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The diss ipat ion of the energy  of an explosion in soil  has  been d i scussed  by Sagomonyan [1, 2] and by 
the author [3]. The diss ipat ion p r o c e s s e s  occur r ing  in the expansion of a cavi ty  in an underground explo-  
sion a r e  d i scussed  in [1]. The t e m p e r a t u r e  distr ibution in the ea r th  d i rec t ly  behind the spreading shock 
wave is  found in [2] for the two-dimens ional  case  using the "plast ic  gas"  model .  Exper imen t s  to de te rmine  
the t e m p e r a t u r e  distr ibution in an underground explosion a r e  desc r ibed  in [3]. The exper imen ta l  data a r e  
in good a g r e e m e n t  with theore t ica l  predic t ions  made by solving the nonsta t ionary  heat  diffusion p rob l em 
using a ma thema t i ca l  formulat ion cor responding  c lose ly  to the exper iment .  In the p r e s e n t  a r t i c le  we ana-  
lyze the ini t ial  t e m p e r a t u r e  distr ibution a f t e r  motion ceases .  Rat ios  a r e  found of the f rac t ion  of the total  
energy  of the explos ives  expended in heating the ground in an i r r e v e r s i b l e  compres s ion  by the shock front,  
the f rac t ion  d iss ipa ted  in p las t ic  flow behind the front ,  and the f ract ion remain ing  in the detonation p rod-  
ucts a f ter  the edge of the cavi ty  s tops moving.  

The m o s t  comple te  model  of soft  ea r th  was p roposed  by Grigoryan,  * but this model  is  v e r y  involved 
for  analyt ic  calculat ions.  Since expe r imen t  shows that  the m a j o r  por t ion of the energy  of an explosion is  
d iss ipa ted  in a l ayer  of ear th  lying c lose  to the edge of the cavity,  we use a s imp le r  model  of the motion. 

We solve the p rob l em  within the f r a m e w o r k  of the model  p roposed  by A. S. Kompaneets  [4], e s p e -  
c ia l ly  since the equation of s ta te  for  soil  used  in [4] co r re sponds  r a the r  c lose ly  to the exper imen ta l  curve  
c h a r a c t e r i s t i c  of learns if  i t  i s  a s s um ed  that  "packing" begins a t  p r e s s u r e s  ~ 5-10 k g / c m  ~. 

F o r  spher ica l  s y m m e t r y  we have, according to [4], the following formulat ion of the p rob lem:  

{ Ou .Ou \ _  0% ~- 2(~r--~o) O P ~ , ~ - + ~ - - ~ ; } - o - r -  ' ~ ,-~-;(r'U~=O (1) 

with the p las t ic i ty  condition 

~ - -  s0 = k ~-  m (s T ~-  2s9) 

and the following conditions at  the edge of the cavi ty  and a t  the shock front: 

TABLE 1 

E~, % 

0 . 0 5  

0. t 

m alJao E,, % E~. % 

0.t 9.58 46.7 44.6 
0.233 7.7 31.5 58.1 
0.5 6.t5 2t.6 65.9 
0.7 5.6 t8.2 68.4 
0.i 9.44 55.7 35.5 
0.233 7.97 41.2 48.7 
0.5 6.67 30.4 57.8 
0.7 6.21 26.6 6t.1 

8.7 
t0.4 
12.5 
t3.4 
8.8 

t0.t 
ti.8 
t2.3 

(2) 

% (a) = -- p (a) 

% (~) = -- p0~n' -- P. (3) 

Here  R is  the rad ius  of the shock front ,  a is  the radius  of the 
cavity,  a r ,  cro=ar a r e  the components  of the s t r e s s  t ensor ,  r is the 
rad ia l  coordinate ,  u is  the m a s s  veloci ty  of the pa r t i c l e s ,  P(a) i s  the 
p r e s s u r e  in the cavity,  and P .  is  the p r e s s u r e  a t  the s t a r t  of the i r -  
r e v e r s i b l e  compress ion .  

The re la t ion  between the rad ius  of the cavi ty  and the rad ius  of 
the shock front  i s  found f r o m  the law of conservat ion  of mass :  

a = [~ ~-  ( i  - -  ~) (ao/B)s] 'A R = eR ( 4 )  
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w h e r e  ~ = 1 - p 0 / p  i s  t h e  p a c k i n g .  

B y  u s i n g  (2)-(4)  w e  o b t a i n  f r o m  E q .  (1) t he  e q u a t i o n  f o r  t h e  c o o r d i n a t e  o f  t he  f r o n t  R: 

R/t + A (R) ~2 = B (R) [P (~) + C (R)] 

H e r e  

B (R) = 

( i  - U (a - t)  25 (a - t) (t - ~ - 4 )  
A (R) = 2 --  

s ~-~ -- t (~ --  4) (i --  s ~-1) 
(a -- 1) e ~ k 6m 

ps (t --  e ~-1) ' C (R) = "~m (e-~ -- t) --  P.e -~, a = 1 -t- 2m 

(5) 

D o t s  o v e r  l e t t e r s  d e n o t e  t i m e  d e r i v a t i v e s .  

In  E q .  (5) t h e  f u n c t i o n  P(a )  i s  d e f i n e d  by t h e  r e l a t i o n s  [5] 

PO (a/ao) -a~', if a0 -~ a ~< a, 
P (a) = 

P3 (a,/ao) -a'tl (a/a,) -a~, if a, < a 
a, = t.53 a0, ~1 = 3, ?~ = i.27 

W e  r e d u c e  E q .  (5) to  d i m e n s i o n l e s s  f o r m :  

dy -t- 2Ay 2B (~x-aVs-av @ C) X . - ~ X  --- 

x = tl/Bo, y = /~Po/Po 

H e r e  

1, if a o ~ a ~ a .  

~I = (aola.)a(.t~_.r~), if a. < a 

R 0 = a  o i s  t h e  i n i t i a l  r a d i u s  of  t h e  c a v i t y ,  a n d  P0 i s  t h e  i n i t i a l  d e n s i t y  o f  t he  s o i l .  

T h i s  e q u a t i o n  w a s  i n t e g r a t e d  on a c o m p u t e r  f o r  P0 = 7.97 • 104 k g / c m  2, P ,  = 6  k g / c m  2, and  k =  1.41 

k g / c m  2. F i g u r e  1 s h o w s  y a s  a f u n c t i o n  o f  x f o r  v a r i o u s  v a l u e s  of  ~ a n d  m .  T h e  n u m b e r  1 in F i g .  1 d e -  

n o t e s  c u r v e s  c o r r e s p o n d i n g  t o  m = 0 . 7 ,  ~ = 0 . 0 5  (soLid c u r v e )  and  m = 0 . 7 ,  ~ = 0 . 1  (open  c u r v e ) ;  t h e  n u m b e r  2 

d e n o t e s  c u r v e s  f o r  m =  0.1 ,  ~ = 0.05 ( s o l i d  c u r v e )  a n d  m =  0 .1 ,  ~ = 0 .1  (open  c u r v e ) .  T h e  c u r v e s  a r e  n o t  e x -  
t e n d e d  b e y o n d  x = 5  s i n c e  f o r  t h e  s c a l e  c h o s e n  t h e y  c a n  h a r d l y  be d i s t i n g u i s h e d  and  m e r g e  i n t o  a s i n g l e  

c u r v e .  T a b l e  1 s h o w s  the  v a l u e s  of  t h e  f i n a l  r a d i u s  o f  t h e  c a v i t y  f o r  v a r i o u s  v a l u e s  o f  ~ a n d  m .  

T h e  e x p r e s s i o n  f o r  t h e  e n e r g y  of  t h e  s h o c k  c o m p r e s s i o n  p e r  un i t  m a s s  h a s  t he  f o r m  

t ( t t ) ~Po [ . 2P, ~ (6) 
e t = " f f "  "~o - - ' - { -  ( P - I - P * ) = ~ o  \ y-I- ~ /  

T h e  c h a n g e  in  t h e  e n e r g y  of  p l a s t i c  d e f o r m a t i o n  p e r  un i t  m a s s  i s  

de2 _ 2u 
dt ?r (c0 --  6r) 

B y  u s i n g  the  p l a s t i c i t y  c o n d i t i o n  w e  w r i t e  t h i s  e x p r e s s i o n  in  t h e  f o r m  

to 

H e r e  t o i s  t h e  t i m e  t h e  s h o c k  w a v e  r e a c h e s  t h e  p o i n t  r0, a n d  t k i s  t he  t i m e  t h e  w h o l e  m o t i o n  c e a s e s .  

F r o m  t h e  s o l u t i o n  of  t he  e q u a t i o n s  o f  m o t i o n  we  h a v e  f o r  a r 

zr~ am ~ - - t  -- -7 -  -- 
R 4 R a k 

F r o m  the  l a w  of  c o n s e r v a t i o n  o f  m a s s  i t  i s  e a s y  to o b t a i n  a r e l a t i o n  b e t w e e n  R a n d  r ,  and  U a n d  1~: 

r = [~R 3 -~- (t --  ~) roa] lh, U = ~ (R/r) "z Tt (9) 
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By subst i tut ing (8) and (9) into (7) and changing to R as an in tegra t ion  v a r i a b l e  by the r e l a t ion  dR = R .  

dt we have a f te r  t r a n s f o r m a t i o n s  

R k R k 

e~ (c~ -- 4) (a - -  1) R 2 (~ - -  t)  R 
ra ro 

R k R k 

~" 2(~--4) R -- p --~--m - P *  R 
ra r 0 

Equation (10) i s  e a s i l y  put into d imens ion le s s  form by mul t ip lying i t  by po~Po -1. All the i n t eg ra l s  in 
(10) were  eva lua ted  by computer .  F igu re  2 shows the d imens ion les s  quant i t ies  e 1 and e 2 as  functions of x 
for ~ = 0.05 and m = 0.233. The numbers  1 and 2 denote, r e s pe c t i ve l y ,  e 1 and e 2 as  functions of x. The 
curves  indica te  that  a l a rge  p a r t  of the ene rgy  of the explosion i s  d i s s ipa t ed  within a d is tance  ~ 5 R 0. Af ter  
a l l  motion c e a s e s  this  l a y e r  of ea r th  has a th ickness  ~ (0.05-0.15) a k, where  a k i s  the final r ad ius  of the 

cavity. 

The total  f rac t ions  of the energy of the explos ion going into shock c o m p r e s s i o n  and p las t i c  flow a r e  

given by 

R k R ~  

El---- I 4gelp~ E~ : ~_ 4ne2pr~dr 
Ro Ro 

A f rac t ion  E 3 of the total  energy  of the explosion i s  contained in the detonation products .  The quan-  
t i t a t ive  r e l a t i ons  between the va r ious  f rac t ions  of the energy  of the explosion for va r ious  c h a r a c t e r i s t i c s  

of so i l s  a r e  shown in Table  1. 

I t  i s  c l e a r  f rom the data p r e s e n t e d  that  a l a rge  p a r t  of the energy  of the explosion i s  accounted for 
by p las t i c  flow behind the shock front ,  and not taking account of th is  p a r t  of the energy  of the explosion can 
lead  to a l a rge  e r r o r  in de te rmin ing  the in i t ia l  t e m p e r a t u r e  d i s t r ibu t ion  in the explosion.  The conclusion 
is  that  the in i t i a l  t e m p e r a t u r e  d i s t r ibu t ion  in the ea r th  a f te r  the explos ion has  a de l ta  function fo rm with 
the max imum t e m p e r a t u r e  at  the edge of the cavi ty  and a ve ry  r ap id  d e c r e a s e  with d is tance .  
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