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Probabi l i ty  of Prevention of Zxnlosivc Pi-cmZa',?lcn 
and Porsonnel Injury by Protect ive % U s  

Abstract & Introduction 

This paper deals with t h e  d e t a i l s  of calculat ing the  Frobdui l i ty  o l  cletonakion 
occurrence i n  an  explosive (acceptor) system o r  personnel injury resu l t ing  ~i-o:n 
detonation of an  ad,;acent ehclosivc system (donor) vhen t h e  donor 1s s c p r a t e d  L?ox 
t h e  acceptor o r  personnel by an  intervening protect ive mll .  

The capacity of a vall t o  confine explosions can be measured by the proba3i l i ty  
of occurrence of the secondary explosion o r  personnel injury a t  tho opposite side 
of t h e  w a l l .  I n  a l l  cases of f l y i n g  fragments, e i t h e r  s t e e l  o r  concrete, both 
l a r g e  and small, knovledge of t h e  fragment size, velocity,  accepto-  distance-lrom- 
w a l l ,  acceotor s ize  and acceptor s e n s i t i v i t y  lead t o  a calculated prooajili-tjr of 
propagation. 

Tne theory upon which t h e  fragment 'probabi l i ty  rests i s  Oaseci on d&eiTiiniriz 
t h e  mass-velocity' d i s t r ibu t ion  or' t h e  fragments and calculat ing ho:: imny could 
cause a detonation by v i r tue  oi' t h e i r  nass and velocity,  i f  b p a c t  occurs. 
t h e  fragments a r e  large,  l i k e  spalls and cnunks of a mil, the  leve l  of k ine t lc  
energy or  momentum of t h e  cnunks i s  used t o  dc temine  i f  they could cause detonation. 
Having detemined tiie nun&- of "potent': fragnents,  t h e  nufoer of tiem that can bo 
expected t o  resu l t  i n  im-ct, tho dis tances  and acceptor s izes  can be us=d t o  czi- 
cula te  a probabili ty of detonation o r  damage t o  persome1 clue t o  fragments. 

:Tmn 

A s  a le55 important cause of  damage, b l a s t  fron the  donor rimy reach t h e  acceptc,, 
o r  personnel. Since b l a s t  is continuous, and not d i scre te ,  as i n  the c a s t  of fi-ag- 
nients, the "explosion pressure" a t  t h e  acceptor i s  a measure 01 t h e  capaci ty  02 t h e  
walls for  safety.  If t h e  donor explosive weight, tail hei@ end ais tanccs  Zro::~ 
t h e  wall are known, t h e  "explosion pressure': a t  t h e  acceptor or pzrsonncl nrea L; 
calculable .  
acceptor w i l l  "feel" t h e  pressure.  
acceptor,  o r  the  pressure tolerance of' personnd,  an assessment oi: "safe" OY un- 
safe" can be imde. 

The pressure being continuous, tiie Czo3ability i s  uni ty  t h a t  tiie 
Thcrefore, frog tile Fi-essure s e n s i t i v i t y  o? the 

A 

The final assessment i n  a l l  cases i s  "safe" o r  "unsafe" t o  the  accepto= 
gardless  of horr mcn damage would occur t o  the  wall. 
be afforded t h e  acceptor must be specif ied i n  each case. 
acceptable l e v e l  of safety,  t h e  design of protect ive walls can proceed w i t ' ?  a 
grea t  deal of insight  in to  the  q e s t i o n  of whether t h e  thickness,  height o r  xixi- 
mom peimitted distances are r e a l i s t i c .  

The degree oi' c ro tez t ion  t o  
Saving decided upon an 



Probabili ty of Detonation P r o m t i o n  

In  an explosive system f a i l u r e  t o  prevent detonation propaeation may take 
place i n  various ways summarized f o r  convenience i n  Table 1. 

TABLE 1 

Donor Effect 

1. 

2. 

3. 

Blast 

Primary 
I4issiles 

Mi s ce l lanems 

Modes of Failure i n  Explosive System 

Mechanism Input t o  Acceptor (Output 

A. 
B. 

A. 
B. 

Direct 
Walls 
1. Leakage 
2. Shear (punching) 
3. Spalling 
4. Collapse 

Direct 
Walls 
1. Perforation 

2. Spalling 

mast; reduced 
Secondary miss i les  
Secondary miss i les  
Secondary missiles 

Primary missiles 

Secondary miss i les  
Slowed p r i n w y  missiles 
Secondary miss i les  

The presence of unknown e f f ec t s  renders the  s i tua t ion  typ ica l  for the  use of 
probabili ty as a means of comparing safe ty  design calculations and of terminc;ting 
o r  evaluating a sa fe ty  design of structures t o  handle large amounts of explosive. 

It i s  our basic assumption that a donor detonation has occurred. An inter-  
action with the  acceptor must occur by way of a t  least one of the  mechanisms. 
Following impact, t h e  acceptor s ens i t i v i ty  t o  missiles or b l a s t  must be such that 
the  impact results i n  detonation. 
and suf f ic ien t  impact respectively, these being independent events, the  probabili ty 
of detonation by way of any one mechanism alone i s  

Thus i f  Pi.and Ps a re  the p robab i l i t i e s  of impact 

PDn = (P i  x PS)n 

where n r e fe r s  to  the mode of f a i l u r e  in question. 
probabili ty is that of a mutually exclusive s e t  of events. 
of detonation is ,  p0 (see Nomenclature Lis t )  

For all  modes together, t he  
The overa l l  probabili ty 

- interactions.  
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The interactions a r e  t h e  corrections t o  be applied f o r  the f ac t  t h a t  since 
any one node may cause detonation, the  overall  probabili ty of detonation i s  less  
than the  simple sui of p robab i l i t i e s  of a l l  possible events. 
consider t h i s  telm zero s ince  i t s  maximum f o r  any p a i r  01 events cannot be greater 
than t h e  greater of t he  two. A zero value is consenat ive .  

It is su f f i c i en t  t o  

1 

Thc probabili ty of hpact due t o  b l a s t  i s  considered 1.0 i n  every case i n  
which b l a s t  occurs as an  e t o  the  acceptor. This 0ccUi-s only in  two cases; 
b l a s t  without walls, and leakage a m m d  walls. 
t o  b l a s t  when impact i s  cei-tain depends upon the b l a s t  s e n s i t i v i t j  ol the acceptor. 
This i s  determined by using various weight and distances between a donor explosive 
and nany acceptors. 
bination i s  recorded and a supe r f i c i a l  pro5abili ty of detonation i s  computed from 
t h e  percentage of  goes. This much of the  procedure i s  subzect t o  check by experl- 
mentation a t  a r e l a t ive ly  reasonable cost. 

The probabili ty of detonation due 

The number of goes and no-koes a t  each distance-weight corn- 

To es tab l i sh  the  probabi l i ty  region of i n t e re s t  t o  sa fe ty  calculations the 
experimental, supe~i ic ia lprobabi l i t ies  a re  correlated s iml taneous ly  w i t h  distance 
and weight using a su i t ab le  rmiLtiple r e g r e s s i p  function. 
of prokabi i i t i es  i n  t h e  region of 10-2 t o  lo-?; are  located in  distance-weight 
coordinates. These values would be impossible t o  verify,  except at great cost  
because of t he  l a rge  number of t r i a l s  t h a t  would be required. 
r e f l e c t  ac tua l  s e n s i t i v i t y  experience and represent an 0-ojective approach to safety 
deternination. 
standard n o m 1  probabi l i ty  fbnction vas used i n  log-log coordinates with a trans- 
formation of the distance parameter. Tne distance transfo-mation ipas required t o  
make t h e  desired function r e f l e c t  t i e  experimental f a c t  t h a t  t h e  probabi l i t i es  do 
not increase or decrease inde f in i t e ly  v i t h  distance. 

I n  t h i s  way the  locus 

Nevertheless they 

For t he  b l a s t  s e n s i t i v i t y  of the example used i n  t h i s  paper, the 

The case B2, shear f a i l u r e  resu l t ing  i n  punching, i s  a case of secondary 
miss i le  damage. Analytical  s tud ies  have shown the method i2 the weight and vclocity 
of a punched-out piece of t h e  donor and T a l i  dirLiensions a re  lmorrn. 
leaves the  w a l l  it nay go i n  any d i rec t ion  from the  center, tnus "searching" an a rea  
that can be calculated by assuming an 800 cone fro= the  point of punching. The area 
of t he  base of t h i s  cone w i l l  be designated the search area,  AS. 
for impact of any one punched-out piece i s  the r a t i o  of the acceptor area t o  t h e  
search area.  The piece is v isua l ized  as breaking i n t o  'halves, t h i rds ,  quarters, 
e t c .  each i n  t u r n .  Large p ieces  can cause detonation by a glancing hit,  t h i s  is 
allowed for by increasing t h e  acceptor a rea  t o  include i t s e l f  and the space 
occupied by the punched-out piece on all s ides  around the acceptor. 

A s  t h i s  piece 

The probabili ty 

The'probable number or" e f fec t ive  h i t s  i s  thcn 

' I  
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The probabili ty of at l e a s t  one h i t  is  then the  probabi l i ty  of missile impact, 

The sens i t i v i ty  of acceptors t o  l a rge  missile l i k e  chunks of concrete can be 
based on k ine t ic  energy or on a re la ted  function i n  an approxirate but s a t i s f a c t o q  
manner. As with b l a s t  s ens i t i v i ty  one p lo ts  t he  k ine t i c  energy a t  which various 
weights and ve loc i t ies  have caused detonations, f i t s  a su i tab le  regression curve 
t o  the  go-no-go data and extrapolates t o  the region of low probabili ty.  
that has been used is: 

A function 

log log  PS**/lOO = l o g  &. -'- 

P 

For each of the  above described pieces the  probabili ty based on sens i t i v i ty  
i s  f m d .  Since the  weight of halves i s  half that of the or ig ina l  piece, the  
sens i t i v i ty  becomes less dawerous, but the number of missiles becomes greater,  
causing an increase i n  Pia2. The m a x m  (Pi x 
probabili ty of detonation due t o  f a i lu re  mode B2. 

Ps)s2 i s  taken as the  value fo r  

Likewise f o r  spa l l ing  ana collapse, ana ly t ica l  methods pe:=it the  prediction 
of t i e  kind of secondary missile s that a re  generated due t o  b l a s t  f ro s  the  donor. 
A probabili ty of i m p c t  i n  each case and the  probabili ty 02 actonation based on 
sens i t i v i ty  a re  then found and t h e i r  pi'oducts taken. I n  t h i s  m y  all the  proba- 
b i l i t i e s  of detonation, e i the r  by missile or  b l a s t ,  associated v i t h  b l a s t  impact 
t o  the  wall a re  found. 

I f  the  donor is cased it can produce prinaiy missiles s t r ik ing  against t he  
wall. A m l l  may be perforated by the l a rges t  missiles.  If so, the  velocity 
versus s i ze  d i s t r ibu t ion  i s  found bycalculating the  res idua l  ve loc i ty  of the missile 
f o r  a selection of perfomting weights. 
donor one finds t h e  number of missiles having weights equal t o  o r  grea te r  t i  the  
s m l l e s t  perforating piece. 

From fragment co l lec t ion  studies on tne 

Experimental data from f i r i n 8  fragments of various s i zes  a t  various ve loc i t ies  
i n t o  acceptors gives a missile s ens i t i v i ty  curve that i s  conveniently taken as 
representing a detonating probabili ty of 1 .0  (of course, i f  t he  data a re  known t o  
be the  50$ points widely used i n  vulnerabi l i ty  studies a probabi l i ty  of 0.50 
could be used instead of 1.0).  When using a fixed value f o r  t he  sens i t i v i ty  
probabili ty,  only those missiles having the required weight or veloc i ty  a r e  con- 
sidered i p  ge t t ing  the  impact probabili ty.  
nay be considered cer ta in  i n  safe ty  calculations f o r  these selected missiles,  

Since detonation, i f  impact occurs, 

The rmniber of missiles of any given weight which proceed from the donor i s  
found from fragment co l lec t ion  experiments t o  be predictable i f  t he  dimensions of 
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the  donor a r e  known. The n i s s i l e s  a re  somewhat more d i rec t ion  tnan a n  even 
spherical  d i s t r ibu t ion;  t h e  probabi l i ty  of any one inpactir,c the  accector i s  
the presented area o f  the  acceptor per u n i t  spherical  surface arca 0:‘ sphere 
around the donor, corrected f o r  d i r ec t iona l  e f f ec t .  
bable number of n i s s i l e s  i n p c t i n g  the  acceptor i s ,  

The r e su l t  i s  that the  nro- 

N = 0. UJX .\A 
F 

where the  f ac to r  0.1 i s  t o  cor rec t  fo-r d i r ec t iona l  e f fec ts ,  ?Ix i s  t i e  numbei- of 
missiles which could cause detonation if impact takes place, AA i s  acceptor pre- 
sented area an& d i s  distance from acceptor t o  donor. 

To f ind  Ti,, the res idua l  ve loc i ty  from the wall an.?. weight o l  the perforating 
missiles i s  compared t o  t h e  s e n s i t i v i t y  curves. Their intersection defines t‘ne 
smallest “effective” missile.  The fragment ve loc i ty  studies then pei-mit calcula- 
t i ng  N,, t i e  number of n i s s i l e s  havinG weight equal zo o r  greater t i n  t h a t  of t i e  
ninimm ef fec t ive  n i s s i l e .  N i s  the  expected nurioer of b p c t s .  Tie chance oZ 
only on2 i n p c t  i s ,  as before, ( see  Figure 1). 

Psa = 1-c-N 

Spalling due t o  missiles i s  handlcci l i k e  q a l l i n g  due t o  b l a s t .  Thus all 
probabi l i t i es  of inpact and of detonatLon due t o  sensit ivit jr  a re  found. 
of possible values i s  shown i n  Table 2, t h e  t a b l e  of confoined and overa l l  proba:3ili?j. 

A s e t  

TrZBLE 2 

Oveiall  Probabi l i ty  

I i i s  s i l e  s Impact Prob. Sens i t .  Prob. ConSined (product) 

Blast 

Leakage PiBl 1.0 P ~ a l  -03 so3 
Punching P i ~ 2  -02 P3B2 * p  ( r i ? s ) rp  . i o  
Spalling PiB3 -002 PSB3 e30 (Pips)!; .0006 
Collapse PiB4 -3  PSB4 (Pip,&$ .1m 

Po = 0.2556 

The overa l l  probabili ty of detonation, with probabili ty in te rac t ion  
conservatively taken as zero, is 25$. This would be considered unsafe. The 
designer must now pick on the  high p robab i l i t i e s  and redesign so  a s  t o  increase 
the safe ty  of the  explosive system, o r  declare i t s  L p o s s i b i l i t y .  I n  the  la tm 
case he has ample proof f o r  his posit ion.  
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This analysis points out that not only mst ever/ mite of f a i l u i e  .?x ~ s ~ e ,  
but  a l l  must be safe  enough with a margin t o  allow f o r  addi t iv i ty .  

Typical f igures  i n  Table 2 indicate  that spal l ing i s  unimportant. 3.52 iz 
believed t o  be the  s i tua t ion  i n  many cases,  but it snouid be considered at t’nc 
start  of every new problem. 

It should be pointed out t h a t  tine at tef ipt  a t  safe ty  calculat ions involving 
propcllants and explosives i n  a s t a t e  of development m y  ‘ire defeated by tine h c k  
of s e n s i t i v i t y  data, i . e .  by a s t a t e  of coaplete ignorance as t o  whether e ne;”, 
high energy c o q o s i t i o n  might be detonable. A. 3ethod has been devised t o  t e s t  
small samples for t h e  a b i l i t y  t o  detonate i f  burning s t a r t z .  I n  th i s  procedure a 
t r a n s i t i o n  pressure i s  found for any pro3ellant which cor re la tes  vit:? t n e  deton- 
a b i l i t y  of conventional high explosives. Propellants and explosives can tiius b-. 
classil‘ied as mass-detonating or not using thn procedure i n  one of thc  rei’orcnces. 

Tne probabi l i ty  calculat ion represents a balance betyeen t h e  Zoollowing 
parameters and any psrmeteims which may be subsidiazy t o  these: 

Dmor : - - Acccotor: Tiall : - 
Area Thickne 8s  
9i stanc e Eeight 
Case 
biaterial  and Wt. 
Sens i t iv i ty  
Blast 
i I i s  s i l c  
Chunks 

Distance 
Case 

F q l o s i v c  output 
B l a s t  
! :is s i l e  

i.bt e r i a l  

Vclocity 

Depending upon the  re la t ive  rragnitude of these parameters, t h e  various modes 02 
f a i l u r e  assume grea te r  o r  less bGor-tance. Thus t‘ne e;fcct of sone fir’tezn 0:’ 

twenty fac tors  i s  evaluated object ively i n  one f igure,  tne  overal.1 p:-obability 0: 
detonation, Po. 

!L major advantage 02 reducing the tangible  e f fec ts  t o  an o-u,jective f i ~ i r e  i c  
t h a t  the  tangible  considerations can be handled as a n a t t e r  of rout ine,  ieevinE 
the  in tangf i le  f a c t o r s  t o  be reduced by jud.gerr.ent of those who are most exgel-ienceci 
i n  the  industry. An addi t ional  advantage i s  t h a t  when la rge  uncer ta in t ics  eye 
shown t o  exis t  due t o  lack of data, a prooer Jus t i f ica t ion  and a l loca t ion  os funds 
for la rge  programs can be prepwed. 

Personnel protect ion follows the  pr inciple  given here r i t h  t h e  additicna:. 
r e s t r i c t i o n  that t h e  probabi l i t i es  should be :.educed t o  t h e  equivalent ol‘ zero .oy 
designing so t h a t  t h e  calculated number of missi les ,  punchings, and spalls a:.e 
l e s s  tnan one ( i . e .  e f fec t ive ly  zero); and designing b las t  r e s i s t a n t  she i te rs  t o  
protect  against  b l a s t  and leakage. 
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AA = presented a rea  of acceptor, sq. ft. 

Am = l e t h a l  area of  acceptor, sq. ft. 

As = area  searched by miss i les  a f t e r  punching, sq. ft. 

d = distance from source of missi le  t o  acceptor, ft. 

= diameter of missile due t o  pnching, f t .  

dr = diameter of round acceptor, f t .  

e = base of na tura l  logarithms. 

K.E. = kine t ic  e n e r a  of la rge  missi le  a t  acceptor, f t . - l b s .  

N = probable nunber of impacts 

NX = number of n i s s i l e s  having weight and veloci ty  su i tab le  f o r  causing 
detonation i f  an impact occurs. 

P = probabi l i ty  of impact o r  detonabi l i ty  o r  both associated vich a given 
mechanism of t r a n s f e r  o r  node of wall fa i lure .  

Subscripts to  P: 

i = impact; S = s e n s i t i v i t y  (detonabi l i ty) ;  ;4 = missi le  donor e f fec t ;  

B = b las t  donor ef fec t ;  n = 1,2, e tc .  acceptor e f f ec t  tabuinted belov; 

D = detonation. 

Probabi l i ty  of Impact 

General case Pin 

Specified mechanisms 
IUssi les :  perforat ion Pilill 

spa l l i ng  piM2 
Blast: leakage PiBl 

punchine piB2 

p=3 spa l l i ng  

col lapse piB4 

Sens i t iv i ty  
Probabi l i ty  

(Detonability) 

PSn 

Combined 

I 
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Acceptor s e n s i t i v i t y  
/ 

Vall aosent, 
present, strikiw veloci ty  = 

rcsidual  velocity Weiizht of thickness : - 
l a rges t  n i s s i l e  
26.5 02- 

3 '  2' 1' 

Yocity 
01 m n L i  ef fec t ive  

Weignt and ve: - . .  
Y 

nissile ;or I' w a l l  

Zero perforat ion 
\ io, 000 

Velocity of x i s s i l e  a t  accep'co:', ?ps 

I l lust in , t icc  Xmierical emantities * 
i4issile veigilt 

ounces 

26.5 
1b.o 
6.2 
1 . G  
0.0 

zl 
Iiu,iDer of effect ive 

missiles, Nx, 
heaviei- than m 

1 
15 
la h 

1,800 
26,500 

Probade nutioel- 
01' hits Ior W C ' ~  
i.ai.1, I$! 

0.005a 
0.0861 
1.06 
19.4 - 

Probabilizcy of 
dctonation f o i  
each w a l l ,  Pir,p 

0.005 
0 * 5'1 
0.05 
1 - 

* A c t u a l  quant i t ies  depend on all pameters i n  t i e  explosive system. 

F i w r e  1. Ilomenclature and re lat ionships  f o r  perforat ion of 
wall by missiles from donor explosive. 



116 

mmmq'Jzs ----_ 
1. Rindn-r, R. 1.1. and Vachtell, S. 

Use i n  zngineering of ?kplosive F a c i l i t i e s  and Operations. Report !Io- 
Safe Distances and Shielding for Prevention of' Propagation 0:' Detcnation by 
Tragment. 1ml;act. Picatinny Arsenal Technical &port DB-T?: 6-69, 3 x e n b c ~  133, 

Establishment of Safety DesignCriteria.  2'3:- 

Classif ied 

2. .Ammnn and Whitney, Consulting Zngineers. Indus t r ia l  .TnCineering 2tudy t o  
Establish Safety Design C r i t e r i a  for Use i n  'Znginecring of- EkTlosive Facil i-cies 
and Operations : Va;; Tsponses. Prepared f o r  Picatinny .4rsenal under Contract 
No. D:l-28-017-OlU23 9 Apri l  1963 

3. i,IcICnight, C .  E . ,  Shulnan, L . ,  and Wachtell, S. E s t a b l i s h c n t  of Inproved ;tarxda:-ds 
f o r  Classif icat ion of Wplosives and Propellants, Report ?Io. 1: 
Determination 02 Susceptabi l i ty  o f  Propellants and 2xplosivcs t o  Under50 TrEnci-  
t i o n  frorn Deflagration t o  Detonation. Picatinny Arsenal Technical Zeport 
DB-TR: 3-61, June 1961. ?Lso ava i lab le  i n  0P.K Syrqosiu? Zeport :iCF1-52, Vcl. S ?  
p. 635, Tnird Smposiurn on Detonation, Jams Forrestal  Research Center, PFinccton 
University, Septexber 1963 under sponsorship of TTaval Ordnance Iaboratoiy (:Ziite 
Oak) and Office of Naval Research. 

i: Xethod P'o:-- 


