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A nonlocal  f o rmu la t i on  i s  p r o p o s e d  for  the hypo thes i s  of the cons tancy  of r ock  p r e s s u r e  
fo r  nons t a t i ona ry  p e r c o l a t i o n  under  p r e s s u r e  in a d e e p - l y i n g  e l a s t i c  rockshe i f .  A c -  
co rd ing  to the fo rmula t ion  p roposed ,  s t r e s s  v a r i a t i o n s  in the ske le ton  of the r o c k s h e l f  
a r e  caused  by changes  in the i n t e r s t i t i a l  p r e s s u r e  in the p r o x i m i t y  of the a r e a  studied~ 

1. N o n s t a t i o n a r y  phenomena  o c c u r r i n g  dur ing  the p e r c o l a t i o n  of homogeneous  d ropping  l iquid (pe t ro -  
l e u m  or  water )  in d e e p - l y i n g  r o c k s h e l f s  a r e  a s s o c i a t e d  with the effect  of con t r ac t ion  of the i n t e r s t i t i a l  
space  which a c c o m p a n i e s  a l i q u i d - p r e s s u r e  drop~ Con t r a c t i b i l i t y  is  d e t e r m i n e d  by  h y d r o s t a t i c  expans ion  
of the g r a i n s  of the m e d i u m  as  well  a s  by  r o c k - s k e l e t o n  c o m p r e s s i o n  under  the ac t ion  of r ock  p r e s s u r e .  
R igo rous  computa t ion  of t r a n s i e n t  p r o c e s s e s  mus t  be b a s e d  on a m a t h e m a t i c a l  model  of the f l u i d - s a t u r a t e d  
d e f o r m a b l e  po rous  m e d i u m  [1, 2], with a l lowance  for  the s t r e s s  r e d i s t r i b u t i o n s  which o c c u r  in the s u r -  
rounding  r o c k  s e r i e s .  The c o r r e s p o n d i n g  b o u n d a r y - v a l u e  p r o b l e m  is ,  however ,  highly complex  and, in 
p a r t i c u l a r ,  i t s  f o r m u l a t i o n  in each  individual  c a s e  is  h ighly  ambiguous  due to the absence  of de t a i l ed  da ta  
on geo log ica l  c r o s s  s ec t ion  and mechan i ca l  p r o p e r t i e s  of the su r round ing  r o c k s .  This  is  why ex tens ive  use  
i s  s t i l l  made  of the e l e m e n t a r y  t h e o r y  of e l a s t i c  p e r c o l a t i o n  [2] b a s e d  on the hypo thes i s  of the  cons tancy  of 
r ock  p r e s s u r e  F (x i) at each  point  of a r o c k s h e l f  of t h i cknes s  2h: 

(xl, x2; t) + p (X 1, x2;t) = F (xl, x2), (1.1) 

dur ing  t r a n s i e n t  p r o c e s s e s ,  when the i n t e r s t i t i a l  p r e s s u r e  p and the ef fec t ive  p r e s s u r e  a in the rock  s k e l e -  
ton v a r y  in t i m e .  A r e l a t i o n  be tween  p o r o s i t y  m and the p r e s s u r e s  p and (~ is  in t roduced ,  in a s i m p l i f i e d  
s t a t emen t ,  on the b a s i s  of e x p e r i m e n t a l  da ta .  This  m a k e s  i t  p o s s i b l e  to r educe  the cont inui ty  equat ion for  
the l iquid phase  and the mot ion  equat ion (Darcy  law) 

O ( r n p ) +  div (gw) = G, w = - -  ~-gcadp, 
(1.2) 

in a l i n e a r  app rox ima t ion ,  to the fol lowing equat ion:  

%~-Pt 0~ ks G 
(a~ ~- a) - - b ~ y  == mo~o ~72P+ mo~o (1.3) 

In th i s  equat ion,  t h e r e  a r e  in t roduced  d i s t r i b u t e d  s o u r c e s  and s inks  G(x i, t) which s i m u l a t e  the effect  
of i n t e r s t i c e s  th rough  which the l iquid p e n e t r a t e s  into o r  is  r e m o v e d  f r o m  the rock .  

By us ing  hypo thes i s  (1.1),  i t  is p o s s i b l e  to f u r t h e r  t r a n s f o r m  Eq. (1.3) to a p i ezoeonduc t iv i ty  equa-  
t ion (the t e r m i n o l o g y  is  due to Shchelkachev [4]) 

Op ko G 
= • + q, u --  V.o~m----~' q = mo,3po" (1.4) 
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Here,  z is the piezoconduct ivi ty  coeff icient ;  k is the p e r m e a b i l i t y  of the rock;  fl is  the c o m p r e s s i b i l -  
ity of the rock;  p is  the fluid dens i ty ;  # is the v i scos i ty  of the f luid;  

(plpo)= l +ap(P--po); (rn/mo)= l + a ( p ~ p o ) - - b ( z ~ o o ) ;  
~=ap-~a  +b. 

We note that for  cemented  sands tones  

a ~ 5.10 -" atrn -1, b ~ t0-* atrn -1, m = 0.1 -~- 0.2, k = t0 -~~ -- t0-~ cm ~, 

for wa te r  

for  pe t ro l eum 

ap ~ 5.t0 "5 atrn -l, 

ap ~ t0 -~ § 10 -s atm -1, 

The der iva t ion  of Eq. (1.4), f i r s t  proposed by Jacob [3], was recen t ly  d i scussed  in [5]. 

An ana lys i s  of d i f ferent  ve r s ions  [3, 6, 7] of the fo rmula t ion  of the local  hypothesis  (1.1) is  given in 
[8, 9]. In [9], it is shown in addit ion that neglect  of the so l i d -pa r t i c l e  d i sp l acemen t  ra te  in the Darcy law, 
while s imul t aneous ly  account ing for the com pr e s s i b i l i t y  of the solid phase in the cont inui ty  equation (1.2), 
is  p e r m i s s i b l e  for  cemented  porous  media  (the a / b  ra t io  is equal to f rac t ions  of unity).  

2. The local  fo rmula t ion  of hypothesis  (1.1) about the r o c k - p r e s s u r e  constancy at each point of the 
rock does not take into account that the su r round ing  s h e a r - r e s i s t a n t  rocks ,  with dec rea s ing  in t e r s t i t i a l  
p r e s s u r e ,  act not only as a load but as a ce i l ing  as well .  Indeed, if in a thin s t r a t u m  (see figure) a change 
in i n t e r s t i t i a l  p r e s s u r e  Ap takes  place only in a suff ic ient ly  n a r r o w  e lemen t  (of length l ) ,  then, due to the 
work of the su r round ing  rocks  as a ce i l ing  (beam), changes in effective p r e s s u r e  in the middle  of this  
e lement  will not sa t is fy  condit ion (1.1), i . e . ,  Aa+A0 ~0~ Quali ta t ively,  it can be seen  that with i n c r e a s i n g  
l e n g t h / t h e  zone of i n t e r s t i t i a l  p r e s s u r e  drop, the beam deflect ion,  and, hence, the change A~ will i n c r e a s e .  
Here,  the re  exis ts  a ce r t a in  c h a r a c t e r i s t i c  length d, such that for l>>d, the equali ty A~+Ap=0 will be s a t i s -  
fied in the cen te r  of an isola ted zone. The p a r a m e t e r  d should the re fo re  be cons idered  as a quant i ta t ive 
c h a r a c t e r i s t i c  of a given rockshel f  (mechanical  p rope r t i e s  of the shelf i t se l f  and of the en t i re  rock se r i e s ) .  

With the in tent ion of r e t a in ing  the e l e m e n t a r y  na tu re  of the theory  be ing  developed, we formula te  a 
nonlocal  hypothesis  about r o c k - p r e s s u r e  constancy,  in the fo rm 

(x,, t) + if Op (xl, xi", d)p (xi', t) dxl ~ dxr -~ F (x,). (2.1) 

Here,  6 (x i, x i ' ;  d) is a ce r t a in  inf luence funct ion which depends p a r a m e t r i c a l l y  on d, while i n t e g r a -  
t ion is extended over  the en t i re  a rea  of the rockshelf .  F o r  an i so t rop ic  homogeneous rockshelf ,  an approxi -  
mat ion  is  p e r m i s s i b l e  where the inf luence function is cons idered  to depend solely on coordinate  d i f ference  

(I) (x~, xi'; d) : ~ (xi  - -  xi'; d) 

(general ly  speaking, these  condit ions do not hold, because  of the inhomogenei ty  and an iso t ropy  of the i n t e r -  
s t i t ia l  p r e s s u r e  f ields - in which case  d is not a sca la r ) .  

Let us cons ider ,  for example,  a funct ion r of the fo rm 

i~-!_,2 
(2.2) 

Then, in the l imi t ing  case  d ~ 0, function (2.2) reduces  to a del ta  
funct ion 6 ( x l - x l ' )  5 (x 2-x2 ' ) ,  while condit ion (2.1) degenera te s  to the 
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local  condit ion (1.1). In the other l imi t ing  case,  d ~ ~, hypothesis  (2.1) reduces  to the condit ion 0cr/~t=0, 
which impl ies  that the mean  s t r e s s e s  in the rock skeleton a re  constant  in t ime .  In this  case,  the p r e s s u r e  
r e d i s t r i b u t i o n  is desc r ibed  by Eq. (1~ 4), but with a la rge  piezoconduct ivi ty  coefficient  that co r responds  
only to con t rac t ib i l i t y  due to hydros ta t i c  Compress ion  of the gra in  m a t e r i a l  of the med ium and of the i n t e r -  
s t i t ia l  l iquid.  

It should be noted that by in t roduc ing  a t ime  dependence to the function 4), it becomes  poss ib le  to 
take into account the creepage  effects of the r o c k - s e r i e s ,  while in t roduct ion  of a t ime  dependence to the 
r e so lv ing  equat ion for poros i ty  makes  it poss ib le  to take into account  the creepage  effects of the rock 
skele ton i t se l f .  

The fact that the effective p r e s s u r e  in a rockshel f  changes only when the mean  rock p r e s s u r e  (i. e . ,  
a ce r t a in  i n t e r s t i t i a l  p r e s s u r e  averaged over  the area) changes has been pointed out a l ready  by G. V. 
Isakov in 1948 [6] ; however,  an appropr ia te  ma themat i ca l  fo rmula t ion  for a pos tu la t ion  of this  type is 
yet  to be obtained.  

3. If the inf luence function 4~depends only on the coordinate  d i f ference  x i - x i ' ,  then the p rob lem can 
be solved with the aid of F o u r i e r  i n t eg ra l s  [10, 11]. Indeed, by applying, for example,  F o u r i e r  t r a n s f o r m s  
to the Eqso (1.3), (2.1), and (2.2), we get 

dP drI Z ( ~ + n ~ ) P  X ( ~ , n , t ) ,  (i  - -  ~) -7/- - -  o~--dT- § = 

-~-/- = ~ n  _ F (~, ~) -~-/- ' d ~  F (~, ~) = exp ( - - ~  ~----A ~ d~) 

b 
H = L~, P = Lp, X = Lq, zr = - f ,  

L ] =  ~ ~I / (xl, x2; t)e~+~x~dx~dx~. 
--oo 

(3.1) 

If P0=Lp(xi;  t=0),  then the genera l  solut ion to (3.1) has the fo rm 

t 

P = Po (~, 11) e-Ut(~*+n~)A -~ f X (~, 1], T) Ae-*(t-~')(~'+n*) A d~, 
o 

A - l =  l - - a ( l - - F ) .  (3.2) 

The des i r ed  solut ion for  p(x i, t) is obtained by applying F o u r i e r ' s  converse  t heo rem [11] to (1.3). 

Let us examine ,  as an example,  the p r ob l e m of nons t a t i ona ry  p r e s s u r e  changes in a rockshel f  into 
which at a moment  of t ime  t =0, a l iquid m a s s  G o was ins tan taneous ly  in t roduced through a ga l l e ry  located 
at c r o s s  sect ion x=0. In this  case 

a (z~, t) = qo6 (z~)~ (t) 

and, hence, 

x (L o; ~) = q0~ (~) / ]f2-~. 

Then,  the solut ion has the fo rm 

p(x, t ) - - p o : ' ~ -  t _ a ( t _ F ( 5 ) ) e x p  t - -a 'O--F(~))~ d~= n ~ . t  I, 
--03 

COS rrtz e x p { - -  Z2 ; d g .  
I : t - -a[ l - -exp( - -gz~ /4)]  l--cr j 

0 

(3.3) 

where  use  is  made of the pa r i ty  of the func t ion ' s  i nve r s e  t r a n s f o r m  des i r ed  and the notat ions 
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a re  int roduced.  

Given below are  values  o f l / 2  I f o r a  =1/2, obtained on a compute r  for var ious  values  of m and for  
• and )~=10: 

m=O 0.1 0.5 l 2 3 
0.5I ~0.443t 0.4420 0.4t63 0.345t 0.t630 0.0467 (z~O) 
0.5I ~0 .4386 0.4380 0.4208 0.3706 0.2147 0.0662 (z=tO) 

F r o m  (3.3) de r ive  solut ions  for l imi t ing  special  eases  (X--*0 and • which can be i n t e rp re t ed  as 
asymptot ic  solut ions  

q 0  
p(x, t ) -  P o =  .f-:z --7":. , d ~  zt, x ~  V ' ~  (Z--> 0); V z t  

., q0(l--a)-i V'~ ( x 2 ) 
p ( x , , - p o =  :V-~ 4 ~ P - ~ ,  

d-" >~ • x ~ l,Z~/" (~ ~ o0). 

• 

(3.4) 

(3.5) 

As expected, in motion regions  much l a r g e r  than m e a s u r e  d, the solut ion conforms roughly with 
o rd ina ry  local  theory.  If the motion region  is much s m a l l e r  than m e a s u r e  d, local  theory is a lso sui table  
as an approximat ion ;  however,  the effective piezoconduct ivi ty  coefficient  is then l a r g e r  ~ l=u  (1-o~) -1.  
In this  case,  for the same amount  of admit ted liquid, the p r e s s u r e  must  be higher  than that obtained f rom 
local  theory  (compare the values  computed for m ~ 1, ~ =10). 

The author  is indebted to E. A. Avakyan and N. A. Ef remova  for pe r fo rming  the computat ions .  
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