  t han  t h o s e  of t he  f r e e ’  f i e l d  case ’  f o r
sca led  d i s t a n c e s  up to Z = 15 , as se ’e’n in F i g u r e  32. .  At s e- a l ec !  d i s t a n c e ’ s
g r e a t e r  t han  Z = 15 t hey  a p pr o a c h  r ap idl y ‘h o s t  of t h e ’ t r e e ’  f i e l d  c a s e ’  For
t h e  mound b a r r i c a d e s  c o n f i g ur a t i o n .  t i n - t i ’ s of a r r i c - a l  cc cr c ’  the ’  same’  as those ’
O l ) se ’r v e ( i  in t h e  f re ’ e’ I ie ’ld case ’  f o r  a l l  s c a l e d  d i s t a n ce ’s , as s i - e n  in F i g i r e ’  33.

The pulse ’  shap e  (p r e s s u r e ’  - t i m e ’  h i s t o r y )  obse ’ r v e d  f o r  t h e  s ing le’ -

r e v et t e c i  b a r r i c a d e  c o n d i t i o n  was the’  t y p i c a l  t r i a n g u l a r  si -ta p e ’  obse ’rve ’ d in t i n ’
f r e e- fi e ’ld  case’ , i l l u s t r a t e d  in Fi g u r e -  “ 1 h i s  cc as t r i t e ’  f o r  a l l  g a g e ’  l o c a t i o n s  -

For  the  mound h a r r i c a d et s , f l i t ’  t y p i c a l  t r i a n g u l a r  shap e ’d p u l s e  cc as obse rc ’ed
f o r  a l l  gage ’  l o c a t i o n s  e x c e p t  t h o s e  lot  ate’d at /, 5 At t h i s  l o c a t i o n ,  a
d o u b l e  pe ak was  p r e s e n t  in e v e r y  m n e - a s u i r e m n i ’ m t ,  i n d i c a t i n g  the’ p r e ’ s e ’ n c e ’  c i i

t h e ’  i n c i d e n t  w a c e -  and a r e ’ f l e ’ c  t e d  w a v e ’  The’ peak p r e s s u r e ’  a s so c  t a t e ’d  cc i t h
t h e  re’flecte’d wave was approximatel y the’ s ain e  as ti -tat of the’ incident cc ave ’ .

F i e l d  blas t r n e a s u r e ’n i e ’ n ts  w e ’r e -  t ake ’ n cc i t h  f l u s h — m ou n t e d  t r a m sdu c e ’ i’s

(ST ~4 g a g e s)  loca ted  at the  tops of the bar i ’ n, c ide s , h a l f w a y  down the slope of

the barricades , and on a g r o u n d  plate m o u n t ed  f l u s h  w i t h  the g round  imrne -

diatel y beh ind  the  b a rr i c a d e s , as  shown  in Fi g ur e  12 , The r e s u l t s  of t hese

m e a s u r e ments  a re  given in Table 111 Compa r i n g  the peak p r e s s u r e  data of
t h e s e  t r a n s d u c er s  wit h those of the f r e e  f ie ld  case , the fo l lowing  obse rva t i ons
ar e made.

The gage s located on top of the barricade measured peak pressures
which were in good agreement with the free field case,



_  _  

36

—~~~~~~~~~~ — — 0  0 0  —— 0 0 0 0 0 ‘
~~ i a

~~~ ‘— ‘-- o c~~~ c O O~ ‘~~~d ~~~~~~~i_fl ~ 0,_ — .44 44 ,44 ~~~~~~~~~~~~~ “~~ “~ ‘44

III i c — - -.
U - t— Ln~~O ~‘ en~~ ~~‘ —

°~~~~~~ -.
~~~~~~~~~ i~~~~~”~ i~~~J i

0 0 0  0 0  ‘-~ 
‘ C -~ 

‘ C

z
V -..--

H ‘
~~ ~ * ~~~ m ~~‘ r~ * a a ,~~ a

44 ’H 44 44 .44 44 ~~ I4 ~~~‘44~~~c ’ — ,- .0o
III i/ .

~~~~ 
ivi 0’ 0 — 0’ en ix)f-a . . . . . a

s .. CO ~ i 0 tic e.•, — , —
Z i-~~~ a — — —  ~~

. — — ‘0F 
~~ 5 ,,.,

X 1 z ~ _ _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _ _

C’, —

,~~ us1.14 4~ in ~~‘ CO 0 N C’S 0 0

— — * a;;  a ; a
H Z 4 1 ”~~~ 14 ’44 44 44 ’4l ’14

‘,O ,’-i C”
~., 1, — ~‘S -

~~‘ I”-) i- — N
“a ~~ ~-‘~ — --c’ ~n : ~ r—~ : ,

~~
~I, H ~ 

‘
~ 

CO — ‘0 C’S ~~ ‘ 44’ ‘0
‘0

iJ~~z

~1)

0 4 )

0,1 41
.0 e. ~~ ‘ N 44’ in ‘Si — I C’S I CO I

‘ft

Z 4 1

~~ L) 
_ _ _  _ _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _

—

0 t’S 0 r’S 44’ 0 • in in • C
0s 0 u5 ‘~~~~~~0

— . . . . . . I I I-,,. — — r”i — r\m in ‘Si ‘1’

Cl)
C Co -

~~ 
-
~~ ‘0 ‘0

44 
0. P~~~I 0. A O ~~~~~~~ 4-‘~~ (‘I o 0 ’ .~ c’ 0 ,., O O i. o o 1~

H~~~~O H~~~~L) i-.~~~~O E-~~~~O 41

— E
I)

I ‘0 I”
0,) C —

— S

4 4 , 4 1

F- ~~ 
11) iE

t 5,
‘- I-’ “

~~~~~ 
‘
~~~~~~~

44 a a
-,0~~~ ‘0 ..i ’i~ ~~~~ lo



• I’ he peal-c p r e s s u r e --s i s - s u e  j e t e d  w i t h  ( l i e -  m m i e - a s i m r e r r m e n t s  t i c - i d e -  w i t h
t h e  g a g e s  f - c e  i t e ’ d ( i n  t h e -  s h y ~~’ of t he - ha r m - ic  i d e -  - i r , d  o~ t h e  g r e - t c r~d

p~a tc ’ cc c - r e  o n s i d e r a h ly  lowe - - n t i t e r ,  t h e  f r e e  t i e - t e l  C i s c

The data ‘ri pe ck pr e s s u r e s  c s  se  i e - d  i m n p u i ~~sc ar e- g m c e r i  in  F ig u r es  1
* t t r n c g h 37 and the d~~t~ s h o c k ‘ v e - r p r c - s ~~i i r ’ e- d c i r t t t ’ , n s  a r c -  g i v i - r i  in ‘h e -  t a h e s

n e p o r t e d  in A ppendix A

C Far  F i e ld  C i s c -

The  p r i m a ry  u h l c - c t i v e . - of t h e  e - x p - r i m  m e n t s  in  t h e  f a r  f i e l d  c a s e  c c i s  to
o b t a in  m i i e a s e i r e n e - r i t .— e im m ed i at e - i c -  l i e - h i n d  t i e  b a r r i c a d e , v, hen  t h e  t ( e -  1) 1 t h e
b a r n i c , , t I e -  c e i s  l m i c , i t e d  at  t he  i n h a b i t e d  imi ~ d i r i c  s c a l e d  e i i ~~ t i r i c  e- of Z 40 , ,Js

i~ l u s t r , i t e - c I  in  F i g u r e  t A g ai n , in o r d e r  t o  p r p i - t ’ i \  e-- ’:n~~ i t c  t he - dat ’ , the
r e - - i c i e r  i s  r e f e r r e d  t o  Table ’ s I and  II in  S~ t i n  ~:j O~ t h i s  r e p  r t

T w e n t y ’  eig ht 1 lb and t h i r t e e n  t , 4  ib  e -x p e n l m l l e n t s  cc- c- re  c ’ r i d i t e  t ed  in
t h e -  f a r  f i e l d  c a v e , and  t h e  r e s u l t s  of  the  c I t e - c  t i v e - n e s s  of t h e  ~~ r r i c a d e  or the
b i a 5 t  pa r a me t e r s  a r e -  s h o w n  in F m g i i i e s  3~ ‘

‘ og h S F i g u r e s  3~ t h r o u g h 45
compare  the e f f e c t i v e n e s s  of t he  si ng l e - r e - v e t t e d  ant i  t h e  m o u n d  bar  n i c a c l e-~ or
t h e  peak p r e s s u r e s  and i mp u l se s  A g a in , as  in t h e  n e - j r  l i e - i d  c - i  se- , -i ll f i r

fi e d me~c su r e -m e n t s  w e - r e  c o mp a r e d  w i t h  th ree- c of the -’ t r e e  f i e l d  c a s e -  Bt)th
-i ’:g~ e-- r e v e t t e d  and  mound  b a r r i c a d e  c o n f i g u r i i t n i n s  c a u s e d  peak p r e s  su r e s
a n d  i mp u l s e - s  to be r educed  s i g n i f i c a n t l y  w i t h i n  tec o b a r r i c a d e  h e i g h t s  beh ind
t h e  a l t e r  t e e  of the  b a r r i c a d e, and  t h ese  pea k p r e s su r e - s  a n d  s c a l e d  i m n p u i ; s e - s
v a r y  as  a f u n c t i o n  of the  hei g ht of the  gag e  ;i b eer - e t he  gr o u n d  It m u s t  be
t i o ted t h a t  t h e  cc id e nc e  s h o w n  in t h ese  e-xp e r~ men ts , c o m b i n e d  cc :th  t h e  o b s e r
v ; i t i o r i s made in the n e a r  f i e ld  case 9 i n d i c a t e  t h a t  the  p e a k  p r e s s u r e  and
: m np u l s e  v a r y  w i t h  gage hei g ht at each of t h e  sc ~ ic’d d i s t a n t  c- -s Bu t , due  tee

t h e  n a t u r e  of our ex p e r i m e n t a l  se tup 9 we c a n n o t  d e t e r m i n e  f r c m  t u e - s e  O l e - c  -
s ur e m en t s  the  p r e s s u r e  and i mp u l s e  g r a d i e n t  a s  a f o r t  t w o  ‘i f  h e i g ht  C a r e f u 9
i ’- ,i~~~ - s i ~~ of the -  data  i n d i c a t e s  tha t  the  r e s u l t s  o b t a i n e d  w i t h  the -  1 -~ b a n d  c4 - l b

e x p l o s i v e  c h a  r g e s  i m m e d i a t e ly beh ind  the  b a r r i c a d e s  do n et  appea r to co n fc  teen
t~ ’ the  s c a l i n g  l a w s , It is  not k n o w n  if th i s o b s e r v a t i o n  i t r u c e  or  w h e t h e r i t
m a y  be a t t r i b u t e d  to the  fac t  t h a t  t he  a ng i e  a t  w h i c h  the  i n c i d e n t  and  r e f l e c t e d
s h o e -k  w a v e -  f r o n t s imp inge  on the individua l t r a n s d u c e r  e l e m e n t s  w a s  n et
p e r p e n d i c u i l i r tee t he  a> ’is of the  penc i l  gage  S in c e  t h e se  g a g e s  a r e  d e s i g n e d
t o  m i -c e - a  su re  pl a n e  w av e s  imping ing on the t r a n s d u c e r  p e r p e n d i c u l a r  to the
axi s of the  p e n c i c  gage , it is poss ib le  tha t  the  a b s o l u t e  n u m b e r s  a ss o c iat e d
w i t h  the  peak  p r e s s u r e s  and i mp u l s e s  m e a s u r e d  i m m e di a t ely  behind the
b u r r :  u r i c  m ay  be in e r r o r  Specia l  a t t e n t i o n  should be p~i ’d to thi s poin t  in

~ny  f u t u r e  e xp e r i m e n t s

C o m p a r i n g  the  r e s u l t s  of the 6 in -10 ( 1 2 - 1 - i n  , s ing le  r e -v e t t e d  and
mound  b a r r i c a d e s , it is obse rved  t h a t  t he  peak p r e s s u r e s  in  t he  s ing le
r e v e t t e d  c o n f i g u r a t i o n  n e v e r  exceeded the p r e s s u r e s  m e a s u r e d  in the  f r e e
!~ eId case , h ow e v e r , fo r  t he  mound c on f i g u r a t i o n , an i n c r e a se  of  p r e s s u r e
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w a s  o b s e r v e d  f o r  t he  gage  l o c a t e d  i m m e d i a t e l y above  the ha r ricade (H = 1 0,
Z 43) , as  s h o w n  in  F ig u r e  39. The  imp u l s e  d a t a  fo l lowed  much  the  same
t r e n d  as ti - ce peak  p r e s s u r e-  da ta,  T he se  da ta  ‘ire s h o w n  in Fi g u r e s  42 t h r o u g h
45 The m e a s u r e m e n t s  of t unes  of shock  a r r i v a l  in d i c a t e  t h a t  t h e y  w e r e  equal
to t hose  of t h e  f r e e  f i e ld e l s e - , t he  same f o r  any  g iven  Z , r e g a r d l e s s  of the
b a r r i c a d e  c o n d i t i o n s

The pulse  shape -- s (p r e s s u r e  - t i m e -  h i s t o r i e s )  o b s e r v e d  in s ing le
r e v e t t e d  and mound  c o n f i g u r a t i o n s  w e r e -  t h e  t y p ic -a l  t r i a ng u l ar  shape’ s ob s e r v e d
in the  f r e e  f i c ld  c a s e - , see -  Fig u r e  7 , fo r  a l l  gag e  l o cat i o n s  e x c ep t  t h o s e
loca ted  i m m e d i a t e ly beh ind  -the b a r r i c a d e.  For the  gages located  at a sca led
d i s t a n c e  of Z = 43 and s c a l e d  heig hts of H = 0 17 to 3 00, the p u l s e  S F l pe-- S

o b s e r v e d  w e r e  s im i l a r  to t h o s e  i l l ust r a t e d  in F ig u r e  7 w h e r e  the  i n i t i a l  r i s e -  of
t he  i nc iden t  w a v e  i s  f o l l o wed  by a su b s e q u e n t  r i s e -  (h u mp )  a s s o c i a te d  w i t h  the
a r r i v a l  of the  r e f l e c t e d  w a v e.  The peak pr e s  s u r e  a s s o c i a t e d  w i t h  the r e f l e ct e d
wave  v a r i e d  as a f u n c t i o n  of the  locat ion ci t he  gage r e l a t i v e  to the  g r o u n d
In some cases , the p r e s s u r e  of the  r e f le c t e d  wave  was  g r e a t e r  tha n t ha t  of
t h e  i nc iden t  wave  for  t he  gages  located n e a r e s t  t he  g round . As r e p o r t e d
e a r l i e r , peak p r e s s u r e  w a s  obtained by m e a s u rin g  the  max imum p r e s s u r e
output  r e c o r d e d  by the  ind iv idua l  gages  r e g a r d l e s s  of w h e t h e r  th i s  p r e s s u r e
was a s soc i a t ed  w i t h  the  i n i t i a l  or r e f le c t e d  wave  - A c lose  a n a l y s i s  of a l l  t h e
p r e s s u r e - t i m e  h i s t o r i es  fo r  gages  loca te-c l  beh ind  the  b a r r i c a d e  c o n f ig ur a t i o n s
s t u d i e d  (Z = 4 3  or g r e a t e r )  r e v e a l s  the fo l lowing  o b s e r v a t i o n s

• For  all  1 - l b  e xp e r i m e n t s , the  double pu l se  shape i l l u s tr a t e d  in
F i g u r e  7 was  p r e s e n t  for  Z = 43 to 58 fo r  a l l  sca led  heig h t s
m e a s u r e d

• For the 64- lb  expe rimen t s, the p rev ious  o b s e r v a t i o n  he id  e x c ep t
for the mound configuration In the - mound configuration , the’
d o u b l e  pu~ sc w a s  p r e s e n t  fo r  ,i !1 - s t a l e d  he ig h t s  and  d i s t ~~’:ce -s  but
Z = 43 , H = 0 17 , and 1-1 0 5 At  t h e s e  s c a l e d  he ig h t s , t h e -
t r i a ng u l a r  shape t y p i ca l  ol t i n ’  f r e e  f i e ld  c i s c  w a s  o h s ur c  c i i

• The s c a l e d  t ime  in t e r v a l s  b e t w e e n  t h e  a r r i v a l  of the -  i n c i d e n t  and

r e - l I e  ~- d w ec ’ e s (~~~~ j / ~ 
, c s  g i v e - r i  in  T ab l e  i~V )  in d i e  a t e -  t h a t  s ca l i ng

held for  scaled heig hts  of H = 1 00 to 3 00 (or  a b o v e-  the  b a r r i c a d e
heig h t s )  Sca l ing  does not ap p ea r  to h - c e  he l d  f t  r s c a l e d  he ig h t s
of H l e s s  t h a n  1 00 i m m e d ia t e l y beh ind  t h e -  b a r r i c a d e  fo r  the
r e a s o n s  out l ined p r ev ious l y

Tabl e IV r e p o r t s  the  s c a l e d  t i m e  in t e r v a i  b e t w e e n  t he  a r r iv a l  of the
inc iden t  and r e - f l e e  t e n  w a v e s  fo r  the  b a r r i c a d e  cond i t i on  a n a l y z e d  as a func
t ion of scaled d i s t a n c e  and heig ht fo r  the n u m b e r  of m e a s u r e m en t s  made (N~~)



As in the near field case, the pressure vs scaled i mp u ls e  in the f - t r
f ie ld  cases  a re  g iven  in Fig ur e s  50 t h r o u g h  53 and the - shoe-k overpressi cre

dura tion is reported in the tables given in Appendix A

I
TABLE IV . SCALED TIME IN T E R V A L  OF INCJ DENT

AND REFLECTED WAVE FOR FAR F I E L D  CASE

B a r r i c a d e  Exp los ive  Z 11
C o n f i gura t ion  Weig ht ( f t/ 1b 1” ~~) ( f t/ 1b 1” 3 ) N T

_______________ 
(ib) 

___________ ___________ _____ ___________

Sing le- 1 43 0. 17 2. 0 74
Re-ve t ted  43 0 , 50 2. 0 25

43 1, 00 1 0 93
43 3,00 2. 0 6 7

58 3, 00 4 0 16

80 3,00 8 -c

Sin gle-  64 43 0 17 2. 0 26
Reve t ted  43 0 50 3 0 09

43 1.00 2. 094
43 3 0 0  1 0 4 9
58 3, 00 5 0 1 2
80 3 0 0  4

Mound 1 43 0 17 3 0 14

43 0 5 O  2. 0 4 5
43 1,00 2. 0 9 6
43 3 00 3 0 93

3 00 4 0 i6
80 3 00 0

-- -- 
Mound 64 43 0. 17 4

43 0 50 4
43 1.00  2. 0 9 3
43 3 0 0  1 0 9 4
58 3 0 0  4 0 0 8
80 3,00 8

4T r i a n g u l ar  pulse shape observed.
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~ de , a nd  t he b ar  ni  ade  dirnen~,ions - m d  i- i n l lc u r m I i o ns .

• In t h e  n e a r  f i e l d  i a ~~e fo r  s u r i i ~1 e — r u v e t t u d  ! a r r l e - i i e  c r i ~ i g u r a —

t i O n s , a i g n i t i e t n t  r e dw  t ion  >1 pI - e s s u re and im pulse \~ as

o b - e r v e d  out to  sc a le d  di~~t ; i n c e s  of Z 10. B e y o n d  t I a -  sc a le d

d i s t an c e  of Z 10 , the peak p re s s u r e s  lend I a p p ro m  h t ho se

of  the t r e e  field c a s e  v e r y  rap idl y,  and t h e  i m p u l s e s  a l so  I t r o l  t i

t I)T r o h  t hose  of the  f r ee  f i e l d  ( a  Se hut not a - . r ap i d ly  a s  the

peak p r e s s u r e s .  The time.s of a r r i va l  i t t  sp -i . ifie loc at i on  a r e

g re a t e r  t h i r  those ol the f r e e  h eld ca s e  up to s i al ed  di~~I - t nc e s
of Z = 1 5.  At s c a l e d  d i s t a n c e s  u~ r e a t er  t h a n  / 15 t l a - \  ap p r o a c h
r a p i d ly  t hose  of t h e  f r e e  f i e l d  c a s e .

• In t h e  n e ar  f i e l d  c a s e , r i t o u n d  i o n 1 i m ~i i r a t i o n , t i -  p -ak  p r t s s t i r i - s

and i mp u l se s  a re  n i - i t g r e a t l y  r i - d i c e d , and  a c t u a l ly  a r -  i n c  r e a s ed
o v e r -  11w f r ee  f i e l d  . ;i~~~~t - a t  a si  a le d  h e i g h t  of I I  0 . 17 a n d  a
sca l d d i s t a n c e  ol  Z 4 .  H o - sv ( a i r , l b  p r e s s u r e  and i mp u l s e
o b ser v e d  at t h e  si - a l e r l  h i - i i }it  of H 0 . 5  at 1. — 3 ia-  bo th  l e s s
t h a n  t h e  rio- lu-I d \ - a ] u e s .  I h i - i- c a s  a c o n s i d e r a b l e  dec  reas-
in 

~~~~~~~~~~ 
and i mp u l s e  o r  l i i i -  g a g  l o ca t e d  at 7. 4~ and s ca l e d

h e i g ht o t  I- I = 0 . 7 5  as c o mp a r e d  w i t h  t h e  f r o - - h e l d  c a st - ~mcI an
i d e n t i c a l  g a g e  lo a ted  at 7. 4 5  and I I  0. 1 50 , r e s p e c t l \  e ly .  I I~it ’
t u ni s oh a r r i ’ - a l  w e r e  t h e  s a m e as I b s e  o b se r v e d  in t h e  t r e e  f i e l d
u a s i  f o r  all s c a l e d  ( b s t a n c u s  and  si a l i -d h e ig h t s .

• For  t h e  f a r  h e l d  c a se , s i ng U - — r e \ - l I -d  b a r r i c a d e  c o n h i g a r a t i o n ,
l i i i - p eak p m i - s s u  r i - s  and i mp u l s e s  w e r e  s i g n i f i c a n t l y  r i - d i n - ed

i r r i r i w d i a l - l y  b e h i n d  t h e  b a r r u .  t i d e ;  }Iowe\  e r , t h e i r  i n d i v i d u a l  \ du e s

v a r i e d  a s  a f u n c l i o n  of g a g e  h e i g h t .  The t i me s  oh shock n r n i ~~al
v~u - r e  t h e  s am e as t h o s e  ( > h s l - r v e c l  in t h e  I n t - i -  f i e l d  , l s - b r a l l

~t a t i on s  m e a s u r e d .
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• F o r  t h e  f a r  f i e l d  c a se , mound  c o n f i g ur a t i o n , the  same o b s e r v a -
t i ons  as t h o s e  made f o r  the  s ing l e —  r e - c e t t & - d  e a se  can be m ade
h e r e  except t h a t  t h e  e f f e c t  of the  b a i -n i c a d e  i s  c o n s i d e r a b l y  le s s
t h a n  f o r  t he  s ing l e - r e v e t t e d  c o n f i g ur a t i o n s .

R e v i e w i n g  t h e  ove  r a l l  r e s u l t s  of t h e  p r o g r a m , one  c o n c l u d e s  t h a t  the  r - p e a l i - d
m e a s u r e m e n t s  f o r  a ny  one t i - s t  c a s e  w e r e  q u i t e  r ep r o d u c i b l e  i - • he s t a n  -

( l a rd  d e v i a t i o n s  of t he  s e t s  w e r e  s ma l l .  T her e f o r e ,  it w a s  p o s s i b l e  to d e l i - i t
s m a l l  d i h t i r en c e s  in b l a s t  p a r a m e t e r s  b e t w e e n  f r ee  l i t id  and b a r r i c a de d
c a s t - s  H o w e v e r , a n y  f u t u r e  i -x p e r i m e n t a l  w o r k  in t h i s  f i e l d  m u s t. pay c l o s e
at t i - n t i o n  to the loca t ion  of the gage s  r c l a t i v€ -  to the  b a r r i c a d e s  and t he i r
b i g h t  f r o m  the gr o u n d .  it is r e co m m e n d e d  that  a d d i t i o n a l  i - x p i - r i m i - u t s  he
c o n d u c t e d  to m e a s u r e  the  p r i - s s u r e  and i mp u l se  gr a d i e n t s  as a f u n c t i o n  of
gage  he ig ht and d i s t a n c e  f r o m  b a r r i c a d e s , and a lso  i~w a s ur e  the  i f f i  t of
s h o c k  obl i q u i t y  on the  o u tpu t  of t h e  p e n c i l  gag e s  u s e d -
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