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C o r r e c t  desc r ip t ion  of the flow of a g ranu la r  med ium ls ve ry  impor tan t  In consider ing an explosion in a 
g r anu l a r  or  b r i t t l e  rock .  The mos t  impor tan t  fea ture  of the flow of such a med ium a r i s e s  f r o m  repacking  
ef fec ts ,  which r e su l t  not only in shea r  de format ion  but a l so  in i r r e v e r s i b l e  bulk s t ra in .  Usually,  this bulk 
deformat ion  is desc r ibed  within the f r a m e w o r k  of a di la tancy model  [1]. The magnitude and sign of the dUatancy 
veloci ty  a r e  subs tant ia l ly  dependent on the p r e s s u r e  and densi ty  [2-5].  It is a s sumed  at  p r e sen t  [6-9] that the 
di la tancy veloci ty  is constant  fo r  such a m ed ium.  However ,  such an a s sumpt ion  does not allow one to incorpo-  
r a t e  the r e a l  dynamic  behav ior  of the med ium or  to cons ider  the effects  of the initial s ta te  on the r e su l t s  of the 
explosion.  

Here  we p r o c e s s  expe r imen ta l  data  to der ive  an exp re s s ion  for  the dUatancy veloci ty  as  a function of 
the p r e s s u r e  and densi ty .  This  r e su l t  is used in de te rmin ing  the expansion of a spher ica l  gas  cavi ty  in an 
e las top las t i c  dilating med ium.  P a r t i c u l a r  at tent ion ls g iven to the f ina l  c h a r a c t e r i s t i c s  of the med ium nea r  
the cavi ty .  No al lowance is  made  fo r  the s t rength  di f ference  between the undisrupted and disrupted med ia ,  
although this can be done if one a s s u m e s  that  the adhes ion is sma l l  by c o m p a r i s o n  with the d ry  f r ic t ion.  

1. We cons ider  spher i ca l ly  s y m m e t r i c a l  mot ion in an e l a s top las t i c  porous  dilating medium,  which is 
c o m p r e s s e d  by a l l thos ta t ic  p r e s s u r e  Ph- The source  of the mot ion ls a cavi ty  of init ial  radius  a 0 f ined  with 
adiabat ica l ly  expanding explosion ga se s  of init ial  p r e s s u r e  P0 and adiabat ic  p a r a m e t e r  ~/. 

The mot ion  is desc r ibed  by the equat ion of continuity and the equation of mot ion:  

o-'7 "~- + P ~Tr + 2 -= 0; (1.1) 

(0[$ On) 0, . ' 0'1~ ~'1~ 
P ~ - [ - U - ~ r  = Or d--5- '~r  + ' 7 " '  (1.2) 

where  r is the dis tance f r o m  the explosion cen te r ,  t is the t ime ,  u is  the m a s s  veloci ty,  and p is the cu r r en t  
densi ty .  The tangential  s t r e s s  T and the p r e s s u r e  p a r e  given by ~ = (l/2)(e r - -  %), p = - -  (i/3)((~r + 2%), 
where  a r and a~ a r e  the rad ia l  and az imutha l  components  of the s t r e s s  t enso r .  

The s t r e s s  var ia t ion  in the e l a s t i c - s t r a i n  zone is r e la ted  to the veloci ty  by Hooke ' s  law: 

d-"T \ O r - - ' 7 '  -~  = - K  ~ - 2 r  ' 

where  d /d t  = 0/0t + u0 / 0 r ,  G is the s h e a r  modulus ,  and K is the bulk c o m p r e s s i o n  coeff icient .  

P l a s t i c  s t r a i n  will occur  if the condition fo r  p las t i c  flow is m e t .  We take this condition in the M i s e s -  
H u b e r - S c h l e i c h e r  f o r m :  

~l~[=~(A) -4-Y, (1.4) P 

where  a (A) is the coeff icient  of f r ic t ion,  which ls dependent on the dUatancy veloci ty  A and Y is the adhesion.  
The a (A) dependence has  been der ived  in [1] by p roces s ing  data fo r  var ious  types  of sands  and takes  the f o r m  

(A) = ~ (i.52 ~- t.38A - -  A2). (1.5) 
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During the plast ic  flow, the density of the broken rock  a l t e r s  on account of the e las t ic  s t ra in  and of par t lc le  
repacking, which leads to the dilatancy effect .  The following is [1] the equation descr ibing the volume defor -  
mation of the medium with the di latancy effect  in the spher ica l ly  symmet r i ca l  case:  

1 ~ 7 ~ / - . u  -----~--~A(p, p) - ~ r - - ' 7  a .d t  " (1,6) 

Exper iments  [2-4] indicate that A is dependent on the p r e s su re  and density; in par t icu la r ,  it can take positive 
or negative wdues,  which cor respond to loosening and consolidation of the rock.  

Dtlataney has been examined [3] in exper iments  on octahedral  shear  for  sands.  Curves relat ing the vol- 
ume change to the ax ia l  deformat ion have been drawn for  various p r e s s u r e s .  The sand is loosened at low p r e s -  
sures  (as pointed out in [5], the loosening corresponds  to the cu r ren t  poros i ty  m being less  than the cr i t ica l  
poros i ty  m ,  (p) at a given p r e s su re ) .  The dilatancy velocity dec reases  as the p r e s s u r e  r i s e s ,  and the sand 
begins to consolidate at high p r e s s u r e s .  The state with the cr i t ica l  poros i ty  is charac te r i zed  by plast ic  shea r  
without change of volume. As the deformat ion proceeds ,  each of the curves  tends to a cer ta in  constant value, 
which cor responds  to the poros i ty  tending to the cr i t ica l  value. The curve for  m ,  {p) is c losely approx[raated by 

, p \ 1 , 8 5  

(p) = o. 6- 0.02 ( i .  X )  ' 

where Pl is chosen f rom considerat ions  of convenience as 1 kgf /om 2. This formula  implies that the cr i t ica l  
poros i ty  de c r e a se s  as the mean p r e s s u r e  in the specimen r i s e s .  The express ion  for  A (p, p) was chosen as 
a function of the ra t io  p . / p ,  where  p.(p) =PM(1 - m ,  (p)) is the cr i t ica l  density corresponding to the cr i t ica l  
poros i ty  m,@,) and defined by A(p,)  - 0. Here  PM is the density of the minera l  components.  The ve ry s imp]e  
fo rm of A(p, D cor responding  to this p rope r ty  is defined by 

A(p, p )=  A 0 ( t -  P*~P----~)). 

The coefficient A0 is de termined f rom exper imenta l  data [6], which give A0 =0.5. 

2. The sys tem (1.1)-(1.6) may  be wri t ten  in f in i te -d i f ference  fo rm by analogy with [10] and then has 
s econd-o rde r  accu racy  in t ime and coordinate .  An ar t i f ic ia l  l inea r -quadra t i e  viscosi ty  is introduced in o rde r  
to smooth out the hydrodynamic discontinui t ies .  The aceuracy  of the calculation was checked f rom the !aw of 
conservat ion for  the total sys tem energy.  The eoordlnate net was recalcula ted during the solutlon [10], which 
involved increas ing the dimensions of the Lagrangian spatial cell .  

F igures  1-6 show the numer ica l  resu l t s .  Figure 1 shows the p r e s su re  as a function of the reduced dis-  

stance rW-t/~ (W = 4 s vo -~-~ao ~ is the explosion energy) for  the three  instants t~ =6t 0, t 2 =9t0, and t 3 =27t 0 

{curves 1-3, respec t ive ly) .  Here t o =ao/Cl (c/ is the longitudinal-wave speed and v0 is the initial voluble). The 
a r rows  indicate the s ta r t  of the plas t ic  flow behind the front .  F igures  1 and 3 descr ibe  the behavior  of a me -  
dium with the initial poros i ty  m 0 =15% ( 1 - m  0 =1/PMV0). The numerica l  calculations were  pe r fo rmed  with an 
initial l i thosta t ic  p r e s s u r e  Ph =0.2 kbar ,  K=0.52 Mbar, G =0.24 Mbar, and y=1 .4 .  
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Figure 1 shows tha t  the dis tance dependence of the p r e s s u r e  is governed by two fac to r s .  F i r s t ly ,  a 
c o m p r e s s i o n  wave propaga tes  through the med ium whose ampli tude s teadi ly  d e c r e a s e s .  Secondly, s t r e s s e s  
a r i s e  nea r  the cavi ty  that  a r e  de te rmined  by the dynamics  of the medium behind the c o m p r e s s i o n - w a v e  f ront .  
The dis tance dependence of these  s t r e s s e s  is not monotonic .  This  behavior  has been predic ted  f r o m  the so lu-  
tion to a model  p rob lem [8, 9]. This  noumonotontc behav ior  p e r s i s t s  a l so  in the res idual  s t r e s s e s .  The bas ic  
dis tance dependence of the res idua l  s t r e s s e s  is analogous to that of [9]. 

The ampli tude decay in the c o m p r e s s i o n  wave is substant ia l ly  dependent on the initial poros i ty .  Figure  2 
shows the dis tance dependence of the m ax i m a l  radia l  s t r e s s e s  ( r rmax in the c o m p r e s s i o n  wave for  var ious  
po ros i t i e s .  Here  curves  1-3 have been cons t ruc ted  for  initial poros i t i e s  of 5, 15, and 25%, r e spec t ive ly .  The re  
is a c h a r a c t e r i s t i c  kink, whose coordinate  r ,  is desc r ibed  c lose ly  by 

r . W  -1'3 := 0.56 --  0.Pro. 

This  kink is due to detachment  of the c o m p r e s s i o n  wave f r o m  the p las t ic - f low front  and fo rmat ion  of an e las t ic  
p r e c u r s o r .  The damping at  smal l  d i s tances  is of the fo rm ~ r m a x  ~ r - f l ,  where /9  is dependent on the poros i ty .  
For  example , /9  = 1.6 for  m 0 = 5 %, while /9 = 1.8 fo r  m 0 = 25%. Fur ther ,  /9 ~ 1 for  all  poros i t i e s  in the e las t ic  
region.  The sl ight d i f ference  of/9 f r o m  one may  be due to the use of the a r t i f ic ia l  v i scos i ty .  

We now cons ider  the densi ty  change tn the expansion of the cavity.  The change is de te rmined  by the 
r e v e r s i b l e  e las t ic  s t r a ins  and the i r r e v e r s i b l e  deformat ion  assoc ia ted  with the di la tancy.  Figure 3 shows 
graphs  fo r  the dUatancy veloci ty and re la t ive  speci f ic  volume v /v  0 in re la t ion  to reduced dis tance for  the In-  
s tants  of Fig. 1 (curves 1-3,  r e spec t ive ly ) .  The volume change is bas ica l ly  e las t ic  In the region of the com-  
p r e s s i o n  wave,  and the peak  in the densi ty  is re la ted  to the e las t ic  s t r a in  (minimum speci f ic  volume) In the 
region of the c o m p r e s s i o n  wave,  as Is evident f r o m  Fig. 3. P las t ic  flow begins d i rec t ly  behind the c o m p r e s s i o n -  
wave front ,  and this r e su l t s  in i r r e v e r s i b l e  bulk de format ion  assoc ia ted  with di la tancy.  The ~ of (1.4) de-  
c r e a s e s  as  the  ini t ial  po ros i t y  i n c r e a s e s .  Then the p las t ic - f low front  app rox ima tes  to the c o m p r e s s i o n -  
wave f ront .  If the poros i ty  is suff iciently high (m0 > 40%), these  two fronts  coincide until the c o m p r e s s i o n  
wave degenera tes  Into the e las t ic  p r e c u r s o r .  The graph fo r  A shows that  there  can be th ree  s ta tes  of i r -  
r e v e r s i b l e  de format ion  during the cavi ty  expansion.  In the initial s tage,  the p r e s s u r e  Is high throughout the 
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region encompassed  by the p las t ic  flow, and the di la tancy veloci ty  is negat ive,  and t h e r e f o r e  the re  is i r r e v e r s -  
ible consolidat ion (curve 1 in Fig. 3). Then the di la tancy veloci ty  becomes  s ign -va ry ing  (curve 2), but the 
shea r  s t r a in  is smal l  at the initial  s tage of the explosive  motion,  so this has l i t t le  effect  on the curve  for  the 
speci f ic  volume~ Subsequently,  the p r e s s u r e  fal ls  and the di latancy veloci ty  hecomes  posi t ive throughout the 
p las t ic  regiorL (curve 3). The nonmonotonic dependence of the di latancy veloci ty  on the dis tance means  that 
there  is a l so  a nonmonotonlc behav ior  in the speci f ic  volume.  

This  p ie ture  in the di la tancy veloci ty  is substant ia l ly  dependent on the initial poros i ty .  For  example ,  
only the f i r s t  condition occurs  fo r  high poros i t i e s ,  where  there  is only consolidation.  Also, the di latancy co-  
efficient  is a lways posi t ive  for  low initial po ros i t i e s .  

These  fea tu res  of the s t r a in  during the expansion a r e  mos t  prominent  for  the bulk res idua l  s t r a i n  
( e = v / v 0 - 1 )  as a function of d is tance ,  which is shown in Fig. 4. Curves  1-3 co r respond  to initial poros i t i e s  
of 5, 15, and 2,5%. At low poros i t i e s  (curve 1), a loosening zone is fo rmed  nea r  the cavity,  whose s ize  is 
approx ima te ly  half  the final radius  of the p las t ic - f low zone. As the poros i ty  i n c r e a s e s  (curve 2), the res idual  
bulk s t r a i n  shows a nonmonotone dependence on the reduced d is tance .  Finally,  curve  3 shows that there  is a 
consolidat ion :zone nea r  the cavi ty .  This  behav ior  of the res idual  speci f ic  volume means  that there  is a zone 
of reduced po ros i t y  at  reduced d is tances  rW"l/3--- 0.25-0.6.  These  r e su l t s  allow us to examine the behav ior  of 
the permeabll i[ ty k f rom the re la t ionship  between the l a t t e r  and the poros i ty  [11] k ~ m l ,  where  l - 10 for  sand. 
The re fo re ,  he:re the nonmonotone behav ior  e means  that there  is a zone of reduced pe rmeab i l i t y  nea r  the 
cavity.  

Figure 5 shows the re la t ive  final radius  of the cavi ty  a m / a  o and the radius  of the p las t ic - f low zone R m /  
a0 as functions of the initial poros i ty ,  which show that the final radius  of the cavity i n c r e a s e s  l i nea r ly  with the 
poros i ty .  However ,  at  m 0 > 20% the a m ~0)  dependence becomes  nonl inear  and a m begins to inc rease  m o r e  

slowly. Also, R m is constant  at low poros i t i e s ,  while it begins to dec r ea se  slowly fo r  m 0 > 20 %. 

The fina~l d imensions  of the cavi ty  and the p las t ic - f low zone a re  due to the following two f ac to r s .  The 
loosening ef fec t  r educes  the final radius  of the cavi ty  [7], while the final radius  of the p las t ie - f low zone in-  
c r e a s e s  [9 ] . .~dso ,  the final values  a r e  subs tant ia l ly  influenced by the coefficient  of f r ic t ion  (strength of the 
medium).  It has been shown [7, 9] that a m and R m dec rea se  as the f r ic t ion  i n c r e a s e s  for  A =eonst .  The r i s e  
in po ros i ty  r e su l t s  in a fall  in s t rength  and a reduct ion in the di la tancy veloci ty.  For  low poros i t i e s ,  both 
f ac to r s  f avor  i nc rea se  in the final radius  of the eavi ty .  The di la taney veloci ty  becomes  negative fo r  m 0 > 20%, 
and the a m (A) dependenee becomes  weake r  in the region of negat ive A, while the a m  (a) dependence is un-  
a l t e red .  This  :means that the a m (m 0) dependence a l so  becomes  weaker .  These  f ac to r s  ba lance  out at smal l  
poros i t i e s  as  r e g a r d s  the final radius  of the p las t i e - f low zone. The R re(A) dependenee becomes  s t r o n g e r  
~n the region of negative A, while the c h a r a c t e r  of Rm (a) is una l te red .  This  r e su l t s  in the dependence of R m 
on the initial po ros i ty .  

The va r i a t  ion in the poros i ty  in the explosion is de te rmined  by m 0 and by Ph- We also examined the 
effects  of l i thos ta t ic  p r e s s u r e  on the bulk res idual  s t ra in .  Figure  6 shows the r e su l t s  for  the following reg ions :  
res idual  loosening 1, res idual  consolidat ion 3, and nonmonotonle behavior  of the res idual  poros i ty  2. The ca l -  
culations were  p e r f o r m e d  down to a l i thos ta t ic  p r e s s u r e  Ph of 0.05 kbar ,  while fo r  lower  p r e s s u r e s  they were  
ex t rapola ted  as indicated by the b roken  l ines .  Figure  6 a lso  s e r v e s  to define the pe rmeab i l i t y  a f t e r  the ex-  
plosion.  When the re la t ion  between the initial  poros i ty  and l i thos ta t ie  p r e s s u r e  is as in region 1, the re  is an 
improvemen t  in the f i l t ra t ion  p a r a m e t e r s  in the p las t ic - f low zone. Region 2 co r re sponds  to inc reased  p e r -  
meabi l i ty  nea r  the cavity,  but with a reduct ion in the pe rmeab i l i t y  at l a rge  d is tances  (Fig. 4). In region 3 
there  is a de te r io ra t ion  in the f i l t ra t ion  p a r a m e t e r s  in the p las t ie - f low zone. 

3. Here  we have cons idered  an explosion in a med ium in which the di la tancy veloci ty  and s t rength  are  
dependent on the p r e s s u r e  and densi ty .  It has been found that the initial poros i ty  has an apprec iab le  effeet  on 
the propagat ion  of the shoek waves  in a g r anu l a r  med ium.  In pa r t i cu l a r ,  the damping of the max ima l  radia l  
s t r e s s e s  i n e r e a s e s  with the poros i ty ,  as  does the final s ize of the cavi ty .  The s ize  of the p las t ic - f low zone is 
only sl ightly dependent on the initial po ros i ty  fo r  m 0 < 20 % and begins to d e c r e a s e  fo r  m 0 > 20%. 

The initial  po ros i ty  has  its g r e a t e s t  effect  on the behav ior  of the res idual  bulk s t ra in .  The re  is a change 
in the behavior  of the res idua l  s t r a i n  f r o m  expansion to consolidation as the po ros i ty  and I l thos ta t ic  p r e s s u r e  
inc rease .  At in te rmedia te  values  of the po ros i ty  the re  may  be nonmonotonic behavior  of the bulk res idual  
s t ra in :  expansion n e a r  the cavi ty  and consolidation at l a r g e r  d i s tances .  

We a r e  indebted to A. N. Bovt and V. N. Nikolaevsklt  for  useful d i scuss ions .  
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