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X u  st r ac t  

Tie Picatinny A-senal! Safe ty  32sign Cr i tey ia  Progyain i s  aii.ied a t  e s tdo l i shmnt  
0;' quant i ta t ive ,  r e a l i s t i c  c r i t e r i a  f o r  optirmus desi@ ox' pi-otcctive s txuc tures  t o  
prevent propagition o r  ex?looion, in jury  to personncl, and daimgz oi' m t 2 r i e , l .  

Yne ovc;-all prceraa cons is t s  of th ree  phases. Phase I deals v l t h  y e v e n t i o n  
of pi-opagation and personnel inJu-ry clue t o  pure b l a s t  e f fec ts .  
rgitn the  effects of pzi;!ui->r ?ragnent i x p c t s  r e su l t i ng  21-03 mptur.c of the  donor 
e q l o s i v c  casing in  causing explosion n r o s g a t i o n .  P-hase I11 de 
developnent oi design c y i t e r i a  f o ~ -  b-.--- ,-,icades and x ius t an t i a i  d i  
prevention of explosion Fyopgat ion and personnel in;uiy. 

Phases I and I1 0;" this study corer  cstaijli;h>:nt o: quant i ta t ive  design 

plnsc I1 deais  

c r i t e r i a  20;. explosives f a c i l i t i e s  r e l a t ing  t o  p-cvention of explosion 2ropZat ion  
by b l a s t  and iragaent irnpact ecfec ts .  
02 l a q p s c a l e  behavior of these  na te - ia i s  enploylcg i.-.iatlonsnipi vhich require 
data f r o n  small sca le  t e s t s  only. 
pemlit thz  calculation of sa fe  distances ?o;. prevention of propagatim o r  dcfonation 
due t o  Cragpent ixpact betveen adjacent po ten t i a l ly  nacs detonating explosive 
' systexs,  Sor any assmed degree of r i s k  and degree of stec!. casing. ,These re la t ion-  
ships PCEiIit prediction of probabi l i ty  of propga t ion  in  an e x i s t i n s  s i tuakion  as 
well a s  calculation of necessai-y changes i n  acceptor shieldin& enci/or zcpn-ation 
distances f o r  any o ther  tolera'ule degree of r i  sir. 

" h e  mtizods presmted a r c  based on nredic t ion  

Reiationsiiips ha:Je a l so  been developed which 

?liase I11 of thc program, dea ls  with quant i ta t ive  nethods l o r  l , e a l i s t i c  clcsi,n 
oi' protec t ive  walls or coxioinations of walls (vanufac.tu:.ing 5ay or  s torage  cub ic l - j  . 
Consideration i s  given t o  such f ac to r s  as donor eiYec'Gs, :rail r"esponses, and 
acceptor (personnel, equipiiient o r  anotiiey explosive charze) s e n s i t i v i t y  t o  t h e  
e f f e c t s  of donor detonation. .3pecial eii!phasis i s  pl.aced on close-in C f e c t s  02 
donor detonation wnere non-unifonaity 0' mli  loadine rakes t i i n  apnl ica t ion  0;' tine 
plane wave theory not va l id .  The donor charge wi-,ich deternines the  b l a s t  loads 
and primary fragments i s  discussed i n  terns of various pa rme te r s  05 donor ciiayac- 
t e r i s t i c s .  Wall responses ( t o  t h e  b l a s t  loads: .i-esul.tin~ Prom the  donoi. explosion) 
a r e  discussed i n  te,r,is of various inodes or' w a l l  %!.lure which m y  i : n p a i r  structu;-cil 
i n t e g r i t y  of t h e  -all. Tnese am: (1) spal l ing  (causing fornation of secondary 
fragments) (2)  punching ( loca l  shear f a i l u r e  causin;: Comation of secondary Ti-ag- 
ments) (3) f lexura l  f a i l u r e  (caused by ove ra l l  f l ex inz  ac t ion  of tine w a l l  +iicii 
brings the val l  t o  t'ne point 02 i nc ip i en t  b r e a h p )  (4) t o t a l  des t ruc t ion  oi' ?:-,e v a l l  



(causing coinplete breakup i n t o  secondary fragments) ( 5 )  penetration of t h e  wall by 
primary i i s s i l e s  ( r e su l t i ng  i n  e i t h e r  perforation of t h e  w a l l  o r  spa l l ing)  . 
discussed a r e  various degrees of w a l l  support as well  as d i f f e ren t  types of w a l l  
cons t ruc t ion  including sandwich-type walls. 

Also 

The acceptor s e n s i t i v i t y  i s  discussed i n  terms of e i t h e r  t o t a l  p ro tec t ion  l eve l  
( f o r  personnel and equipment) where e s sen t i a l ly  no damage t o  a pro tec t ive  wall can 
be  to l e ra t ed ,  o r  lesser degrees of protection t o  pro tec t  aga ins t  propagation or' 
explosion. 

In t roduct ion  

The l ack  of quan t i t a t ive  design techniques f o r  s a fe  explosives storage and 
manufacturing f a c i l i t i e s  has been a continuing problem. 
regula t ions  have been e f f ec t ive  i n  preventing explosion propagation over t he  past 
years,  t h i s  has been l a r g e l y  due t o  t h e  high degree 02 overdesign incorporated i n  
these  regulations.  Moreover it has become increasingly apparent i n  recent y e a x ,  
p a r t i c u l a r l y  with the  advent of hich energy propellants,  t h a t  t he  present sa fe ty  
regula t ions  a r e  se r ious ly  inadequate i n  tha t  they do not provide systeimtic tech- 
niques f o r  optimm design of pro tec t ive  s t ruc tures  required i n  explosive and 
propel lan t  manufacturing p l an t s  and storage areas.  The a i m  of t he  Picatinny progi-al 
i s  t o  e s t ab l i sh  such quan t i t a t ive  r e a l i s t i c  design c r i t e r i a  which can be used with 
confidence i n  engineering pro tec t ive  s t ruc tures  t o  prevent propagation of explosions, 

i n j u r y t o  personnel, and damage t o  materiel .  

Although present sai'ety 

The various phases of t h e  program a r e  shown schematically on Figure 1 which 
shows phases completed and those  i n  progress a t  t i e  present t i m e .  
o v e r a l l  program dea ls  with propagation or" detonation due t o  pure b l a s t  e f f ec t s  
(sympathetic detonation).  
( r e s u l t i n g  from rupture of t h e  donor explosive casing) i n  causing explosion propga-  
t i o n .  Phase I11 dea l s  with t h e  development of design c r i t e r i a  f o r  pro tec t ive  
s t ruc tu res  f o r  prevention of explosion propagation and personnel in jury .  

Pnase I of t he  

Phase I1 deals  with the  e f f ec t s  of primary fragment impact 

The ana ly t i ca l  por t ions  of t h e  overa l l  program nave been e s sen t i a l ly  completed. 
Detailed r e s u l t s  of t hese  s tud ie s  a r e  contained i n  References 1, 2, 3, and h .  

A t  present a model s c a l e  tes t  program i s  i n  progress which i s  designed t o  
confirm t h e  design r e l a t ionsh ips  developed, and/or t o  ind ica te  a reas  where tnese 
r e l a t ionsh ips  should b e  modified or  supplemented. 

Phase I -- Sympathetic Detonation 

I 

This phase of t h e  program dea l s  with establishment of r e a l i s t i c  quantity- 
d i s t ance  re la t ionships  for prevention of sympathetic detonation. 
equation proposed i s  shown in  Figure 2 and i s  based on cor re la t ion  of ava i lab le  

The general  



data  and relat ionships  reported by various invest igators .  It has been found t o  
hold f a i r l y  well  f o r  donor charges of various explosives ranging Prom 1-250,000 
pounds of weight. 
weight ( i .  e. degree of confinement, ground re f lec t ion ,  explosive composition, and 
shape) which a f f e c t  the  peak pressure b l a s t  output of a donor charge. 
accomplished by means of t h e  various coef f ic ien ts  indicated which r e f e r  the  ac tua l  
donor charge weights t o  a s e t  of standfwd conditions.  The f a c t o r  K, therefore ,  i s  
a constant f o r  each explosive depending only on i ts  s e n s i t i v i t y  t o  b l a s t  ( i . e .  con- 
s ider ing  t h e  explosive i n  the  ro le  of acceptor charge). 
t o  a p a r t i c u l a r  peak pressure which i s  t h e  m i n i m  b l a s t  pressure required t o  
cause sympathetic detonation. 
law corre la t ion  
with t h e  assumption of  peak pressure a s  the  c r i t e r i o n  of explosive b l a s t  output. 
The f a c t o r  I< f o r  a p a r t i c u l a r  mater ia l  can be determined by a s e r i e s  of small sca le  
t e s t s  i n  which d i f f e r e n t  weights (e.g. 1-100 pounds) of bare spherical  TIfl charges 
held s u f f i c i e n t l y  high above the  ground s o  t h a t  ground re f lec t ions  m y  be considered 
negl igible  ( i .e .  Fc, F,, Fe, and Fr each equal 1) a r e  detonated a t  varyine, distances 
from an acceptor charge of the  mater ia l  In  question. 
naximun distance a t  which sympathetic detonation occurs versus corresponding donor 
weight should give a s t r a i g h t  l i n e  of 113 slope, the  intercept  of which on the 
distalice ax is  is  equal t o  K. Concerning the donor weight adjustment fac tors ,  a 
considerable amount of information r e l a t i v e  t o  these fac tors  i s  avai lable  i n  the  
l i t e r a t u r e  (References 5 and 6). I n  cases where coef f ic ien ts  mst be determined t h i s  
can be accomplished by appropriate small scale  t e s t s .  
coef f ic ien t  Fe, f o r  a new mass-detonating explosive could be determined by the xethod 
out l ined on Figure 3. 

This equation accounts for various fac tors  i n  addi t ion t o  

This is 

B c h  K value corresponds 

It should be noted at t h i s  point t h a t  the  cube root 
and t h e  method of donor weight adjustment enployed a r e  consistent 

A logarithmic p l o t  of the 

For example, the composition 

Figure 4 i s  a s i n p l i f i e d  i l l u s t r a t i o n  of what can be done with t h e  proposed 
quantity-distance re la t ionship  for sympathetic detonation. F i r s t ,  it show a 
logarithmic p l o t  of t h e  ava i lab le  t e s t  data  r e l a t i v e  t o  occurrence of synpathctic 
detonation. 
calculated by adjust ing the ac tua l  donor weights ( L 2 5 0 , O O O  pounds) by the  method 
previously described. The p lo t ted  dis tance corresponding t o  any indicated charge 
weight approaches the maxirmun dis tance a t  which synpathetic detonation would occur 
with that charge; or conversely the  p lo t ted  donor charge weight corresponding t o  
any indicated dis tance approaches the  minimum weight necessary t o  produce s p p a t h e t i c  
detonation a t  that distance.  A s  would be e q e c t e d ,  the  plot  shows a region i n  the 
weight-distance plane vhere sympathetic detonation d id  not occur. A s t r a i g h t  l i n e  
drawn t o  separate the  region of non-occurrence of sympathetic detonation froin t h e  
region where sympathetic detonation d id  occ r, has a slope of  approximately 113 
and correkponds t o  the  equation 
This i s  a gross separation based on the  most sens i t ive  explosive considered, i . e .  
dynamite. O f  course, the  methods previously descri'oed could be used t o  es tab l i sh  
a family of such l i n e s ,  one f o r  each mass detonating explosive depending on i ts  
s e n s i t i v i t y .  
w i l l - l i e  considerably below the gross boundary shown on Figure 4. 
be l e s s  sens i t ive) .  

. 
The ef fec t ive  donor weights r ang iw  from 3-b50,000 pounds were 

= 3.1We1?3 and a peak pressure of 100 ps i .  

For rnany explosive mater ia ls  of current  m i l i t a r y  i n t e r e s t ,  such l i n e s  
( i . e .  they w i l l  

Indeed, f o r  TNT-base explosives, threshold peak pressures 
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required f o r  sympathetic detonation a r e  of t h e  order of several thoi;:;and >si. 
The l i n e  shown immediately above t'ne ~Julpatl ietic deton t i o n  bcundary corressocd; 

appl ica t ion  of sa fe ty  f a c t o r  of 1.6. 
magazine quantity-distances f o r  mass-detowting explosives (broken l i n e s  cn F i w r c  
4) are overly conservative f o r  prevention of propagation due t o  pure b l a s t  e f f ec t s .  
I t  should be noted that, although a l i t e r a l  in t e rp re t a t ion  or' tnese regulations i s  
that they  are for prevention of pure b l a s t  e f f e c t s  only, t'iey a r e  intended t o  pro- 
vide some degree of pro tec t ion  aga ins t  propagation by fragment impact, since a 
real s i t u a t i o n  where only b l a s t  e f f ec t s  a r e  s ign i f i can t  is  unlikely.  The extent 
of t h i s  protection aga ins t  fragment e f f ec t s ,  however, i s  not quant i ta t ive ly  de- 
fined. As w i l l  be discussed later i n  t'nis paper, Phase I1 of the  Picatinny program 
is concerned with a quan t i t a t ive  approach t o  quantity-distances f o r  fragment e f f ec t s .  

t o  a pressure of 30 p s i  and has t h e  equation ds = 5Ve1 7 3 which cons t i tu tes  znc 
It i s  apparent t h a t  present i n t r a i l n e  and 

Tne significance of f a c t o r s  a f f ec t ing  t i e  output of a donor charge i s  shoim 
i n  Figure 5 which i s  a summa-ry of ca lcu la t ions  m d e  by the wetilod previously de- 
scribed t o  a r r i v e  at e f f ec t ive  wei&ts of a 10,000 pound donor charge detonated 
under a wide -awe of conditions,  and corresponding aalc distances 0-otained from 
the d, = 5We1$3 quantity-distance re la t ionship .  Ve 'nave a s swed  a cy l ind r i ca l  
shape f o r  tine charge, corresponding t o  a shape correction f ac to r  (F,) of 1.25. 
A s  indicated at t h e  l e f t  of tne t a b l e  various exS1osive compcsitions were con- 
sidere$ corresponding t o  composition correction :'actors ( I?,) ranging i'roIn 1.0 f o r  
TNT t o  1.27 f o r  explosive 2. 
f ac to r s  (Fr)  ranging from 1 . 5  t o  2.0 f o r  various degrees of ground re f iec t ion ,  and 
f o r  each of these  r e f l ec t ion  conditions,  correction ?actors (F,) rangiw from 0.; 
t o  1.1'7 f o r  various degrees of confinenent a r e  indicated.  Tne ca lcu la ted  values OF 
e f fec t ive  donor charge weights r a z e  r'rom 12,500 Founds t o  iG ,OOO pounds with 
corresponding safe distances of 116 f e e t  and 1'72 f ee t ,  respectively.  Accordin& 
t o  present i n t r a l i n e  regula t ions ,  t h e  explosive veight would be t i r e n  as 10,090 
pounds and the corresponding safe d is tance  as 100 f e e t ,  reCa;.&ess of t he  wiil&y 
varying conditions indicated.  

Across t h e  t op  or' t he  t ab l e  are assumed cor rec t ion  

. 

Phase I1 - Propagation by Primary Fragnents 

This phase deals with t'ne e f f e c t s  of fragment impact i n  cmsing high order 
detonation i n  an explosive charge, and r e l a t e d  sa fe ty  design c r i t e r i a .  This work 
has resu l ted  i n  the  establishment of (1) a method of predicting the  vu ine rao i l i t y  
t o  high order detonation of an explosive system ( o r  m i n e r a b i l i t y  t o  mass aetona- 
t i o n  of adjacent explosive systems) i n  terms of geometry of t h e  system (e.g. 
explosive weight/casing r a t e ,  cas ing  thickness and diameter) an2 explosive proper- 
ties (e.6. output and s e n s i t i v i t y ) ,  and (2) a metnod fo r  ca lcu la t ing  safe  d is tances  
f o r  any assumed degree of r i s k .  
re la t ionships  developed by B r i t i s h  and U. S. inves t iga tors  as a r e su i t  of t neo re t i ca i  
s tud ies ,  confirmatory t e s t s ,  and ac tua l  experience. The general  re la t ionships  a r e  
presented schematically on Figure 6. 

The methods are based on cor re la t ion  of various 

These equations pe rn i t  prediction of the gross 
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mass-detonability cha rac t e r i s t i c s  oLn e;colosive systems. 
which must be considered f o r  any explosive system i n  e i t h e r  a donor o r  acc-ptc; 
role. As indicated by equation (1) an  o u t p t  constant ( S I )  must o;r: cstablizhcd 
ror t h e  donor charge. Values for several  standaid ex>losives a r c  avail- 
t h e  l i t e r a t u r e ,  Reference 7. For other explosives o r  propellants,  E '  c 
established experimentally by conducting small sca le  t e s t s  i n  whicn cas  
of various E/C r a t i o s  a r e  detonated and corresponding Iyament ve loc i t i e s  measured. 
The output constant is rcadi ly  obtaina'ale f'ron a p lo t  of (Vo) vs (Z/C) i n  accorr&ince 
with equation (1). 
any pa r t i cu la r  weight range produced by detonation 02 a cased charge. 
case of equation ( 2 )  can be used t o  ca lcu la te  t he  mss of the  La-gest  ?ras.ent 
(rnwy) produced i n  the  dotonation according t o  eryation (2a) .  

Ohown a r e  tile i ' a c t cx  

Zquation ( 2 )  i s  f o r  ca lcu la t ion  of t hc  num-oer of fragxents I n  ' 

i, 

.>- spec ia l  

Considering, norr, an explosive system i n  t h e  ro le  0" a n  accepts-:  equation (3) 
ind ica tes  t h a t  an exnlosive s e n s i t i v i t y  constant (I+) must be es tab l . i shz i  ?oz t h e  
acceptor explosive. !.s i n  cases o r  ti? othep constants previously discussed, values 
of t'nis constant a x  ava i lab le  ;or so:ne of  t he  srell. iaown explosi-ccs such as Til'? and 
RDX/TFTT n ix tures  (Reference 8 ) . For other expl.osives and zass-dztonating p:o_oellants 
t he  (Kf) m l u e  could be establj.shed Oy a p l o t  or' V s  1's f ( t a ) ( n )  i n  accordance with 
equation ( 3 ) .  
individual i " ra0ents  oi' known rmss agains t  exploa i -e  ckiargcs irith various d e g x e s  

merit required t o  produce high order detonation. 

A simple method oi" obtaining the  necessai-y- data vould be to l ' i r n  

? of casing, and deternining, foi- each cnargc, ti;? i:ini::mi ve!.ocity of a Given ;*--e&- 

Once the  various explosive constants have been established, and knwdin& 5h.z 
overa l l  geoxetry and dimensions of' an explosive systci-fl., it can be seen frox :ci c) 

that a reasonably r e l i a b l c  pred ic t ion  as t o  i t s  w l n e r s k i l i t y  t o  hLgh order detona- 
t i o n  by fragment impact ( o r  i t s  po ten t i a l  a b i l i t y  t o  contribute 'GO propagation ol' e-. 
explosion, wnen considei-ed i n  r e l a t ion  t o  any spec i f ic  environmcrl-t OP aldacen-t 
explosive systems) can be made by a straightfor-mrd sel-irx 0: ca lcu la t ions .  TAUS, 
f o r  a par t i cu la r  donor-acceptor s i t ua t ion  ( v,) and (j>$-,=.) a r c  2ii.st c e ~ . c u ~ . a t e ~ .  
Since t h e  equations a r e  based on the  assw.ption of cy!.ir.drical cased ciiarces (l.2. 
constant cross-section) t h i s  w i l l  often rccjuire consideration oi' tile dono: i n  
sections i n  such a imy t h a t  equivalent cylinders can be consti-ucted, having a;:eiz~;e 
w a l l  thickness,  average charge diamtei. ,  and the  sa!?:! ( Z / C )  za t io  as the  ac tua l  
sec t ion .  
value of (V>min), i s  calculated,  assuriing i n p c t  a t  t h e  th innes t  por t ion  oz ';ie 
accepter casing ( $ . e .  the most sevei-c condit5ons). It i s  a l s o  assuuned tiiat ti?? 

so t h a t  fragments s t r i k e  the  acceptor a t  t h e i r  c~axL:,uv:. veloc i ty  ( V o ) ,  i . 2 .  Yiici-c 
a r e  no ve loc i ty  losses which wo&d increase with increasing distance i"-.or.: the  &nor. 
A s  shown i n  Figure 6,  therefore ,  the r a t i o  (Vo/fioPLin) i s  a c r i t e r i o n  f o i  p-edictln; 
t he  gross rnss-detonabili ty cha rac t e r i s t i c s  of 'explosive sys t em.  

, 

n f t e r  calcu~.ating (v,) arid (qn;:) f o r  cach section t h e  corresponding 

, acceptor i s  i n  very c lose  proximity t o  the donor (again, tile rr.ost severe condif:.onj 
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Development of re la t ionships  f o r  calculat ion of sa fe  distances i n  terms of 
probabi l i ty  of high order detonation occurrence or  r isk of propagation of detona- 
t i o n  by fragment impact a t  these  dis tances  w i l l  now be discussed. For the  sake 
of s impl ic i ty  and convenience a graphical  representation of these relat ionships  
i s  shown schematically i n  t h e  next s e r i e s  of f igures .  

The p l o t  presented on Figure 7 is based on equation (4). It r e l a t e s  fragment 
s t r i k i n g  veloci ty  (US) with fragment mass (m) a t  any dis tance from the  detonation 
source ( a )  (constant; dis tance l i n e s  - dm being l imi t ing  dis tance at which detona- 
t i o n  w i l l  occur). 
donor fragments (Vo).  
b e  prepared for d i f f e r e n t  values of (Vo).  
presented area t o  fragment mass r a t i o ,  densi ty  of air, and air drag coef f ic ien t .  / 

(References 7 and 9).  
which def ines  the m i n i m  ve loc i ty  a fragment must have i n  order t o  detonate a 
given acceptor.  
a t  which a high order  detonation w i l l  occur) with fragment mass (m) and acceptor 
casing thickness ( t a )  and/or thickness of shielding i n  f r o n t  of acceptor charge. 
The graph is plot ted f o r  a s ingle  explosive s e n s i t i v i t y  (expressed i n  terms of 
t h e  s e n s i t i v i t y  constant  (Kf) , discussed previously).  

Each p l o t  i s  made f o r  a s ingle  value of i n i t i a l  veloci ty  of 4 
A s e r i e s  of p lo ts  l i k e  the  one presented on Figure 7 can 

The constant (k) is  a f'unction of the 4 

F i g u e  8 i s  a schematic representat ion of equation (3) 

This p l o t  r e l a t e s  t h e  boundary ve loc i ty  (minimum s t r i k i n g  veloci ty  

When t h e  p lo ts  from Figures 7 and 8 a r e  combined as shown on Figure 9 useful  
re la t ionships  a re  obtained. 
ve loc i ty)  of a fragment with fragment mass a t  various dis tances  (d)  and acceptor 
casing thickness ( t a ) .  If boundary veloci ty  of a fragment is now equated t o  i t s  
s t r i k i n g  velocity,  it becomes possible  t o  f ind  t h e  minimum ef fec t ive  mss of a 
fragment produced by t h e  donor explosive that w i l l  cause a high order detonation 
i n  t h e  acceptor charge at any dis tance from the donor (a )  and/or shielding of the 
acceptor  (t). 
from t h e  donor charge can then be calculated from equation (2). 

Figure 9 r e l a t e s  s t r i k i n g  veloci ty  (or boundary 

The number of such ef fec t ive  fragments produced at any dis tance 

It is of i n t e r e s t  t o  note  the l imit ing case vhich i s  shown by equation (h) 
on Figure 9. This ind ica tes  t h e  maxinrum distance (am) a t  which propagation by 
fragment impact can occur for  a given donor - acceptor s i tua t ion .  This is  t h e  
d is tance  at which t h e  l a r g e s t  fragment (%) produced by the  donor s t r i k e s  t h e  
acceptor  at the  m i n i m  ve loc i ty  (Vbmin) required f o r  detonation. It should be 
noted f u r t h e r  t h a t  i n  terms of probabi l i ty  of acceptor detonation t h i s  i s  a bound- 
a r y  s i t u a t i o n  representing minimum probabi l i ty  of acceptor detonation occurrence, 
i . e .  maXlmum distance,  minimum boundary veloci ty ,  and mininnun number of e f fec t ive  
fragments. ( the  s ing le  l a r g e s t  donor fragment). A t  g r e a t e r  dis tances  and/or lower 
v e l o c i t i e s ,  the  probabi l i ty  of acceptor  detonation is ,  therefore ,  presumed to be 
zero.  
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The general case of reducing design distances from the  l imi t ing  distance 
value ( a s  expressed by equation (h)) and/or shielding thickness by accepting a 
ce r t a in  r i s k  or probab i l i t y  of t he  p o s s i b i l i t y  of high order detonation occurrence 
w i l l  now be considered. The probable nunber of e f fec t ive  h i t s  ( i . e .  h i t s  which 
upon s t r i k i n g  t h e  acceptor charge w i l l  cause high order  detonation) by impacting 
fragnents is  expressed by equations (5)  and (w), Figure 10 (Reference 7) .  
be  seen from t h i s  equation, t h e  probabi l i ty  per u n i t  a r ea  is  proportional t o  t h e  
number of e f f ec t ive  fragments (N,) (obtained from equation (2 )  previously discussed) 
and inversely proportional t o  the  distance between t h e  donor and accegtor c.harges. 
Included i n  t h e  equation is  a constant (g)  governing t h e  d i s t r ibu t ion  of fragnents, 
which depends on t h e  spac ia l  angular d i s t r ibu t ion  of fragments. The p lo t  shown on 
Figure 10 re l a t e s  t h e  d is tance  between t h e  donor and acceptor charges (d ) ,  shield- 
ing  ( t  ), and p robab i l i t y  of high order detonation occurrence (E) . 
probabi l i ty  curve (Po) ind ica tes  a re la t ionship  between the  d is tance  (d) and shield- 
ing  ( t )  beyond which no high order detonation is possible.  
t h e  l imi t ing  case mentioned e a r l i e r .  

A s  can 

The zero B. 

This l i n e  represents 

The higher t h e  probabi l i ty  l eve l  t h a t  can be to l e ra t ed ,  t h e  lower t h e  distance- 
sh ie ld ing  combination necessary. This re la t ionship  p e m i t s  gross prediction 0; t he  
necessary separation and/or shielding between two explosive systems a t  any degree 
of prababi l i ty  of high order  detonation occurrence. To compose such a re la t ionshi9  
f o r  a spec i f ic  s i t u a t i o n  a l l  that would be necessary i s  knovledge of t he  geometry 
of t h e  system and t h e  previously discussed explosive proper t ies  r e l a t ing  t o  sensi-  
t i v i t y  and output. 

Phase I11 - Design of  Protective Structures 

The design or  capacity of a pro tec t ive  w a l l  o r  conbination of walls (a =nu- 
fac tur ing  bay o r  storage cubicle) must be  determined when considering any explosive 
manufacturing and/or storage s i tua t ion .  Although cur ren t  regulations give guide 
l i n e s  f o r  es tab l i sh ing  barricades and subs t an t i a l  dividing walls which have been 
e f f ec t ive  f o r  many years, a quant i ta t ive  procedure Por assess ing  the  degree of 
pro tec t ion  which may be  expected from ex i s t ing  pro tec t ive  walls, or designing new 
walls i s  not ava i lab le .  

Developing pro tec t ive  wall design c r i t e r i a  (based on ex is t ing  data and tiieoret- 
i c a l  consideration) has been primarily concerned with r e l a t i v e l y  d i s t an t  e f f ec t s  of 
explosions where a plane wave approach may be enployed. Although s i tua t ions  of t'nis 
s o r t  a r e  of occasional i n t e r e s t  i n  Ordnance, t h e  majority of cases a r e  concerned 
with close-in e f f e c t s  where explosives a r e  i n  r e l a t i v e l y  c lose  proximity t o  t h e  
pro tec t ive  w a l l .  
cause of non-uniformity of wall loading (Reference 4). 

Application of plane wave theory i s  not v a l i d  i n  such cases be- 

A t yp ica l  s i t u a t i o n  f o r  which s t ruc tu ra l  design c r i t e r i a  mst be  considered 
cons is t s  of t h r e e  separa te  but re la ted  systems as presented on Figure 12 i . e .  t he  
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donor (explosive m t e r i a i )  which produces the  damaging output,  t'ne acceptor 
(,explosives, equipment, personnel) which w i l l  regulate  the allowabie toleranccc, 
of t h e  overal l  system, and the  intervening protect ive barricades,  walls and/or 
dis tances  which reduce the donor output t o  a to le rab le  l e v e l  with respect t o  t h s  
acceptor.  

Donor Effects  

The damaging output of t h e  donor is in the form of b l a s t  pressures an&/or 
primary fragments, depending upon whether the  explosive i s  cased o r  uncased. 
Based upon maintaining the o v e r a l l  s t a b i l i t y  of a protcct ive wall, t h e  b l a s t  
pressures and impulse loads r e s u l t i n g  from the detonation will be of pr ine i rpor t -  
ance (References 10 and 11). 
mine t h e  magnitude of the b l a s t  loads and t'ne d i s t r i b u t i o n  of t h e  pressure pa t te rn  
on t h e  w a l l ,  as well as t h e  mass-velocity c h a r a c t e r i s t i c s  of primary fragments. 
These propert ies  consist  of (1) explosive c h a m c t e r i s t i c s ,  namely, type of exslosive 
mater ia l  and energy output, weight of explosive, and type ana thickness of casing, 
(2) loca t ion  of the explosive r e l a t i v e  t o  t h e  b a r r i e r  and/or acceptor,  (3) m g n i f i -  
cat ion and reinforcement of the  init ial  b l a s t  wave by Cne presence of adjacent 
obstructions and/or s t ruc tures .  

The physical propert ies  of the  donor system will deter- 

Three basic  donor charge locat ions are of i n t e r e s t  as shown on F i w r e  12.  
F i r s t ,  t h e  donor may be i n  f r e e  air with t h e  b l a s t  wave propagating out f ron  t h e  
center  of the  explosion and striking t ie  w a l l  (Figure 12a).  Secondly, the  donor 
may be at such a location r e l a t i v e  t o  t h e  w a l l  t h a t  a Nach s t e n  w i l l  be formed 
which only p a r t l y  envelopes the  wal l ,  while the r eminde r  of the  w a l l  i s  subjected 
t o  f r e e  air pressures (Figure la). 
the  pressure i n  the  Mach f r o n t  w i l l  be fe l t  over the  e n t i r e  w a l l  surface.  The 
wall i s  then subjected t o  a uniform b l a s t  load or plane Wave (Figure 12c) .  
d e t a i l s  are  given i n  Appendix A. 

Third, the charge locat ion nay be such that 

Furthek 

I n  considering any p a r t i c u l a r  wall of a cubicle type s t ruc ture  t h e  b l a s t  
enhancement e f f e c t s  due t o  r e f l e c t i o n s  from the ground and adjacent walls m s t  be 
considered. 
i n  t u r n  a re  used t o  determine t h e  ecpivalent weight of the charge ac t ing  on t h e  wall. 

This is done by determining appl icable  re f lec t ion  coef f ic ien ts ,  which 

Figure 13 indicates  graphical ly  the method f o r  determining re f lec t ion  f a c t o r s  
as a function of various parameters. 
multiplying fac tors  t o  be appl ied  t o  the ac tua l  charge weight, thus obtaining an 
equivalent charge weight ( see  Appendix B), 

These re f lec t ion  fac tors  a r e  u t i l i z e d  as 

Wall Responses 

The response o f t h e  pro tec t ive  s t ruc ture  t o  donor output will depend on t h e  
propert ies  of the  donor system as described above and t h e  physical c h a r a c t e r i s t i c s  
(mater ia l ,  s t rength,  and configurat ion)  of the s t ruc ture  i t s e l f .  The donor oukput 
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w i l l  e s t ab l i sh  t h e  loading on t h e  wall while tiie trail charac te r i s t ic ;  v i11  co-k-zm 
i t s  res t ra in ing  c a p b i l i t i e s  t o  tine applied load. When a pro tec t ive  -rill i s  su-2- 
jec ted  t o  t i e  detonation e f f ec t s  of an explosion, t he  wall w i l l  c i t i i e r  r-einain 
i n t a c t  ( e l a s t i c  response) undergo p l a s t i c  ac t ion  (pernanent deforcation) o r  f a i l ,  
depending on magnitude of t i e  load, load d i s t r ibu t ion ,  and the  .all response. 
(Reference 12). For close-in detonations,  design for e l a s t i c  response of a ; m l l  
w i l l  be p rac t i ca l  only f o r  small charges and generally i s  only of concern i n  the 
design f o r  protection of personnel and/or valuaole ecgipment. For those  sysCIens 
where the  in t eg r i ty  of t h e  wall i s  not  e s sen t i a l ,  t he  wall response m y  be expessed  
i n  t e rns  02 various nodes 02 f a i l u r e .  
nodes is  shown i n  Figure lh. 
o r  by b l a s t .  
acceptor s ide  with sone res idua l  velocity,  be  eifoedded i n  t i e  t ~ l l  r e su l t i ng  i n  
spa l l ing ,  o r  be embedded i n  the >all without causing any dmmge on the acceptor 
s ide  (indicated by "no action" on tine cha r t ) .  
produces secondary (concrete) fragments of extremely low ve loc i ty  ( severa l  -.*eet/sec. ) . 
I n  most cases (except where personnel protection is  involved) these  e f f e c t s  can be 
neglected. 
nents ray cause propagation i n  t h e  acceptor charge if t h e i r  iaass and res idua l  
ve loc i ty  a r e  su f f i c i en t ly  high. A quant i ta t ive  nethod has been developed f o r  
estimating residual ve loc i ty  of prima-ry fraginents as a i2nction of v a l l  thickness,  
fragment s i z e  and material ,  and i n i t i a l  Cragtent velocity.  ( see  A9pendj.x C )  . 

i n  terms of several  nodes of wall f a i l u r e  (shown on t i e  cha r t ) .  
of a b l a s t  load, these modes cons is t  of (1) t h e  fornat ion 0;' concrete fragments, 
(secondary fragments) by scab3ing (spa l l ing)  ac t ion  of the rear sur face  0: t he  mll  
(2)  l oca l  f a i l u r e  of t h e  wall r e su l t i ng  from developent  ol excessive l o c a l  shear 
s t r e s ses  (punching f a i l u r e ) ,  (3) f l exu ia l  f a i l u r e  of tiie im.11 due t o  tiie ovezall  . 
bendin& ac t ion  of t he  s t ruc tu re  (including chearing a t  tiie base),  and (4) t o t a l  
dcst-ruction resu l t ing  i n  co l lapse  of t ne  ~ m l l  due t o  t i e  combined ac t ion  o? sc-b.ei-zi 
of t h e  previously mentioned f a i l u r e  nodes. 
ve loc i ty  and k ine t ic  energy with charge weight and diskance from t h e  w a l l  f o r  the  
spa l l ing  mode of w a l l  f a i l u r e .  
ve loc i ty  and k ine t ic  energy of t h e  punched out sec t ion  or" the  wail as a .€Unction 0;" 

donor charge weight and distance from the  w a l l .  \hen t o t a l  p ro tec t ion  is required, 
such as lor personnel o r  very spec ia l ized  equipment, ne i ther  punching nor spa l l ing  
can be to le ra ted .  Figare 17 r e l a t i n g  charge weight with scaled d is tance  indicates 
threshold conditions of non-occurrence of spallix f o r  various -fill thicknesses.  
For a given charge, spalling f a i l u r e  w i l l  genera l ly  occur at threshold scaled 
distances grea te r  than t h a t  required t o  produce punching. 
also serves as a conservative c r i t e r i o n  f o r  d e t e m i n i w  tie occurrence or non- 
occurrence of punching. 

, 

A schemt ic  representation of these  f a i l u r e  
The w a l l  can be a f fec ted  e i t h e r  by p r i r a r y  f r a w e n t s  

Primary fragments can e i the r  perfoi-ate t he  wall and cone out on the  

Spalling caused by p r ina ry  fragnents 

On the  o ther  hand perforation of the  pro tec t ive  wall by p r i m r j  frag- 

Response of the  wall t o  b l a s t  e f f ec t s  of close-in detonation m y  be expressed 
,Under tiie ac t ion  

Figure 15 i s  a p lo t  r e l a t i n g  r a c s ,  

Figure 16 i s  ,a s ini iar  p l o t  ind ica t ing  t h e  ?ass, 

This cha r t ,  t'ierei'ore, 

Tne f l exura l  mode of f a i l u r e  involves f a i l u r e  due t o  overa l l  bend iw ac t ion  
and/or shearing of t he  w a l l  at i t s  base produced by the  b l a s t  load  impinging on 
t h e  wall surface. The w a l l  bends and de f l ec t s  u n t i l  such t i n e  as t i e  e n t i r e  
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system comes t o  r e s t  a t  some permanent d i s to r t ed  pos i t i on  o r  collapse occurs a t  
an overstressed sec t ion  of t h e  wall. 
t o r t e d  pos i t ion  or f a i l u r e  w i l l  depend upon t h e  magnitude of t h e  applied load and 
the load carrying p rope r t i e s  of t he  wall such as i t s  moment and shear capacit ies.  
Figure 18 represents i nc ip i en t  conditions of f l exura l  f a i l u r e  f o r  a cant i lever  
wall. 
r e s i s t ance  requirements expressed i n  terms of moment capac i t ies  (deternined by 
concrete strength,  reinforcement and wall th ickness) .  
of constant pressure leakage ( b l a s t  leakage over and around t h e  wall) r e l a t ing  
minimum w a l l  height with donor charge weight, the  in t e r sec t ion  with a constant 
r e s i s t ance  l i n e  ind ica tes  the f l exura l  f a i l u r e  threshold condition f o r  the  w a l l .  
For  t o t a l  p ro tec t ion  t h e  w a l l  capacity must be g rea t e r  t han  that f o r  inc ip ien t  
f a i l u r e  conditions ind ica ted  on the  chart. On the  other hand, when protection 
aga ins t  explosion propagation i s  t h e  only requirement, wall collapse is to le rab le  
as long as the  secondary fragments do  not become a new source of propagation oi" 
the acceptor charge. 

The occurrence of t h e  f i n a l  permanent d i s -  

The charge weight i s  cor re la ted  with t h e  wall height f o r  various 1d.1 

For any point on the  l i n e  

The t o t a l  des t ruc t ion  mode of f a i l u r e  w i l l  now be considercd. Fi&ure 19 
is  a p l o t  f o r  determining ve loc i ty  and k ine t i c  energy which w i l l  be produced by 
the failure of a w a l l  due t o  punching, f l exura l  f a i l u r e ,  or a coabination of both 
as a f b c t i o n  of donor charge weight, f o r  various secondary fragnent masses. 
Each c h a r t  i s  f o r  a p a r t i c u l a r  mall thickness and scaled d is tance .  The mass dis -  
t r i b u t i o n  of these fragments w i l l  depend upon such f ac to r s  as charge s i ze  and 
loca t ion ,  wall configuration (height thickness, reinforcement, support conditions) 
and the  proper t ies  of t h e  concrete, while t h e  fragment ve loc i ty  will be governed 
b y  t h e  fragment mass and t h e  magnitude of t h c  impulse load ac t ing  on this  mass 
af ter  wall break-up. The proper t ies  of reinforced concrete cannot be completely 
defined due t o  i t s  non-homogeneous nature,  and therefore t h e  ve loc i ty  of the  
various fragments cannot be p rec i se ly  predicted f o r  a given condition. However, 
an estimate can be mde of t h e  average value of t h e  rrvutimum ve loc i ty  o f  any 
p a r t i c u l a r  s i z e  fragment formed upon collapse of t h e  wall. The char t  presented 
i n  Figure 19 i s  based on such estimates. 

This paper, thus ?ar, has dea l t  with standard reinforced concrete cant i lever  
walls. 
adjacent  f ixed  edges and two f r e e  edges, walls v i t h  three f ixed  edges and a f r ee  
top edge, walls f ixed  on a l l  four edges and one way spahning m i l s  r e s tmined  on 
bo th  edges. Also, i n  add i t ion  t o  the standard reinforced concrete wall, two 
o the r  types  of w a l l  cons t ruc t ion  have been considered, namely, a standard rein- 
forced concrete wall with  s t i r r u p s  added primarily t o  increase  res i s tance  t o  
punching; and 8 sandwich w a l l  (two concrete walls w i t h  sand f i l l  between them). 
Fur ther  d e t a i l s  on t h e  sandwich-type construction a r e  given i n  Appendix D. 

C h a r t s  sinilar t o  those  shown have been developed f o r  walls with two 
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Acceptor Response 

The acceptor regulates  the  tolerances f o r  which an overa l l  system is  designed. 
Here the  y i e l d  and locat ion of the donor along with the  c a p c i t y  of the  protect ive 
s t ruc ture  must be selected t o  produce a balanced system rrith respect t o  acceptor 
s e n s i t i v i t y .  
sonnel and/or valuable e q u i p e n t .  In  case of personnel and equipment, fill pro- 
t e c t i o n  w i l l  usua l ly  be required. For explosive acceptors t h e  degree of protection 
required f o r  prevention of propagation will usual ly  be l e s s  than that required 
for t o t a l  protection, and will generally,  be governed by the de tonabi l i ty  of the  
acceptor when subjected t o  (1) b l a s t  e f f e c t s  developed by detonation of the  donor 
explosive, (2) primary fragment impact, and (3) secondary fragment impact resu l t ing  
from break-up of t h e  w a l l .  Based on l imi ted  data  avai lable  from i n i t i a l  t e s t s  
conducted under one phase of tine confirmatory test program mentioned ear ly  in  t h i s  
paper, inpact of secondary fraguents appears t o  be the  nost  probable cause f o r  
detonation of the acceptor charge. 
thus far f o r  complete quant i ta t ive evaluation of  secondary fragment parameters 
(mass, veloci ty ,  shape e t c . )  and t h e i r  r e l a t i o n  t o  occurrence of detonation i n  the  
acceptor charge. As the  t e s t  program progresses,  these relat ionships  w i l l  be 
es tabl ished.  

The acceptor nay consis t  of e i t h e r  another explosive charge, per- 

No conclusive experimental data a r e  avai lable  

I n  conclusion, it i s  expected t h a t  t h e  Safety Design C r i t e r i a  progran w i l l  
r e s u l t  i n  f a r  reaching and continuing benef i t s  t o  defense agencies as well a s  
pr iva te  industry engaged i n  manufacture of explosives and high ensrgy propellants 
with respect t o  permitt ing most e f fec t ive  use of ex is t ing  explosives storage and 
manufacturing f a c i l i t i e s ,  and optimization of const ivct ion of new f a c i l i t i e s .  



B l a s t  Loads on Halls Subjected t o  Combined Free A i r a n d  -3eflected ?r?ozu:?z 
and Valis Subjected t o  Plane Vavc 

!!lien an explosion occurs near  a d iv id inc  wall such t h a t  a IZch c t x  is 
formed, p r t l y  enveloping the  i m l l  , trie s t -xc ture  i s  subjected t o  uotii :rcc a:; 
and r e f l ec t ed  pressures. 

A s  t n e  incident shock wave eirpands r a d i a l l y  Cron the  center of th-. dotonation, 
t h e  shock f ron t  will corne i n  contact vi th one or more r e f l ec t ing  surfaces.  
surfaces a r e  t i e  w a l l  i n  question and adjacent 1ne;nber.s o i  t he  stiructure (walls,  
f l oo r ,  e t c . )  
f ron t  before tine fi-ontal pressures iiave bem nragnified by the 'wave ixpinging or. 
adJaceni. ac:nbers, t h i s  sec t ion  o i  trie w a l l  I s  considered t o  be subjected t o  
a i r  pressure only. 
t h e  1m1l have been lntensiPied by the  presencc of one 01' itlor? a?,',acent i:ic:~=i?:c., 
then t h i s  seetion oi' tht. m1.i experiences rei'leczed pressures.  Tiis d e m  
between t h e  tuo  loading conditions is  de:ined by hei$lt 02' t h e  t r i n i e  - no -. 

a t  which incident shock, re:'iected s'L~ocIc, and T hch f ron t s  m e t ) ,  Crounc? Z'L '? :~ 

dis tance  (measured along tine r e f l e c t i n g  sur:ace from a point n o n a l .  t o  t 
t o  t h e  point i n  question) and tile height or' explosion above the re:lecti 
(See Figure Al) . 

T?hes.-. 

If a portion of t h e  m l l  in question is  subjected t o  t he  shock -&-:e 

On the o ther  hand, il tic 3resoures ac t ing  on a portion of 

Xien a v a l l  i s  zubjccted t o  a plan- s3ock front tyare l ing  n o i ~ a l  t o  tifie ~;,z.L?LI, 
every point on the  i';-ont sur lace of t h e  v a l l  :lay be assuned t o  ii? sub,jecte.l t . ~  
t h e  sa::ie shock ovei-pressure a t  any  pa r t i cu la r  t i n o  a?l;cr t h e  a r r i v a l  ol' tli-. iile;?; 
mve  a t  the  w a l l .  ,>erefore t h e  rei"iecieci (face-on) pressures ,  resu!.tinC ":-o;i 
t h e  shock i'ront impinsing on the i ra l i ,  will b.e unle'om over thc  entire ;.,all sur- 
:ace. 

Whether a w a l l  i s  subjected t o  a plane shock fl-ont r a y  b e  detel-izin,xI by t h e  
If t h e  height of t h e  t r i p l e  point i s  gmate.? t iha ' r?  t h e  path or the  t r i p l e  poifit. 

height of the wall, winen t h e  shock wave a r r ives  a t  t h e  xiU, tile m l L  5.:; su>;ccteci 
t o  uni rorn  pressures o r  a plane siiock wave ( F i g v x  ~ 2 ) .  



Calculation of Blast Loads Acting On Protective Walls of C u b i . T f l e  : : t - ruc-Ft  

To analyze the  e f f ec t s  of close-in detonation within a cubic1.e t n e  s t i uc tu re ,  

The r e f l ec t ion  :ac-:or, 
t h e  ac tua l  loading conditions can be app-oximated by determining t h e  rePlection 
f ac to r  ( R  ) based on t h e  pos i t ive  f r e e  a i r  impulse loading: 
is de f ine i  as the  r a t i o  of the y i e ld  of' an explosion i n  f r ee  a i r  t o  tile y i e ld  02 

loads and therefore r e l a t e s  the  magnified value or' t he  f r ee  a i r  pos i t i ve  pressure 
impulse ac t ing  on a wall, due t o  the  surrounding s t ruc ture ,  t o  t h o  t o t a l  b2yl.s.- 
of the  b l a s t  loading (pos i t i ve  pilase of both f r e e  a i r  and r e f l ec t ed  pressures) 
ac t ing  on a ~ m l l .  
(boundary conditions) and t h e  loca t ion  OF the charge i n  r e l a t ion  t o  t h e  wall and 
t h e  surrounding s t ruc tu re  must be .4nown. For cubicle type s t ruc tu res  vhere tile 
walls a r e  generally supported on tvo and/or tiiree s ides  (Figure ~ l ) ( o n e  side and 
top  open t o  the  atmosphere), t h e  re f lec t ion  f ac to r s  a r e  r e l a t ed  t o  ti,e nor 
scaled distance (ZA) between the  charge and tine w a l l  being inves t iga tzd ;  t 
scaled distances between tine center l ine  of t h e  wall i n  question and t h e  ad:acent 
w a l l  (ZB), the  r a t i o  of tine distance between the  charee and the  neares t  adjacent 
w a l l ,  
charge above the  f loo r  slab t o  t h e  height of t h e  wall (h/!I). 
t yp ica l  chart  which ind ica tes  graphically a method f o r  fie tern in in^ ref ' lection 
f ac to r s  as a function of  these parameters. 
for t h e  s ide  walls, t h e  e f f ec t s  of tie r e f l ec t ion  of t he  b l a s t  loads off t he  
w a l l  opposite t o  the  one being investigated,  have been neglected. 
fo r  r e f l ec t ion  e f f ec t s  have Seen made, an equivalent scaled d is tance  oi' tile c'hai-ge: 
from the  wall i n  question is es tab l i shed .  Pressure and i:ipulsr-. loads are thm 
determined from Figure B1 (Rcfcrence 10). 

\ an explosion near a r e f l ec t ing  surface,  each of r?hicil produce equal  t o t a l  5iI:FJlSC 

For t he  u t i l i z a t i o n  of the r e f l ec t ion  f ac to r ,  t h e  type 02 w a l l  

to the length of the  val l  i n  question (1/L) and the  r a t i o  05' t h e  lle3ci1i 02- 
Figure 1-3 i s  a 

,!,' 

I n  ca lcu la t ing  the  re f leckion  f a c t o x  

A f t e r  correc t ions  

I 



APPENDIX c 

Primary Fragment Penetration Through Concrete ‘+/all 

Some previous da ta  pe r t a in ing  t o  a problem (e f f ec t s  of bombs and p ro jec t i l e s  
s t r i k i n g  concrete s t ruc tu res )  similar t o  prima-ry fragment penetration have been 
obtained (Reference 13) .  The r e s u l t s  of t h e  study covered by t h i s  paper, which 
i s  based upon empirical and t h e o r e t i c a l  re la t ionships  cor re la tes  f a i r l y  w e i l  with 
these  data. 

Figures C1 and C 2  are based on these  relationships.  Figure C 1  r e l a t e s  t h e  
s t r i k i n g  ve loc i ty  of primary fragments (Vi) with m x k n  penetration (X,) f o r  
various fragment s i z e s  (a). Once t h e  maximum penetration of a given s i z e  fia&ment 
i s  known t h e  fragment r e s idua l  ve loc i ty  can be obtained using Figure C 2 .  This 
p l o t  co r re l a t e s  two ratios, namely, t h e  r a t i o  of t he  res idua l  ve loc i ty  t o  s t r ik ing  
ve loc i ty  (V2/Vl)  and t h e  r a t i o  of w a l l  thickness t o  n l a x i m m  penetration (T/;.G,). 
Residual ve loc i ty  i s  obtained by multiplying t h e  s t r ik ing  velocity,  by t h e  V2/V1 
r a t i o .  

I n  order f o r  a fragment t o  have a residual ve loc i ty  a f t e r  penetration thi-ough 
t h e  wall, mxinum penet ra t ion  (Xm) indica ted  on t h e  previous f igu re  must be grea te r  
than the wall thickness (T) .  
armor-piercing steel ‘having a general  hemispherical shape. 
p ie rc ing  fragments a co r rec t ion  f a c t o r  must be aoplied (e.g. cor rec t ion  f ac to r  
for mild s t e e l  is 0.70). 

The pa r t i cu la r  char t s  shovn a r e  for a fragnent of 
For other than  amor- 

I n  order t o  provide t o t a l  p ro tec t ion  f o r  personnel and valuable equipxent 
n e i t h e r  spa l l ing  nor primary fragment penetration can be to le ra ted .  
i s  a to ta l  protection char t  f o r  fragments. 
v e l o c i t y  f o r  prevention of s p a l l i n g  and/or penetration, and thickness of t h e  
concrete wall for various primary fragment masses. 

Figure C3,  
It r e l a t e s  maximu allowable s t r ik ing  
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APPEITDIX D 

Sandwich- Type Wall Construct ion 

A sandwich type wall i s  two reinforced-concrete wails separated by a 
coinpacted sand f i l l  (Figure DI.). 
type reinforced concrete w a i l  f o r  spa l l ing ,  punching and f l exura l  capacity, t h e  
w a l l  m y  b e  reduced t o  anequivalent standard-type wall by  obtaining the  attenuated 
s t r e s s  wave parameters ac t ing  on t h e  f ron t  surface of t he  outside concrete portion. 
A portion of t h i s  reduction i s  due t o  the  s t r e s s  and inpElse a t tenuat ion  as t h e  
wave passes thyough t h e  ins ide  concrete wall and sand r'i1.i sections of t i e  wall 
(reduction due t o  d is tance) .  
magnitude of  t h e  s tyess  wave as it passes i'rom one nediuii t o  another xedium of 
d i f f e ren t  density.  

Figure D2 i s  a char t  f o r  d e t e n i n a t i o n  of a t tenuat ion  o r  peal; pressure i n  
sand and concrete as a iknc t ion  of scaled concrete and sanii thicknesses.  The 
s o l i d  family of Eries r e f e r  t o  concrete, while the broken l l n e s  refer t o  sand. 
S t a r t ing  at a poin t  cori-esyonding t o  the  f ron t  facc of t ke  in s ide  concre.te wall 
a point i s  loca ted  on a s o l i d  l i n e  corresponding t o  8 given value oi" pi-essure (I?,) 
and sca led  thickness or" concrete ( T . / d 3 ) .  A ve r t i ca l  doinward reading f r o g  t h i s  
point t o  t h e  point cjn a broken l i n e  corresponding t o  a !mown value of scaled thick- 
ness of sand (Te/Xi/3) i s  then made. 
m d e  t o  determine the  a t tenuated  peak pressure at t h e  f ron t  face of t n e  outsidc 
concrete wall. 
between t h e  sand and concrctc. 

To evaluate the  u l t i x t e  c a p c i t y  of a sandwich 

Further s t r e s s  reduction is  due t o  t h e  change i n  t n e  

Fro= t h i s  point a hor izonta l  reading i s  

It should be noted t h a t  t h i s  char t  accounts fo r  coupling e f f ec t s  

A sixilar cha r t  has been developed f o r  t h e  determination of a t tenuat ion  of 
sca led  i i xp l se  per u n i t  a r ea  i n  sand and concrete. 
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DETERMINATION OF EXPLOSIVE COMPOSITION COEFFICIENT, F, 

WX- Z~~~ 

1. Conduct a series of small  scale tests in which different weights (Wx) of bare 
spherical charges of propellant X are detonated high enough from the ground so that 
ground reflections are negligible (i. e. Fc, F,, and Fr each equal 1) and peak pressuri 
(P) measurements a r e  taken a t  various distances (d) from the detonation source. Plot 
the data as indicated in Fig. (a). 

2 For lines of constant peak pressure obtain the corresponding values of d and 
W from Fig. (a). Calculate the reduced distance (d/Wx1/3) for each point. This 
should be a constant value for each pressure.  

from the Kirkwood-Brinkley relationship for bare,  spherical TNT charges detonated 
in free air (Ref 5). 

3. For each of the above pressures,  obtain the corresponding reduced distance 

4. Plot propellant X reduced distance (&) against TNT reduced distance (ZTNT) 
for each.pressure as shown in Fig. @). These points should fall along a straight 
line passing through the origin. The slope of this line equals Fe l l3 ,  o r  

Figure 3 



136 



137 



SCHEMATIC REPRESENTATION OF DONOR-ACCEPTOR RELATlONSHlPS GOVERNING 
PROPAGATION BY FRAGMENT IMP#CT 

vo .'f (E')(E) /cJ- - _ _  - - - - - - - ( I ) 
Vo= iniiiat fragment velocity 
E'= explosive output constant 

ElC = explosives /casing weight ratm 

Nx= number of fmgments greater than 
mass Im)  

m = mass d fragment produced by 
donor detonation 

B = consiunt depending on donor 
explosrvs and casing material 

C = donor casing weigM 

td= donor casu19 thickness 

di = inside diameter of donor casing 

vb=  f (Kf)(tcr)(m) _-_.-- _ _  -.(3) 
"b = boundary velocity or frowent 

striking velocity of mass, m, 
below which high order detom- 
tion of the acceptor wil l not occur. 

Kf = explosive sensitivfy constant 
?a = acceptor casing thickness 

'bsf (Kf)(ta)(mmax) _ _  - - - - - -(a) min 

'bmin +minimum boundory velocity 
required for detonatcon of 
given accepbr by fragment 
from given donor, 

mmax 'f (B)(C)(td)(dl) _ _ _ _ _  _ _  - , (2a )  

mmax = mass of largest fragment produced by donor detonation. 

IF- < I: detonation by fragment impact will not occur. 
vo 

"b min 

VO 
IF -> 

'b m r  
I : possibility of detonation by fragment impact exists. 

Figure 6 
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STRII<ING VELOCITY OF A FRAGMENT AS A FUNCTION OF FRAGMENT MASS 
AND DISTANCE 

J DONOR 1 d 

d = f (kxv /v)(m) - --- - -  - - -- - - - -  - - - - (4 )  o s  
d 
k = conotant depending on fragment sue, shape, air density and 

distance from the donor charge. 

drag coefficient. 

striking velocity of fragment at a distance. d 

. 

Figure 7 
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M D A R Y  VELOCITY OF A FRAGMDJT AS A FUNCTION OF FRAGMPCT MASS 
AND ACCEPTOR SHIELDING 

"b \\ 
m 

to 3) ta2> ta I 

Figuro 8 



MINIMUM EFFECTIVE FRAGMDVT MASS AND CORRESPONDING VELOCm AS A 
FUNCTION OF DISIANCE AND SHIELDING 

vs 

"b 

Figure 9 
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PEPDBABILITY OF DETONATION OCCURRENCE AS A FUNCTION OF DISTANCE 
AND SHIELDING 

d E2’ El 
Eo - Zero probability curve 

WA = mbable number of effective hits per unit area. 
(NJ = Total number of effective fragments. 
( 9 )  = Factor governing the distribution of fragments. 
(D) = Disfance between donor and acceptor charge. 
(€1  = Probability of high order detonation. occurrence in 

(A) = Presented area of the acceptor 
the acceptor. 

Figure IO 
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VARIOUS CHARGE LOCATIONS 

FREE AIR 
(120) 

PART FREE AIR AND 
PART REFLECTED 

(12 b) 

SHOCK FRONT 

P L A N E  SHOCK WAVE 
(12c) 

Ref. 4 

Figure 12 
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PEAK PRESSURE AND SCALED IMPULSE vs 
SCALED DISTANCE 

+- PR SSURE 

1 
I 

\ 

\ 

1 j 2.5 ! 

SCALED DISTANCE ( ft/lb”3) 

Figure 81 R d .  4 
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ATTENUATON OF PEAK PRESSURE IN SAND AND CON-E 

Ret. 4 

Figuro 02 


