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Exper imenta l  and theore t i ca l  r e s e a r c h  shows that  the p r e s e n c e  of gas and liquid in rocks  has a c o n s i d e r -  
able ef fec t  on the dynamics  of the expansion of an underground cavi ty  resul t ing f rom an underground explosion. 
Using his wa t e r  head model  Butkovich [1] invest igated the influence of wa te r  on mechan ica l  effects  of powerful  
underground explos ions ,  it was es tab l i shed  that  an inc rease  in the amount of wa te r  in rock  leads to a n a p p r e -  
c iable  i nc rea se  of the peak  p r e s s u r e s  at a c o m p r e s s i o n  wave front .  The expansion of a cavi ty  in a g a s -  and 
w a t e r - s a t u r a t e d  med ium was studied in [2] neglect ing s t rength  effects .  Exper imen t s  [3] show that a c o r r e c t  
theore t i ca l  desc r ip t ion  of the explosion p r o c e s s  r equ i res  taking account of the e las toplas t ic  prope:cties of a 
g a s -  and w a t e r - s a t u r a t e d  med ium.  In the p r e s e n t  p a p e r  we p r e s e n t  a numer ica l  solution of the p rob l em of the 
expansion of an underground cavi ty  in a g a s -  and w a t e r - s a t u r a t e d  e las top las t i e  medium as the r e su l t  of an 
underground explosion. 

1. Suppose at t ime  ze ro  an amount  of energy  W is l ibe ra ted  instantaneously in an explosion in a s p h e r i c a l  
cavi ty  of radius  R 0 in a mul t icomponent  med ium,  We as sume  that  the m a t e r i a l  in the cavi ty  is an ideal gas with 
an adiabat ic  exponent T = 1.4. In gene ra l  the adiabatic exponent changes during the expansion of the cavity,  but 
we neglect  this change and focus our at tent ion main ly  on the quali tat ive behav ior  of the mul t icomponent  medium 
during the explosion.  We desc r ibe  the spher i ca l ly  s y m m e t r i c  motion of the med ium by the hydrodynamic  equa-  
t ions, taking account of s t rength  ef fec ts .  The initial equations in Lagrangian  va r i ab les  have the fo rm 

Or~Or = v{Ou/Or -b 2u/r}, 

Ou/Ot = v{O%/Or -t- 2~lr}, (i.I) 

Oe/Ot -k pOv/Ot = (2/3)~{Ou/ar - -  u/r}. 

The f i r s t  of Eqs.  (1.1) is the equation of continuity,  the second is the equation of motion,  and the third is the 
energy  equation. Here  v and e a r e  the specif ic  volume and specif ic  energy  of the mul t icomponent  medium,  v 0 
is the initial specif ic  volume,  u is the veloci ty,  cr r and ~r a re  the rad ia l  and tangential  components  of the s t r e s s  
t ensor ,  T =ar--(rcp is the s h e a r  s t r e s s ,  p = - ( 1 / 3 )  (ar +2(rcp) is the p r e s s u r e ,  t is the t ime,  and r is the Euler ian  
coordinate .  The r ight-hand side of the l as t  of Eqs.  (1.1) is re la ted  to the work  done by the fo rces  of p las t ic  
de fo rmat ion  a r i s ing  during the mot ion of the medium.  

The s y s t e m  of equations (1.1) is comple ted  by the e las toplas t ic  r e l a t ions  and the equations of s ta te .  
We desc r ibe  the mechan ica l  p r o p e r t i e s  of the med ium in the e las t ic  range  by HookeTs law 

O~/Ot = 2G(Ou/Or - -  u/r), (1.2) 

where  G is the shea r  modulus .  In the p las t ic  range we use the T r e s c a  yield c r i t e r i o n  

]~l = (r* = const, (1.3) 

where  ~* is the yield s t r e s s .  By descr ib ing  the p las t ic  p r o p e r t i e s  of the med ium within the f r a m e w o r k  of the 
ideal p las t ic i ty  model  (1.3) we do not take account of the phenomenon of dry f r ic t ion  which is c h a r a c t e r i s t i c  of 
so i l s .  However ,  taking account of the p las t ic  p r o p e r t i e s  of the m a t e r i a l  in the fo rm (1.3) is ve ry  s imple  and 
enables  us to develop the ma in  quali tat ive r egu la r i t i e s  of the dynamics  of a g a s -  and w a t e r - s a t u r a t e d  meditum. 

To take account  of the gas and m o i s t u r e  sa tura t ion  of a med ium we chose the approach developed in [2, 4] 
which takes  account  of the mul t icomponent  med ium by a model  equation of s tate  with equal p r e s s u r e s  and t e m -  
p e r a t u r e s  in all  components .  The definit ions of the total  specif ic  energy and the total  specif ic  volume for  a 
mix tu re  yield the following re la t ions :  

3 3 

e ---- ~.j Rtei, v = ~ RW~, (1.4) 
i=I i = i  
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Fig. 1 

where the Ri are  the weight contents of the components (the subscript  1 cor responds  to the solid component, 
2 to water ,  and 3 to gas), the e i are  the specific internal energies ,  and the v I are the specific volumes of the 
components.  The equations of state of the solid and fluid components of the mixture were taken in the M i e -  
Gruneisen form [5]. The gas in the mixture was assumed ideal with ~q = 1.7. 

Using the assumption of the equality of p r e s su re s  in the components of the medium we neglect effects 
having charac te r i s t i c  t imes  of the o rder  of the time of the dynamic relaxation of s t r e s ses  between components,  
which ordinar i ly  does not exceed 10 -4 sec.  This assumpt ion  is justified since the charac te r i s t i c  t imes  of the 
evolution of an explosion are  longer  than 10 -3 sec.  Our assumption of equal t empera tures  of the components 
is justified by the fact that according to [1] the charac te r i s t i c  t imes of equalizing tempera tures  is 10-5-10 "6 
sec,  which is shor te r  than the cha rac te r i s t i c  t imes of the evolution of an explosion. We assume that the ex- 
pansion of the gas in the cavity is descr ibed by the same sys tem (1.1) with ~*= 0, and take as the equation of 
state the equation of state of an ideal gas with ~,=1.4. In this way we take account of the complex gasdynamic 
pic ture  of the motion of the gas in the cavity.  For  the numerical  solution the sys tem of equations (1.1)-(1.4) 
was replaced by a sys tem of difference equations approximating the initial sys tem to  second-order  accuracy  
in At and At ,  where At and A r  are  the s izes  of the t ime and space nets. The hydrodynamic discontinuities [ti 
the difference equations were  smoothed out by introducing a l i n e a r - q u a d r a t i c  ar t i f ic ial  viscosi ty to ensure  
the possibil i ty of a continuous solution. The stability of the calculation was ensured by an appropriate  choice 
of the t ime step At. The p r e s s u r e  in the initial cavity and the initial values of p and e in the surrotmding soil 
were  specified. The velocity u at t = 0  was assumed zero  everywhere .  Boundary conditions were specified at 
the center  (r = 0) and ahead of the shock front. A computer  p rog ram was wri t ten for the difference equations 
and used to pe r fo rm the numerical  calculations.  

2. Numerical  calculations were pe r fo rmed  for  G = 100 kbar,  (~*= 150 bar, and pr  bar,  where pc  is 
the background p r e s s u r e  in the medium, in addition, calculations were per formed with (r*= 0 in o rde r  to find 
the influence of s trength effects.  The initial p r e s s u r e  in the cavity was 400 kbar  in all the variat ions calcu-  
lated. In the numerical  calculations the values of l:l 2 and R3 and the gas and water  saturat ion of the soil were 
varied.  The numerica l  calculations showed that for  t > 0 a shock wave is propagated f rom the initial cavity 
boundary in the surrounding rock.  Within the cavity a ra re fac t ion  wave t ravels  through the gas to the center ,  
is reflected back to the cavity wall, etc. From now on we do not discuss the behavior  of the gas in the cavity 
since we are  p r imar i ly  interested in the behavior of the surrounding medium. Figures  1 and 2 show the radial 
distributions of p r e s s u r e  and the radial  and tangential s t r e s se s  for  various values of the pa rame te r s  at spec-  
ified t imes .  The dimensionless  radius r/R0 is plotted along the horizontal axis. Curves 1-3 represen t  p, err, 
and ~0 respect ively  for  R 1 = 0.9684, R 2 = 0 . 0 3 ,  I t  3 = 0.0016 for ). = t / t  0 = 32.5, where t o = R0/r Gv 0 (Fig. 1), and X = 
70.0 (Fig. 2). Curves  4-6 r ep resen t  p, (~r and (r~ for R1 = 0.8968, R 2 = 0.1, IR 3 = 0.0032 for X = 32.5 (Fig. 1) 
and X=70.0 (Fig. 2). Curve 7 shows the value of p calculated for  R1=0.9684, R2=0.03, R3=0.0016 for  X=32.5 
(Fig. 1) and X=70.0 (Fig. 2) for  zero  strength ((r*=0). This curve is shown for  comparison.  It is c lear  that 
an elast ic p r e c u r s o r  is propagated in front of the shock wave whose front can be identified with the position of 
the maxima.  The presence  of the elast ic p r e c u r s o r  leads to the sharp bend in the curves  for  ~r(r) (Fig. 1, 
curves  2 and 5). By using a l i n e a r - q u a d r a t i c  art if icial  viscosi ty the discontinuities are  smoothed out. There -  
fore one can speak of an elast ic  p r e c u r s o r  only qualitatively, since its radial  profi le is determined by a pseudo- 
viscosi ty.  Calculations show that to the right of the ver t ical  dashed line the mate r ia l  is loaded elasti.cally in 
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accord  with Eq. (1.2). Then p las t ic  flow begins and continues up to the m a x i m u m  value of the cu rves .  Af ter  
the p r e s s u r e  r e ac hes  its peak  value the unloading of the m a t e r i a l  is at f i r s t  e las t i c .  Beyond the range  of e las t ic  
unloading the m a t e r i a l  is unloaded p las t i ca l ly .  F igure  3 shows the dis t r ibut ion of peak  p r e s s u r e s  as a function 
of r / R  0. Curve  1 c o r r e s p o n d s  to R l = l ,  R2=0, R3=0; 2) Rt=0.99 ,  R2=0.01, R3=0; 3) R1=0.97, R2=0.03, R3=0; 
4) R l=0 .9 ,  R2=0.1,  R3=0; 5) Ri=0 .85 ,  R2=0.15, R3=0; 6) R1=0.9968, R2=0, R3=0.0032; 7) R1=0.991, R2=0, 
Rs=0.009.  We note that  the po ros i ty  of the m a t e r i a l  fo r  cu rves  2 and 6 and for  3 and 7 is the s ame .  A smal l  
d i f fe rence  in weight contents  of wa t e r  and gas  (the l a t t e r  approx imate ly  one- th i rd  as la rge)  involves an a p p r e -  
c iable  background p r e s s u r e  {pr 200 bar ) .  F igure  3 shows that the peak  p r e s s u r e s  in the loading wave de-  
c r e a s e  sharp ly  with an i nc r ea s e  in m o i s t u r e  content.  Replacing w a t e r  by gas  leads  to a st i l l  s t r o n g e r  damp-  
ing of the shock wave.  The r e su l t s  obtained a r e  in qual i ta t ive ag reemen t  with the r e su l t s  in [2]. The s h a r p e r  
change in the c h a r a c t e r  of the damping of the peak  s t r e s s e s  with an inc rease  in gas  and w a t e r  content noted in 
[2] r e su l t s  f r o m  the fact  that  the ca lcula t ions  in [2] we re  p e r f o r m e d  for  ze ro  back p r e s s u r e .  The l o g - l o g  plots  
in Fig. 3 show that  the peak  p r e s s u r e s  va ry  as a power  of the radius  fo r  R3=0. The deviat ion of cu rves  1-5 
f r o m  l inea r i ty  for  l a rge  r r e su l t s  f r o m  the t r a n s f o r m a t i o n  of the shock wave into an e las t ic  wave.  

The cu rves  in Fig. 4 c h a r a c t e r i z e  the ra t io  of the total  kinetic energy  of all  the moving m a t e r i a l  to the 
total  ene rgy  of the explosion (5 = e k / W  ) as a function of the posi t ion of the boundary of the m a t e r i a l  d is turbed 
by the mot ion  R( t ) /R 0. Curves  1-6 c o r r e s p o n d  to the following gas  and w a t e r  contents:  1) R I = I ,  R2=O, R3=0; 
2) R1=0.97,  R2=0.03, Ra=0; 3) R l=0 .9 ,  R2=0.1, R3=0; 4) R1=0.85, R2=0.15, R3=0; 5) R1=0.9968, R2=0, R3= 
0.0032; 6) R 1 = 0.991, R2= 0, R3= 0.009. The r e su l t s  can be in te rp re ted  in the following way. Ini t ial ly the value 
of 5 i n c r e a s e s ,  and in this s tage t he r e  is a t r a n s f o r m a t i o n  of the energy  of the gas  in the cavi ty  to kinetic en-  
e rgy  of the surrounding med ium.  As the mul t icomponent  med ium is se t  in mot ion t he r e  is a d iss ipat ion of 
ene rgy  both in the shock t r ans i t ion  and in p las t ic  flow. T h e r e f o r e  the p a r a m e t e r  5 is a lways much  s m a l l e r  
than unity. F r o m  a ce r t a i n  instant  the d iss ipa t ion  p r o c e s s  begins to p redomina te  ove r  the pumping of energy  
f rom the cavi ty .  As a resu l t  the kinetic ene rgy  of the moving med ium begins to d e c r e a s e  as the shock wave 
is propagated .  Finally,  fo r  R(t ) /R 0 > 100 all  the cu rves  have constant  a sympto te s .  This  is  r e la ted  to the end 
of p las t ic  flow; fu r the r  mot ion  is e las t ic .  In the p roposed  model  t he re  is no d i ss ipa t ion  of energy  in the e las t ic  
region, which leads  asympto t ica l ly  to a constant  value of 5. It is c l e a r  that this asympto t ic  value of ~i is s m a l l e r  
the l a r g e r  the wa te r  content (curves 1-4). Fo r  ze ro  w a t e r  content (curves 5, 6) the asymptot ic  value of 5 de-  
c r e a s e s  with inc reas ing  gas content.  Thus the h igher  the gas  content,  i .e.,  the h igher  the c o m p r e s s i b i l i t y  of 
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the mul t icomponent  med ium,  the s m a l l e r  is the f rac t ion  of the energy  of the explosion t r a n s f o r m e d  into en-  
e rgy  of e las t ic  waves  and res idua l  e las t ic  s t r a ins .  F igure  5 shows the t ime  dependence of the radius  of the 
cavi ty  a (t)/R 0 as a function of X. Curve  1 co r r e sponds  to a*=  0, R 1 = 0.9684, R 2 = 0.03, R 3= 0.0016; 2) R i = 1, R 2 = 
0, R3=0; 3) R1=0.85, R2=0.15, R3=0; 4) Rt=0.991,  R2=0 , R3=0.009. For  ze ro  s t rength  (curve 1) the final 
m a x i m u m  s ize  of the cavi ty  is de te rmined  so le ly  by the back  p r e s s u r e  PC- The final s ize  of the cavi ty  de-  
c r e a s e s  with inc reas ing  com pres s i b i l i t y  (with an i nc r ea se  in w a t e r  and gas  content).  This  is evidently r e -  
lated to the i nc r ea s e  in the d iss ipa t ion  of the ene rgy  of the explosion (cf. Fig. 4) with an inc rease  in the gas  
and wa te r  sa tura t ion .  

We note that  i n a l l t h e  var ia t ions  ca lcula ted  the backward mot ion of the cavi ty  did not exceed 5-7%. This  
resu l t  is in a g r e e m e n t  with data in [6]. 

The numer i ca l  r e su l t s  p re sen ted  above show the effect  of a change in gas  and wa te r  contents on an ex-  
plos ion in rock.  Fo r  identical  initial po ros i t y  the mechan ica l  effect  of an explosion i nc rea se s  with an inc rease  
in the wa te r  sa tu ra t ion  of the rock.  Replacing the gas  in the po re s  by w a t e r  leads to an apprec iab le  inc rease  
in peak  p r e s s u r e s  at the shock front ,  a l a r g e r  value of the energy  radia ted  in e las t ic  waves ,  and a l a r g e r  s ize  
of the cavi ty .  Phys ica l ly  this  is re la ted  to the d e c r e a s e  in compres s ib i l i t y  of the continuous med ium with a 
d e c r e a s e  in gas content  and a cor responding  inc rea se  in wa t e r  content.  Analysis  of the r e su l t s  of the ca lcu-  
la t ion shows that  taking account of s t rength  effects  de t e rmines  the final s ize  of the cavi ty .  For  a*= 0 the s ize  
of the cavi ty  is apprec iab ly  l a r g e r  than the cor responding  s ize  for  a* 40. The di f ference  in values of the peak  
s t r e s s e s  is 20-25%. A cons idera t ion  of the ene rgy  c h a r a c t e r i s t i c s  of the med ium shows that  the d iss ipa t ion  
of energy  of an explosion i n c r e a s e s  with inc reas ing  gas and w a t e r  content.  
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