
We prove the f i rs t  equality, while the proof for the second is analogous. We have 
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We use the form o~ the functions u n and u. and also standard formulas from the theory of series to get after 

integration that 
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We substitute (2.2) into (2.1) to get 
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where the right side tends to zero for n -- ~. It has thereby been shown that the continuous solution for the 

velocities of (I.!) is the limit to the sequence of discontinuous solutions. 
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1. It has now been quite definitely established that the permeability of a monolithic rock of granite type 

increases by up to 4-5 orders of magnitude after a contained explosion by comparison with the initial perme- 

ability, which is extremely small (0.01 roD). The permeability of coal after an explosion increases more 

moderately (by 2 orders), while the initial permeability is of the order of I00 mD [I, 3]. In both cases there 

is a monotone fall in the permeability to the peripheral initial value away from the explosion cavity. In these 
media the improvement in the permeability is due to the explosive generation of radial and other crack sys- 
tems. 

On the other hand, a contained explosion in an air-dry porous highly permeable medium leads [4] to a 
substantial fall in the permeability everywhere around the explosion cavity, in spite of the dilatation. There 
is marked improvement in the hydraulic permeability due only to passage of individual joints near the ex- 
plosion cavity. Therefore, the irreversible changes in permeability produced in porous rocks by explosion 
are due to competing mechanisms of fracturing and pore consolidation. The parameters of the irreversible 
rock deformation corresponding to appreciable permeability change are the damage [3] (i.e., the jointing) and 
the extremely small residual strain (0.01'%). 
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If the pore space  contains a l iquid, the c h a r a c t e r  of the rock  deformat ion  is a l t e red .  If the re  is i r r e -  
v e r s i b l e  di la tat ion,  there  is  a f a l l i n  the pore p r e s s u r e ,  and as a r e su l t  the s h e a r  s t r eng th  exp re s sed  in t e r m s  
of effective T e r t s a g i  s t r e s s e s  [5] wi l l  i n c r e a s e ,  while consol idat ion i n c r e a s e s  the pore  p r e s s u r e  and reduces  
the s t rength .  There fo re ,  pore f i l l ing smooths out the d i f fe renees  and changes the c h a r a c t e r  of the damage.  
In weak (soft) s a tu ra t ed  so i l s  and rocks ,  the explosion waves a r e  c lose ly  d e s c r i b e d  by the hydrodynamic  ap- 
proximat ion  [5, 6], the main damage is of d i sp l acemen t  type,  and there  a re  pulsat ions in the explosion cavi ty  
when the explosion is contained,  as in an underwate r  explosion [7]. Also,  the explosion r a i s e s  the pore  p r e s -  
su r e  in subs tan t ia l  regions [8, 9], and this p e r s i s t s  for a long t ime.  

On the o ther  hand, the hydraul ic  pe rmeab i l i t y  of a porous medium is ve ry  sens i t i ve  to s m a l l  i r r e v e r s i b l e  
s t r a in s  (microscopic  damage).  There fo re ,  an explosion in a s a tu ra t ed  roek  may lead to d i f ferent  and nonmono- 
tonic ehanges in the f i l t ra t ion  p a r a m e t e r s ,  including s l ight  ehanges at c ons i de r a b l e  d i s t anees ,  the exact  effect 
being dependent on the mic roscop i c  damage.  

2. To examine the effects of an explosion on a typical  product ive c o l l e c t o r  we chose  a highly porous 
pe rmeab le  cemented medium to s imula te  an explosion.  The deformat ion  c h a r a c t e r i s t i c s  of cemented  and c r y s -  
t a l l ine  rocks  d i f fer  subs tan t i a l ly  [10]. Most oil  depos i t s  contain highly va r i ab l e  cemented  e o l l e c t o r s  [11, 12], 
but our  model for  a medium was s i m i l a r  to a t e r r igenous  co l lec tor .  The model was made f rom t r e a t ed  KP-3 
sand,  l ime f lour ,  and w a t e r g l a s s ,  which was the cement ing ma te r i a l .  The model was placed in a meta l  v e s s e l  
of height 350 mm and d i a m e t e r  300 mm. The dimensions  of the model and the max imum d i scha rge  s i ze  were  
chosen on the bas is  that the t ime  of cavi ty  development  was less  than twice the t ime r equ i r ed  for  the c o m p r e s -  
sion wave to r eaeh  the boundary of the model  [13] and such that the boundary s epa ra t i ng  the zones of r e s idua l  
and e las t ic  s t r a in s  did not l ie  outside the model.  

The mix ture  of KP-3 sand,  l ime  f lour ,  and water  g lass  was kept in a d e s s i e a t o r  at 100-120~ for  50-55 h. 
This gave a co l l ec to r  with the following phys ieomeehan iea l  p rope r t i e s :  densi ty  O = 1.85 �9 103 k g / m  3 (in the un- 
s a tu ra t ed  s ta te ) ,  poros i ty  m = 25'%, gas pe rm e a b i l i t y  k = 150 mD, s t reng th  in uniaxiaI  c o m p r e s s i o n  ~* = 25 
MPa, push-wave speed in the s a tu ra t ed  s ta te  el  = 3150 m / s e e ,  and Poisson  ra t io  v = 0.22. 

To place the charge  in the model  we produced a model  for  a borehole  of depth up to 160 mm and d i a m -  
e t e r  12 ram, which a f te r  emplacement  of the charge  was f i l led with epoxide res in .  We used ten cha rges  of 
d i a m e t e r  10 mm and mass  0.76 g (trotyl  equivalent  1.06 g). 

The exper iments  were  pe r fo rmed  with models  in which the pores  had been f i l led to a lmos t  100% with 
kerosene .  We examined the meehaniea l  effects of the explosion on the k e r o s e n e - s a t u r a t e d  co l l ec to r  and the 
a s soc ia t ed  changes in the f i l t ra t ion  p a r a m e t e r s  f rom the explosion cavity to the pe r iphe ry .  

The following methods were  used to examine the mechanica l  effects:  v isual  examinat ion of the d e f o r m a -  
tion f rom the cen te r  to the pe r iphe ry  (cavity,  c r a c k s ,  gene ra l  s ta te  of a medium),  change in densi ty  f rom the 
cavi ty  to the pe r iphe ry ,  and change in e l a s t i c - w a v e  speed f rom the eavi ty  to the pe r iphe ry  as measu red  with 
u l t rasound.  

The method of v isual  examinat ion was as follows. Before the explosion the model  in its meta l  she l l  was 
equipped with plates at the ends to e l imina te  the oc c u r r e nc e  of c r acks  around the p e r i m e t e r  in the plane of 
the charge  a r i s ing  f rom the n e g a t i v e - p r e s s u r e  wave,  which may subs tan t i a l ly  influence the f i l t r a t ion  p a r a m -  
e t e r s  a f te r  the explosion.  The medium in the model  was under a background p r e s s u r e  of about 0.3 MPa. 
Af ter  the explosion the model was r e l e a s e d  f rom the meta l l i c  she l l  and was cut in c r o s s  sect ion in the plane 
of the charge .  We de te rmined  the s i ze  of the cavi ty ,  the number  and length of the c r a c k s ,  the genera l  s ta te  
of the medium around the cavity (eonnectedness and deformat ion) ,  and the s ta te  of the tubes for  m e a s u r i n g  the 
f i l t ra t ion  p a r a m e t e r s .  

A un ive r sa l  g a m m a - g a m m a  densi ty  gauge type UGGP-1 was used to de t e rmine  the dens i ty  changes by 
zones outwards f rom the cen te r .  This was a dens i t ome t r i e  method of r eco rd ing  the s c a t t e r e d  gamma rad ia t ion  
using a nar row g a m m a - r a y  beam. This g a m m a - g a m m a  method involves r eco rd ing  the g a m m a  rays  s c a t t e r e d  
in the m a t e r i a l  (the method and the m e a s u r e m e n t s  were  opera ted  in co l l abora t ion  with G. I. Khovrin and L. B. 
Prozorov). 

The changes in elastic-wave speed were measured with a UKB-IM apparatus, using special small trans- 
ducers with natural resonant frequencies of 150 and 800 kHz. The properties of the medium were determined 

by passing the ultrasound through the model along the radius from the center with points of measurement at 
intervals of 0.5-2.0 em. To determine the the changes in properties after the explosion, a disk was cut from 
the model in the plane of the charge of thickness about 5 era, where transmission measurements over the 
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t h i c k n e s s  and p r o f i l i n g  wi th  a s t e p  of 0.5 c m  gave  the l o n g i t u d i n a l - w a v e  s p e e d s  (methods  and m e a s u r e m e n t s  
o p e r a t e d  in c o l l a b o r a t i o n  wi th  Yu. F.  T r o f i m o v  and N. I. Se l eznev ) .  T h e s e  s a m e  d i s k s  w e r e  u sed  wi th  the  
s a m e  p r o f i l e s  to d e t e r m i n e  the d e n s i t y .  

To e x a m i n e  the  changes  in f i l t r a t i o n  p a r a m e t e r s ,  tubes  of d i a m e t e r  3 m m  w e r e  f i t t ed  in to  the  m o d e l  
d u r i n g  p r e p a r a t i o n ,  w h o s e  ends w e r e  p e r f o r a t e d  o v e r  a l eng th  of 15-20 ram.  The o p p o s i t e  ends  of the  tubes  
e m e r g e d  f r o m  the  mode l  and w e r e  jo ined  to a U I P K  a p p a r a t u s .  The tubes  l ay  in the  h o r i z o n t a l  p lane  of the  
c h a r g e  o r  e l s e  be low the  c h a r g e  at  d i s t a n c e s  of 2 to 14 c m ,  wi th  8 o r  9 t ubes  in one e x p e r i m e n t .  The m o d e l  
was  e n c l o s e d  in a s t e e l  c y l i n d e r ,  wh ich  was  s e a l e d  at  the  ends  by f l anges ;  the s e a l i n g  at  the po in ts  of j unc t ion  
was  p r o v i d e d  by r u b b e r  i n s e r t s  in s l o t s ,  w h i l e  the  point  of e m e r g e n c e  of the tube f r o m  the m o d e l  was  s e a l e d  
wi th  epox ide  r e s i n .  We d e t e r m i n e d  the k e r o s e n e  flow r a t e  wi th  a s t e a d y  p r e s s u r e  d i f f e r e n c e  be tw e e n  a p a i r  
of tubes  b e f o r e  and a f t e r  the exp lo s ion .  The r a t i o  Q / A p  was  u sed  as  the  f i l t r a t i o n  c h a r a c t e r i s t i c  be tween  a 
p a i r  of t u b e s ,  w h e r e  Q is  the  k e r o s e n e  flow r a t e  and Ap is  the  s t e a d y  p r e s s u r e  d i f f e r e n c e  be tween  the t u b e s ,  
i . e . ,  we  d e t e r m i n e d  the p e r m e a b i l i t y  o v e r  a g iven  a r e a .  The change  in the  f i l t r a t i o n  p a r a m e t e r s  as  a r e s u l t  
of the  exp los ion  was  e s t i m a t e d  as Q / A p / ( Q / A p ) 0 ,  w h e r e  the  s u b s c r i p t  0 r e l a t e s  to the  s t a t e  b e f o r e  exp lo s ion .  

3. V i sua l  e x a m i n a t i o n  r e v e a l e d  a n e a r l y  s p h e r i c a l  c a v i t y  a round  the c h a r g e .  C r a c k s  and o t h e r  d a m a g e  
w e r e  not  o b s e r v e d  a round  the cav i ty .  Wi th in  a r a d i u s  of r -~ 0.8-1..0 m / k g  1/3, the  m a t r i x  a f t e r  the  e x p l o s i o n  
w a s  l e s s  c o n s o l i d a t e d  (r : R / W  1/3 is  the  r a d i u s  r e f e r r e d  to the  c h a r g e  s i z e ) .  The d e f o r m a t i o n  zones  a r e  shown 
in Tab le  1, w h e r e  Rc is the  c a v i t y  r a d i u s ,  R d i s  the  r a d i u s  of d a m a g e  to the c o n n e c t e d n e s s ,  and R e is  the  r a d i -  
us of the  e x p l o s i v e .  

The  d e n s i t y  d i s t r i b u t i o n  a f t e r  the  exp los ion  is  such  tha t  two zones  can  be d i s t i n g u i s h e d  a round  the  c a v i t y  
(Fig.  1): l o o s e n i n g  and c o n s o l i d a t i n g  ones .  The f i r s t  shows a m a x i m u m  d e c r e a s e  in d e n s i t y  n e a r  the c a v i t y  of 
t0%,  and this  ex tends  out  to a r a d i u s  r - 0.22 m / k g  1/3, w h i l e  the c o n s o l i d a t i o n  zone  is  p r e s e n t  in the  r a n g e  
of r e d u c e d  d i s t a n c e s  f r o m  r ~ 0.22 to r -~ 0 .8 -1 .0  m / k g  1/3. The m a x i m u m  c o n s o l i d a t i o n  in th is  r e g i o n  is  5~/o. 
T h e r e  was  a c e r t a i n  r e d u c t i o n  in the  d e n s i t y  at  the  p e r i p h e r y  of the  m o d e l ,  wh ich  is r e l a t e d  to the  p r e p a r a t i o n  
c o n d i t i o n s ,  s i n c e  the  s t r e s s  a t  the c e n t e r  is  h i g h e r  than at  the p e r i p h e r y  d u r i n g  p r e s s i n g  of the  r a w  m a t e r i a l .  
The m e a s u r e m e n t  r e s u l t s  on the  d i s k  cu t  a f t e r  the  exp los ion  a r e  shown in F ig .  2, w h i c h  shows  tha t  the wave  
s p e e d  is  m i n i m a l  at the c a v i t y  (about 60% of the  i n i t i a l  value)  and r i s e s  to the  i n i t i a l  va lue  a t r - ~ 0 . 9 - 1 . 0 m / k g l / 3  
(curve  1 b e f o r e  s a t u r a t i o n  wi th  k e r o s e n e ,  2 a f t e r  s a t u r a t i o n ,  and 3 a f t e r  exp los ion ) .  

T h e r e f o r e ,  a con ta ined  e x p l o s i o n  in a h igh ly  po rous  s a t u r a t e d  c o l l e c t o r  does  not  p r o d u c e  v i s i b l e  c r a c k s ,  
but  i t  a l t e r s  the p o r e  s p a c e ,  and th i s  shou ld  be e x a m i n e d  by m e a n s  of  p o l i s h e d  s e c t i o n s  o r  o t h e r  m i c r o s c o p i c  
m e t h o d s .  The e x p l o s i o n  p r o d u c e s  two s u c c e s s i v e  zones :  c o n s o l i d a t i o n  and d e c o n s o l i d a t i o n .  

4. F i g u r e  3 shows  the  r e s u l t s  on the  f i l t r a t i o n  p e r f o r m a n c e  a f t e r  the exp los ion .  T h e r e  is  a s e q u e n c e  of 
t h r e e  zones  o u t w a r d s  f r o m  the  cav i t y .  The f i r s t  is  c h a r a c t e r i z e d  by a s u b s t a n t i a l  i m p r o v e m e n t  in the  f i l t r a t i o n  
p a r a m e t e r s  (by an o r d e r  of m a g n i t u d e  n e a r  the  c a v i t y ) ,  the  r a d i u s  be ing  r -~ 0.45 m / k g  ~/3. In the  s e c o n d  zone ,  
the  e x p l o s i o n  a d v e r s e l y  a f fec t s  the p r o p e r t i e s ,  wh ich  on a v e r a g e  a r e  r e d u c e d  by 30-40% f r o m  the  i n i t i a l  va lue s ,  

1 3 and this  r e g i o n  is p r e s e n t  in the  d i s t a n c e  r a n g e  f r o m  r - 0.45 to r -~ 0.1 m / k g  / . Ou t s ide  d i s t a n c e s  of r -~ 
1.0 m / k g l / 3  t h e r e  is  a zone  of s l i g h t  i m p r o v e m e n t  in the  f i l t r a t i o n  p a r a m e t e r s .  The d i m e n s i o n s  of th i s  t h i r d  
zone  and the changes  in the  f i l t r a t i o n  in i t  w e r e  not  e s p e c i a l l y  e x a m i n e d  in t h e s e  e x p e r i m e n t s .  
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Least-squares fitting gave the following relationships for the parameters against the reduced distance. 
In the first zoney =-31.7r + 15, 0.22-< r- 0.45, in the secondy = 0.96r-0.01, 0.45-< r-< 1, wherey = 

(Q/Ap)/(Q/~p)o. 
Therefore, the change in filtration parameters in a contained explosion is nonmonotonic, and the effects 

are radically different from those on the hydraulic permeability of monolithic rocks and air-dried porous me- 
dia. 
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