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As is well known, the model of an ideal incompressible fluid is used in M. A. Lavrent'ev's cumulative 
theory [1] as a model which describes the deformation and flow of certain solids (for example, metals) at high 
pressures. This 'Hneompressibility approach" was developed further by Lavrent'ev himself [2] in studies in 
which he participated [3, 4] and in others employing his concept [5-9]. It developed that with certain addi- 
tional assumptions the model of an ideal incompressible liquid could be employed to describe explosions in 
soils and rocks. However, practical realization of the results obtained within the framework of this model 
meets with difficulties both practical and principle in nature. Among the latter are the infinite energy level 
often found in hydrodynamic problems, but difficult to define physically. Among the former difficulties is the 

transition from hydrodynamic quantities to physical and mechanical ones. For example, in problems of di- 
rected explosion and uniform fractionation [3, 6], one theoretically obtains a certain pulse pressure distribu- 
tion on the boundary of the disintegrating volume. Here we must first find the dependence of the momentum on 
explosive mass, and then replace the continuous distribution by a discrete one, placing the explosive charges 
in boreholes and cartridges of various diameters. Some of these problems can be dealt with empirically, 

while others require special study. 

1. The Problem of Infinite Energy. Let an infinitely long cylindrical explosive charge of radius r 0 be 
located within an infinite incompressible ideal medium. The flow is described by a point source potential 

= A In r ~ B, v = off)lot -= A/r,~ (1 .1)  

where A and B a r e  cons t an t s .  

The e n e r g y  i n t e g r a l  t aken  ove r  a l l  space  

\ 

becomes  inf in i te .  

E = n p  ~ v2rdr 
r 0 

We will  now c o n s i d e r  a charge  of f ini te  length  2l 0, loca ted  p e r p e n d i c u l a r  to the p lane  xy with ends lo -  
cated at  the poin ts  z = +l 0. Each i n f i n i t e s i m a l l y  s m a l l  e l e m e n t  of this  charge  d l ,  having  coo rd ina t e s  (0, 0, 1) 
c r e a t e s  at  an a r b i t r a r y  point  (x, y, z) a po ten t ia l  c o r r e s p o n d i n g  to a point  charge  

d(p = C[(z - -  l) 2 -~ x ~ A- g2i~/~dl, C ~= c o n s t .  

In t eg ra t ing  this  e x p r e s s i o n  o v e r  l f r o m  - l  0 to +lo, we obta in  the po ten t ia l  c r e a t e d  in  the m e d i u m  by the ex -  

tended cha rge :  

Yi o- + + Zo - + c l n  . 

In the c e n t r a l  see t ion ,  i .e . ,  a t  z = O, this  e x p r e s s i o n  takes  on the f o r m  

+ 
= C i n  l f l ) o  + P 2 1  ~ " 

The velocity in the same section 

v = O~lOr . . . . .  2Clo/r V r ~ -~ l~ 

in  the l i m i t  l 0 / r  ~ ~ co inc ides  with the ve loc i ty  of an in f in i te  charge  (1.1).  In the o ther  l i m i t i n g  case  r / l  o 
(C/0 = cons t )  we obta in  an  e x p r e s s i o n  for  the ve loc i ty  of a point  cha rge  v = c o n s t / r  2. We wil l  c o n s i d e r  the 

(1.2) 
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expression for the kinetic energy of a liquid within a layer of unit thickness in the central portion of the 

cha rge :  

E ,rip r 2(r 2+l~) rdr : :  2npC 21n rO 
- 2 

r o 
r 0 

The cons tan t  C is defined f r o m  the condi t ion 

r : = - - P / p  at r .... %, z = 0 .  
T 

Here  q) =: lim t'pdt is the so-called pulse pressure (see [8]), 

C . . . . .  ---P ( ln  ] /% §176  § l~ ) - I ' p  V r; '~ § ~o~ -- 'o 

whence at  lo /r  o >> 1 we have,  app rox ima te ly ,  

C = --  P/2p In 21---~~ E := r~P~/p In 2/~ (1.3) 
r 0 ~ F O 

If  we c o n s i d e r  the flow in a r ing  r 0 _ r -<  R 0, then ins tead  of Eq. (1.1) we obtain 
r 

P l n T  o ~--P/p, r==ro, 
- , such that q) = 

ro [ 0, r .~ R o- qo O In B-~ 

Calcula t ing in tegrM (1.2) in the in te rva l  f r o m  r 0 to R0, we obtain 

E= (~P~/P) (i/in-~o ), (1.4) 

C o m p a r i n g  this to Eq. (1.3), we see  that  the rad ius  of  such a r ing  is s imp ly  equal to the cha rge  length 2l 0. As  
is evident  f r o m  Eqs.  (1.3),  (1.4),  the e n e r g y  is finite i f / 0 / r  0 is finite.  In p r a c t i c e  the cha rge  length  2/0 is a l -  
ways  finite.  Even  at v e r y  long cha rge  lengths ,  a l imi ta t ion  is imposed  on 2l o by the finite detonat ion ra te .  If 
we denote by t e the cav i ty  expans ion  t ime,  i .e . ,  the t ime at which the exp los ive ' s  work  is comple ted ,  then to 
e s t ima te  2l 0 we m a y  use  the re la t ionsh ip  2l 0 ~ Dtc,  where  D is the de tonat ion  ra te .  

Thus,  the pa radox  of infinite e n e r g y  is r e s o l v e d  f r o m  the phys ica l  viewpoint :  one can use  the concep ts  of  
the potentiM of a p l ana r  s o u r c e  fo r  de t e rmina t i on  of  the ve loc i ty  f ields and o the r  quant i t ies ,  without c o n s i d e r -  
ing the f o r m a l  d ive rgence  of in t eg ra l  (1.2).  

2. Explos ion  with Eject ion.  Le t  a concen t r a t ed  cha rge  with e n e r g y  E be loca ted  at a depth h f r o m  the 
f ree  su r f ace ,  which co inc ides  with the plane xy. We m u s t  de t e rmine  the ini t ial  ve loc i ty  field developed in the 
g round  a f t e r  de tonat ion  of  such a charge .  

The ac t ion  of  the cha rge  is r e p l a c e d  by a sou rce  of  in tens i ty  m 0. The g e o m e t r y  of the ini t ial  ve loc i ty  
field is defined by the potent ia l  

mo [ t _ --~-1 ] _ ~  , r2=x~ l_g2" 

The ini t ial  ve loc i ty  field p rof i l e  on the g round  s u r f a c e  v = 3~v/3 z at  z = 0 has the f o r m  
inch 

y (r)  = 2r~ (r ~ § h2) 3/'2 " 

The edge of the ejected cone is defined by the additional condition v(r,) = c,, where c, is the critical velocity 

value characteristic of the given soil. From this condition we have 

m o = 2gc.h ~" (1 -t- n2)S/~.,: (2.1) 

where  n = r . / h  is the e jec t ion  index. 

We m u s t  now f i n d t h e  re la t ionsh ip  be tween m 0 and the e n e r g y  E, which is usua l ly  done f r o m  e n e r g y  con-  
s i de ra t i ons  [8 ]. The kinet ic  e n e r g y  of  the liquid is ca lcu la ted  and equated to s o m e  f r a c t i o n  of  the cha rge  e n e r g y  
E. It can  eas i ly  be shown that  such an a p p r o a c h  is ,  in genera l ,  invalid,  s ince  the f r ac t ion  of the explos ive  e n e r g y  
expended in the e j ec t ion  m u s t  depend on the depth at  which the cha rge  is  located .  At a r e l a t i ve ly  g r e a t  depth 
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this fraction must equal zero, since an ejection does not occur. The same is true of the value m 0. Thus, m 0 

must decrease with increase in h, and obviously, must increase with increase in E. From dimensionality con- 

siderations we obtain the fundamental relationship 

m o ~ k E / p c . h ,  k ~ const. (2.2) 

Subs t i tu t ing  this  e x p r e s s i o n  in Eq. (2 .1) ,  we ob ta in  

E = Kpc~.h  ~ [0,5 (i -{- n~)]~/~.~ - K = const. (2.3) 

He re  the funct ion of the e j e c t i o n  index f (n )  = [0.5(1 + n2)] 3/2 i s  n o r m a l i z e d  to uni ty  a t  n = 1, j u s t  a s  in B o r e s -  
k o v ' s  e x p r e s s i o n  

E = K h 3 f l ( n ) ,  fl(n) = 0.4 ~ 0.6n ~. (2.4) 

At  l a r g e  va lue s  of n the funct ions  f (n)  and f l (n )  a r e  of one and the s a m e  o r d e r ,  n 3, in c o n t r a s t  to the func-  
t ions  of  n ob ta ined  p r e v i o u s l y  in [8] .  

A t  high c h a r g e  p o s i t i o n  dep ths ,  when a z ~ n i f i c a n t  r o l e  is  p l a y e d  by  the f o r c e  of  g r a v i t y  r a t h e r  than the 
resistance of the soil, we should take c. ~ V gh, and then from Eq. (2.3) we obtain 

E = Kpgh~[0.5(l + n2)]a% 

If the depth  h tends  to z e r o ,  then m 0 ~ ~o ; a con t a c t  e x p l o s i o n  c o r r e s p o n d s  to a h y d r o d y n a m i c  d ipo le  with m o -  
men t  M = m0h, p r o p o r t i o n a l  to the  c h a r g e  ene rgy .  

3. P l a n a r  Case .  As  i s  wel l  known, in the p l a n a r  c a s e  one can  i n t r o d u c e  the c o m p l e x  p o t e n t i a l  w (z) = 
+ i~. F o r  the p r o b l e m  ana logous  to the one c o n s i d e r e d  above  ( in f in i t e ly  long and thin  e x p l o s i v e  c h a r g e ) ,  th is  

po t en t i a l  has  the f o r m  

w(z) = (m/2n)in [(z + h i ) / ( z  - hi)]. (3.1) 

S e p a r a t i n g  the r e a l  and i m a g i n a r y  c o m p o n e n t s ,  we have 

- :  (m/ 4~ )  In z2 + (v + h) ~ . 
x~+ (y _ h) ~ ' (3.2) 

~p = (ra/2~) a r c t g [ 2 h x / ( x  ~ + y2 _ h~)]. (3.3) 

On the f r e e  s u r f a c e  a t  y = 0 the v e l o c i t i e s  a r e  d i r e c t e d  v e r t i c a l l y  upward  and have the f o r m  

v(x)  = m h / [ n ( x  2 + h2)].  

Equat ing  th is  e x p r e s s i o n  to the quan t i ty  c . ,  we ob ta in  

m = ~ c , h ( i  + n2), n = x , / h .  ( 3 . 4 )  

Here  x ,  i s  the c o o r d i n a t e  on the f r e e  s u r f a c e  a t  which v = c , ,  and n i s  the  e j e c t i o n  index.  The  quan t i ty  m is  

r e l a t e d  to the e n e r g y  expended  p e r  uni t  l eng th  E by  an e x p r e s s i o n  ana logous  to Eq. (2 .2) :  

m = k E / ( p c , h ) ,  k =c0ns t .  (3.5) 

The c o n c l u s i o n s  fo r  the  p l a n a r  c a s e  a r e  obv ious ly  the s a m e  as  in the c a s e  of a x i a l  s y m m e t r y .  F o r  an i n f i n i t e l y  
deep  c h a r g e  the s o u r c e  i n t e n s i t y  v a n i s h e s ,  whi le  fo r  a c on t a c t  e x p l o s i o n  (h ~ 0) the  c h a r g e  a c t i o n  can  be  s i m -  
u l a t ed  by  a h y d r o d y n a m i c  d ipo le  with m o m e n t  M = mh ~ E. 

By subs t i t u t ing  Eq. (3.5) in Eq. (3.4) we ob ta in  a c o m p u t a t i o n  equa t ion  fo r  e x p l o s i o n  of a l ine  c h a r g e  with 

e j ec t i on :  

E = K p c 2 , h 2 ( t - ~  - n~), K = const. (3.6) 

I t  i s  of  i n t e r e s t  tha t  Eqs .  (2.3) and (3.6) can be  ob ta ined  f r o m  o t h e r  c o n s i d e r a t i o n s  [ 10].  Equa t ion  (3.3), r e -  
w r i t t e n  in the f o r m  

( x -  • ~ ~_g2 5~ h2(t + • ~ = ctg (2~xp/m), (3.7) 

de f ines  a f a m i l y  of  c u r r e n t  l i n e s .  One of t h e s e  l i n e s ,  p a s s i n g  th rough  the po in t  x .  = nh, y = 0 can  be i n t e r p r e -  
ted as  the b o u n d a r y  of the " t r u e "  e j e c t i o n  r e g i o n  (in c o n t r a s t  to the " v i s i b l e "  b o u n d a r y  which i s  f i na l l y  p r o -  
duced  by  s l i p p a g e  o r  c o l l a p s e  of the b o u n d a r i e s ) .  The p a r a m e t e r  x ,  which  d e t e r m i n e s  th is  b o u n d a r y ,  is  r e -  
l a t ed  to the  e j e c t i o n  index n by  the e x p r e s s i o n  ~< = (n 2 - 1)/2n.  In the p a s t  a s o - c a l l e d  h a r d  l iquid  m o d e l  (HLM) 
was p r o p o s e d  [2] and d e v e l o p e d  [5] .  In th is  m o d e l  the m e d i u m  was c o n s i d e r e d  a s  an idea l  i n c o m p r e s s i b l e  
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l iqu id  in a f in i te  r e g i o n  s u r r o u n d i n g  the c h a r g e ,  l i m i t e d  by  a f low l ine  a long  which  the v e l o c i t y  was c o n s t a n t  and 
equa l  to c , .  The p r o b l e m  of e x p l o s i o n  of  a l i ne  c h a r g e  with e j e c t i o n  was c o n s i d e r e d  in the HLM in [11].  The  
f o r m  of  the e j e c t i o n  r e g i o n  ob ta ined  t h e r e i n  i s ,  g e n e r a l l y  s p e a k i n g ,  s i m i l a r  to the c i r c l e  d e s c r i b e d  by  Eq. (3 .7) .  
Since  we a r e  a l w a y s  c o n c e r n e d  h e r e  with a q u a l i t a t i v e  m o d e l  of  the e x p l o s i v e  ac t ion ,  i t  is  obvious  tha t  in a 
n u m b e r  of  c a s e s  the  a p p r o a c h  d e s c r i b e d  above  i s  p o s s i b l e .  This  v a r i a n t  of  the i n c o m p r e s s i b i l i t y  a p p r o a c h  is 
s o m e t i m e s  c a l l e d  the l iquid  m o d e l  ( L M ) .  

4. Ef fec t  of a Ha rd  Bo t tom.  It i s  weI1 known that  fo r  an e x p l o s i o n  on a r i g i d  b a s e  the m e c h a n i c a l  a c t i on  
of  the e x p l o s i o n  in  the ha l f  s p a c e  is  e q u i v a l e n t  to tha t  of a c h a r g e  of  twice  the  e n e r g y  in a ful l  s p a c e .  We m u s t  
c o n s i d e r  the  s i t ua t i on  in which a l a y e r  of  so i l  l i e s  upon the r i g i d  b a s e .  In p a r t i c u l a r ,  we m u s t  find the e f fec t  on 
the d i m e n s i o n s  of the e j e c t i o n  cone in c o m p a r i s o n  to an e x p l o s i o n  a t  the s a m e  dep th  in an unbounded h a l f s p a c e .  
We wil l  c o n s i d e r  th is  p r o b l e m  us ing  the p l a n a r  c a s e  and the l iquid  mode l .  The  flow r e g i o n  in  the p h y s i c a l  p l ane  
i s  d e p i c t e d  in F ig .  1. We wi l l  i n t r o d u c e  the d i m e n s i o n l e s s  v a r i a b l e s  7 = z /h ,  ~ = w/C0, w h e r e  h is  the l a y e r  
t h i c k n e s s ,  r is  ha l f  of  the l iquid  flow f r o m  the s o u r c e ,  l o c a t e d  a t  po in t  Aj  (we wi l l  o m i t  the b a r  in the f u t u r e ) .  
We m u s t  d e t e r m i n e  the c o m p l e x  flow po ten t i a l  and the v e l o c i t y  f ie ld .  The p r o b l e m  is  so lved  by  the e 0 n f o r m a l  
mapp ing  me thod .  The flow r e g i o n s  in the p l a n e s  w and z 1 = - o h  ~w a r e  shown in F ig .  2a, b. We then i n t r o d u c e  
the func t ions  

= In (dw/dz), z~ -= exp [2(~ + ni/2)]. 

The flow regions are shown in Fig. 3a, b. Mapping z 2 into z I with the corresponding points A 2 and A3, we have 

z 1 = (z~ - -  v2/2)/(v2/2). 

H e r e  v is  a p a r a m e t e r  equa l  to the v e l o c i t y  a t  po in t  A 2. A f t e r  t r a n s f o r m a t i o n s  we ob ta in  the equa t ion  

dw/dz = vsh(nw/2). 

The so lu t i on  of  th is  equa t ion  s a t i s f y i n g  the cond i t ion  w = i a t  z = 0 is  

in th(nw/4) = (~/2)(i --  vz). 

The p a r a m e t e r  v i s  d e t e r m i n e d  f r o m  the fo l lowing cond i t ion :  a s  z ~  - i ,  w - -  - ~  In thUrw/4  ) ~ 7ri. Hence 

v = ] .  

T r a n s f o r m i n g  to d i m e n s i o n l e s s  v a r i a b l e s ,  a f t e r  t r a n s f o r m a t i o n s  we ob t a in  

e - n z / 2 h  - - '  i 
w (z) (2q~0/n) In e _ ~ z / e h @  i '  ~0 : m/2, v : ~o/h. (4.1) 

We c o m p a r e  th i s  e x p r e s s i o n  to the p o t e n t i a l  w 1 (z) in the c a s e  of  a b s e n c e  of  a r i g i d  b a s e ,  a s  de f ined  by  Eq. (3.1) 

wl(z) = (~}o/n) ln[(z -~ hO/(z - -  hi)], % = m/2, vl = 2~o/nh. (4.2) 

The p r e s e n c e  of  the r i g i d  b a s e  i n c r e a s e s  the v e l o c i t y  a t  the e p i c e n t e r  by  a f a c t o r  of 7r/2 t i m e s .  

If we take  z = - h i  + e, I e[ << 1 and expand  Eqs .  (4 .1) ,  (4.2) for  s m a l l  e, we ob t a in  
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w = (2~po/a) In e, w 1 ~ (~po/a) In e. 

Thus ,  in the c l o s e  v i c i n i t y  of  the s o u r c e  the  p r e s e n c e  of the  s o l i d  wal l  c a u s e s  a doubl ing  of  the power .  F r o m  
Eqs .  (4 .1) ,  (4.2) we de f ine  the c o r r e s p o n d i n g  v e l o c i t y  f i e ld s  

dw/dz - -  - -  i~Po/:~ ch ~z dwl/dz ..... 2i%h/~ (s ~ -t- h~), --~-, 

and in p a r t i c u l a r ,  on the f r e e  s u r f a c e  

v (x) := r C h - ~ ,  vl (x) == 2,oh/n  (x 2 + h~). 

Equat ing  t h e s e  e x p r e s s i o n s  to the va lue  of  the c r i t i c a l  v e l o c i t y  c .  and i n t r o d u c i n g  the e j e c t i o n  index n = x . / h ,  
we obta in  

n =  (2/n) In [r + ]lr(~o/c.h)~--tL nl := V'2~po/nc.h Z t .  

The d e p e n d e n c e s  of  n and n 1 upon the d i m e n s i o n l e s s  quan t i t y  r  a r e  shown in Fig .  4. I t  is  e v ide n t  tha t  in 
the p r e s e n c e  of a r i g i d  b a s e  the e j e c t i o n  index i n c r e a s e s  s o m e w h a t  fo r  n < 1.5. At  n > 1.5 the r i g i d  b a s e  d e -  
c r e a s e s  the  d i m e n s i o n s  of the m a t e r i a l  e j e c t e d .  

F r o m  Eq. (4 .1) ,  s e p a r a t i n g  the i m a g i n a r y  componen t ,  we have an e x p r e s s i o n  fo r  the flow func t ion  

r (2r . cos (~vl2h) 
arcLg sh (ax/2h) " 

Hence for  the c u r r e n t  l i n e s  p a s s i n g  th rough  the po in t  x .  = nh, y = 0, we have the e x p r e s s i o n  

cos (~y/2h) sh (mzt2h) 
= sil (~n/2) " 

F i g u r e  5 shows flow l i n e s  fo r  n = 1, 2, 3 ( c u r v e s  1-3)  and the flow l i n e s  of Eq. (3.7) fo r  n = 1.5, 2.5, 3, 
c o r r e s p o n d i n g  to an  e x p l o s i o n  wi thout  a r i g i d  b a s e  (dashed  l i n e s ) .  

5. Contac t  E x p l o s i o n  in the P r e s e n c e  of a Rig id  B a s e .  As  has  been  shown above ,  wi th in  the h y d r o d y n a m i c  
mode l  a con t ac t  e x p l o s i o n  i s  d e s c r i b e d  by  a d ipo le .  If the c h a r g e  i s  l o c a t e d  a t  the po in t  z = 0, then the c o m -  
p lex  p o t e n t i a l  has  the f o r m  w (z) = M i / ( 2 ~ z ) .  The d ipo le  ax i s  is  d i r e c t e d  into the dep ths  of  the m e d i u m ,  down-  
w a r d  in the g iven  c a s e ,  and the m o m e n t  i s  p r o p o r t i o n a l  to the  e x p l o s i o n  e n e r g y :  M = c o n s t  E / p c ~ .  

Now l e t  t h e r e  be  a r i g i d  b a s e  l o c a t e d  a t  z = - h i .  The v e l o c i t y  p o t e n t i a l  in th is  c a s e  can  be  ob ta ined  by  the 
method  of  r e f l e c t i o n s  f r o m  the r i g i d  b a s e  and f r ee  s u r f a c e .  Upon r e f l e c t i o n  f r o m  the r i g i d  wai l  the d i r e c t i o n  of 
the d ipo le  ax i s  r e v e r s e s ,  whi le  i t  r e m a i n s  the s a m e  upon r e f l e c t i o n  f r o m  the f r e e  s u r f a c e .  An in f in i t e  n u m b e r  
of r e f l e c t i o n s  p r o d u c e s  the  fo l lowing e x p r e s s i o n  fo r  the p o t e n t i a l :  

Us ing  the r e l a t i o n s h i p  of [ 12],  

we have*  

2:~/(e~ + e= ~)  = i /x  + 2x ~ (- -  l)h/(k ~ + x~), k~l 

w(z) = (Mit4n)(sh~s/2h)-I  

S e p a r a t i n g  the i m a g i n a r y  componen t  h e r e ,  we ob ta in  an  e x p r e s s i o n  fo r  the f low funct ion  

*A s i m i l a r  r e s u l t  was  ob ta ined  by  A. V. Rub insk i i  in h i s  c a n d i d a t e ' s  d i s s e r t a t i o n ,  " A p p l i c a t i o n  of the  p u l s e d -  
h y d r o d y n a m i c  m o d e l  in the p r o b l e m  of e x p l o s i o n  b o u n d a r y  p e n e t r a t i o n , "  Kazan  (1981).  
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r  ( sin2 -fib- gy + sh2 _~_)n~ ~-1/~ 

and an equa t ion  fo r  the  f low l ine  p a s s i n g  th rough  the po in t  x ,  = nh, y = 0: 

sin2(~y/2h) ~ sh2(nn/2) --  sh2(gx/2h). 

No g r a p h  of the flow Iine wi l l  be p r e s e n t e d  fo r  th is  c a s e .  It i s  i m p o r t a n t  to note the fo l lowing  in th is  c a s e .  The 
new i n t e r p r e t a t i o n  of  the h y d r o d y n a m i c  p a r a m e t e r s  c h a r a c t e r i z i n g  the s o u r c e s  and d i p o l e s  p r o p o s e d  in Sees .  
1 and 2, a l l ows  us  to avo id  c o n s i d e r a t i o n  of  the p a r a d o x e s  r e l a t e d  to in f in i te  e n e r g y .  In the c a s e  of a con t ac t  
e x p l o s i o n  the e n e r g y  is  inf in i te  a s  a c o n s e q u e n c e  of the s i n g u l a r i t y  of z -1 a t  the o r i g in .  

Re tu rn ing  to the  p r o b l e m  of  the e f f ec t  of  a r i g i d  b a s e ,  we a r r i v e  a t  the c o n c l u s i o n  tha t  h y d r o d y n a m i c  
t h e o r y  p r e d i c t s  a r e d u c t i o n  in the s i z e  of the e j e c t e d  r e g i o n  (with the p o s s i b l e  e x c e p t i o n  of  v a l u e s  of n < 1.5).  
A s i m i l a r  r e s u l t  was ob t a ined  in the  HLM in [8] .  T a b l e  1, con ta in ing  e x p e r i m e n t a l  da t a  (which was  p r e s e n t e d  
to the a u t h o r  by  N. A.  T r u f a n o v ) ,  c o n f i r m s  th is  conc lus ion .  The e x p e r i m e n t s  we re  p e r f o r m e d  in d r y  sand  with 
sections of detonating cable ~ 1 m in length. 

The rigid base was in the form of a reinforced concrete plate, located at a depth of 6 cm. S o denotes the 
area of the explosion cavity cross section in the absence of the rigid base, while S is the same value with the 
base. 

6. Charge with Finite Cross Section. Let an infinitely long cylindrical charge of radius r 0 be located at 
a distance h from the free surface (Fig. 6a). On the charge surface the potential ~ = -P/p, while on the free 
surface q~ = 0. We must find the flow potential and velocity field. 

We conformally map the flow region in the plane z into a circular ring I -< I ~I -< R in the plane ~ (Fig. 
6b). This mapping is accomplished with the expressions 

~ = R ( z + b i ) / ( z - - b i ) ,  b =  Vh--i~r~,  B = ( l ? h + r 0 - t - ] / ' ~ - - r 0 ) / ( l l r h - ~ r o  - l l r ~ r ~  (6.1) 

The b o u n d a r y  cond i t ions  fo r  the  c o m p l e x  p o t e n t i a l  w 1 (~) = w [z (~)] have the f o r m  

Re w 1 = --P/p, I~1 = 1, R e w l - -  0, 1~1 --~R- 

U n d e r  t h e s e  cond i t i ons  the funct ion  w 1 i s  un ique ly  de f ined :  

wl(~) = (P/p)[(ln ~)/ln B - -  i ] .  (6.2) 

The v e l o c i t y  f i e ld  in the p l a n e  z is  de f ined  by  the e x p r e s s i o n  d w / d z  = ( d w i / d ~ ) ( d ~ / d z )  = - 2 P b i / D ( z  2 + b 2) In R. 
In p a r t i c u l a r ,  on the f r e e  s u r f a c e  a t  y = 0 

v(x) -~ 2Pb/p(x ~ ~: b 2) In B. (6.3) 

The width of  the  e j e c t e d  cone 2 x ,  i s  de f ined  b y  the e q u a l i t y  of  the so i l  p a r t i c l e  v e l o c i t y  to c , .  Denot ing  by  
n = x , / h  the  e j e c t i o n  index ,  f r o m  Eq. (6.3) with c o n s i d e r a t i o n  of Eq. (6.1) we have 

P = (1/2) pc,h In B (1 + n ~ --7~ -~) (1 - -  ~-2)-1/~, (6.4) 

w h e r e  h = h / r  0 i s  the  r e l a t i v e  depth  of the  c h a r g e  loca t ion .  This  e x p r e s s i o n  can  be  changed  in f o r m  i f  we i n t r o -  
duce  the d i m e n s i o n l e s s  quantities 

x ,  = X,/ro, P = P/pc.ro. 

Then from Eq. (6.4) we have 

-~ (P/in R) (D -- t)l/~ ~ + 1 ,  fi-~l.  (6.5) 

We wi l l  now c o n s i d e r  the c a s e  of a c o n t a c t  c h a r g e .  Le t  the c e n t e r  of  the c h a r g e  with r a d i u s  r 0 be l o c a t e d  
at a distance -h from the free surface. The contact line is an arc of a circle intersecting the abscissa at the 

points • l (Fig. 7). The solution method is similar to the previous case: we map the semiplane with protruding 

segment into a semiplane [13]. On the segment • the value of the potential ~ =-P/p is specified, while out- 
side this segment the potential is equal to zero. The solution is given by a Schwartz integral [ 13]. Finally we 
obtain 

w (z) = [ P / p  (~  - -  a)]  In  ~ + z z - - I  " (6.6) 

w h e r e  o~ i s  the ang le  b e t w e e n  the a r c  of  the  c i r c l e  and  the x a x i s .  The v e l o c i t y  d i s t r i b u t i o n  on the f r e e  s u r f a c e  
i s  g iven  by  the e x p r e s s i o n  
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v(x) = 2P//[p(m ~ a ) ( x  2 - -  /+)l. 

Equating this velocity to the critical velocity c,, after transformations we obtain 

x~ = [P/(~-- ~)] (1 _~)~/2 + t ~h~, i ~h~ -- i, (6.7) 

where x, = x,/r0; x, is the coordinate of the ejected material edge; h = h/r0; ~) = 2P/(pc,r0). For a charge 
submerged by its own radius, Eqs. (6.2), (6.5), as well as Eqs. (6.6), (6.7) give the same results w(z) = 
~2iPr0/Pz,-~ 2 = T). 

Thus, Eqs. (6.5), (6.7), and (6.2) give the dependence of crater width on depth of charge location over 
the entire range of variation of the latter. Figure 8 shows the dependence of ~, on h assuming that the quan- 
tity P is constant (P = I00). 

For a contact explosion in the h range from-1 to +I this assumption is quite justifiable, since the action 
time of the detonation products is determined by the time required to expell the explosion products into the 
atmosphere, which changes insignificantly over this range for charges of fixed radius. In the general case, as 
follows from the above, for a contact explosion ( ] ~ I <- l) P = const E. 

In order to obtain the relationship between the energy E and the pulse pressure P, we substitute Eq. 
(6.1) in Eq. (6.2): 

w (z) = ( P i p  In R) In [(z ~-bi)/(z - -  b~)l,: b -~ l/rh-~-~-- r] 

and equate the e x p r e s s i o n  obtained to the potent ia l  of  a point  sou rce  (3.1) fo r  h >> r0, whence we obtain for  the 
sou rce  power  the e x p r e s s i o n  m = 2+rP/(0 In R) .  Thus ,  and f r o m  Eq. (3.5) we obtain 

�9 P ~ k ( E / c . h )  in R,+ k = const. 

Substituting this expression in Eq. (6.5), we obtain an expression for the half-width of the crater x, in terms 
of the linear energy density E: 

/ 

-2 (ke/p4r ) (I-- I) x. = - -  (6.8) 

The va lues  of h and h at  which x .  = 0 will be t e r m e d  the camouf le t  depth and denoted by the s u b s c r i p t  c. Tak-  
ing h >> 1 in Eq. (6.8) and neglec t ing  the unity t e r m  in c o m p a r i s o n  to ~2, we have 

- '  ~ " = h ~  h ~. (6 .9)  x ,  == h c - -  l ,  x, 

It is r e m a r k a b l e  that  these  s imple  r e l a t ionsh ips  can a lso  be obtained,  as  noted above,  f r o m  o the r  c o n s i d e r a -  
t ions [10, 14]. 

We will  a s s u m e  that  the edge of  the e jec t ion  reg ion  is defined by the i n t e r s ec t i on  of  the f r ee  su r face ,  
i .e . ,  the x axis ,  with a c i r c l e  of rad ius  Rd. By R d we unders t and  the rad ius  of  the des t ruc t i on  zone,  where  
e jec t ion  of  f r a g m e n t s  of the m e d i u m  beyond the l imi t s  of  the e jec t ion  r eg ion  is poss ib le .  We a s s u m e  fu r the r  
that  R d is independent  of  the cha rge  loca t ion  depth. Then f r o m  Fig.  9 we can obtain Eq. (6.9) by  r e p l a c e m e n t  
of Rd by  he, which has  obvious phys ica l  meaning.  F u r t h e r  f r o m  s i m i l a r i t y  p r inc ip l e s  we obtain 

h c  = R ~  = K l r o  ~ K 2 r  c = K 3 E  1/~ , 

where  r c is the rad ius  of  the camouf le t  cavi ty;  and K1, K2, K3 a r e  cons tan t s .  We then obtain a computa t ion  
equat ion of the f o r m  of Eq. (2.3).  in pa r t i c u l a r ,  

q = ( r + P J g l ) h 2 i  i +n2),~ (6.10) 

where  Pb is the explos ive  dens i ty ,  q is the explos ive  m a s s  pe r  unit  length of the charge .  

Ana logous  cons ide ra t i ons  fo r  the case  of a concen t r a t ed  sphe r i ca l  cha rge  [ 10, 14] lead to e x p r e s s i o n s  of  
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TABLE 1 

h, cm 0 J 2 4 6 

So. cmZ 57 i32 igi 203 

t S, crn 2 46 it0 i67 167 

It should be noted that Eqs. (2.3), (3;6), (6.10), obtained theoretically, are approximate, as is Bores- 
kov's empirical expression (2.4). They are valid for the cases typical of practical explosive use (n = 1.5-2.5 
for natural soils, n = 3-4 for finely dispersed dry laboratory sand). Some methods of introducing semiempiri- 
cal corrections were described in [14]. 

The author thanks N. B. ll'inskii and A. V. Potashev for reading the manuscript and a number of useful 
remarks. 
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