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The ar t ic le  d iscusses  the effect of the rigidity of the strata covering a water -bear ing  level 
on the laws governing elastic fil tration conditions during the p rocess  of tes t  evacuations. 
The problem reduces  to solution of the equation for the sag of an infinite slab on an elastic 
base. It is shown that the r igidity of the covering s trata  can be neglected only with a suf- 
ficiently long duration of the evacuation; corresponding approximate c r i t e r i a  a re  given. 

As is well known, the c lass ica l  theory of elast ic fil tration conditions is based on the assumption of the 
total t r ansmiss ion  of a "depression load" to water -bear ing  rocks .  In other words,  it is assumed that a de-  
c rease  in the p r e s s u r e s  S at any given point of the covering of the wate r -bear ing  s t ra tum brings about an 
increase  in the effective p r e s s u r e  at this point by an amount TS(T is the volumetr ic  weight of water).  There  
is no doubt with respec t  to the prac t ica l  application of this postulation, under the condition that the dimen-  
sions of the depress ion c r a t e r  considerably exceed the total thickness of the rock  coverings,  M. However, 
many fi l trat ion problems are  solved for conditions when the diameter  of the zone of the effect of evacuation, 
2R, is commensura te  with the value of M, o r  even less; this occurs ,  for example, when car ry ing  out r e l -  
atively sho r t - t e rm  evacuations f rom water -bear ing  strata,  lying at considerable depths. Under such con-  
ditions, it is evident that there will be a considerable "hanging" effect of the covering stratum; the p r e s -  
sure on the wate r -bear ing  rocks  (within the limits of the zone of the evacuation effect) f rom the side of the 
covering rocks  will be only par t ia l ly  t ransmit ted,  in view of the rigidity of the s t ra ta  and of the limited di-  
mensions of the depression c ra t e r .  This fact has already been pointed out in a number of ear l ie r  published 
ar t ic les  [1, 2]. In par t icu lar ,  the authors of [2], proposing an a rb i t r a ry  law for the t ransmiss ion  of the p r e s -  
sure,  note that the bending of the curves of the res tora t ion of the level in their  initial segments may be ex-  
plained prec i se ly  by this incomplete t r ansmiss ion  of the p r e s s u r e  during the f i r s t  s tages of evacuation. 

In distinction f rom work car r ied  out ear l ie r ,  in the present  ar t ic le  an attempt is made to make a r ea l  
evaluation of the effect of the "hanging" factor  on elastic fil tering conditions. 

The problem is solved in a simplified statement.  Around a borehole of radius r 0 there is set up a 
depression c ra t e r  with a radius R; the depress ions  within the limits of the c ra t e r  are  descr ibed by the log- 
ar i thmic dependence 

In (R / r) 
S (r) = So in (n / to) (1) 

Here S O is the depression in the borehole; r is the instantaneous coordinate.  

As a resu l t  of the lowering of the hydrostat ic  p re s su re ,  the shelf of covering rock tends to sag, so 
that the excess effective p r e s s u r e  P0 = TS(r) is t ransmi t ted to  the water -bear ing  rocks  f rom which the vacua-  
tion is being ca r r i ed  out. 
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The sagg ing  i s  p r e v e n t e d  by the  f o r c e s  of e l a s t i c  r e s i s t a n c e  to the  bending  of  the  r o c k s  c o v e r i n g  the 
she l f ,  and  by the  f o r c e s  of  e l a s t i c  r e s i s t a n c e  f r o m  the  s ide  of the  w a t e r - b e a r i n g  s t r a t u m  unde r  c o m p r e s s i o n .  
In v iew of the  l i m i t e d  s c a l e s  of the  d e f o r m a t i o n s  of  the  c o v e r i n g  she l f ,  i t  i s  c o m p l e t e l y  a d m i s s i b l e  to a s s u m e  
tha t  t hey  obey  the l aws  of the  t h e o r y  of e l a s t i c i t y .  

In t h i s  s t a t e m e n t ,  the  p r o b l e m  is  r e d u c e d  to so lu t i on  of the  equa t ion  fo r  the  a x i s y m m e t r i c  sag  of an 
in f in i te  s l ab  on an  e l a s t i c  b a s e  [3], which ,  wi th  a p p l i c a t i o n  to the cond i t ions  under  c o n s i d e r a t i o n ,  m a y  be 
w r i t t e n  in the fo l lowing  m a n n e r :  

(2) D ~'fi-r~ -}-u ] l " - J - - ~ l '  = p o ( r ) - - A l ( r )  

t + 8 E M  ~ 
A ~  a ~  ' D ~  12(l--v~) 

H e r e  l is  the  d e f o r m a t i o n  sagg ing  of the  c o v e r i n g  r o c k s ,  o r  the  c o m p r e s s i o n  d e f o r m a t i o n  of the  w a t e r -  
b e a r i n g  r o c k s ;  A i s  the  c o e f f i c i e n t  of p r o p o r t i o n a l i t y  be tween  the c o m p r e s s i o n  d e f o r m a t i o n s  of the  w a t e r -  
b e a r i n g  r o c k s  and t h e i r  load ing;  c, a ,  and m a r e  the  p o r o s i t y  coe f f i c i en t ,  the  c o m p r e s s i b i l i t y  coe f f i c i en t ,  
and  the t h i c k n e s s  of  the  w a t e r - b e a r I n g  r o c k s ;  E and v a r e  the Young modu lus  and the P o i s s o n  coe f f i c i en t  
( ave raged )  for  the  r o c k s  of  the  c o v e r i n g  she l f .  

The  g e n e r a l  so lu t i on  of th i s  equa t ion  has  the  f o r m  [3] 

I = tWO (P) + c2vo (P) + C81o (P) + C4go (P) + ~o (o) (3) 

P" = br, b = (A / D) '/~, Uo (P) = ber (P) 

v o (p) = ~ bei (p), 1o (p) = --2~ -t kei (p), go (P) = --2a -z ker (p) 

H e r e  c i a r e  i n t e g r a t i o n  c o n s t a n t s ;  b i s  a r e d u c t i o n  coe f f i c i en t ;  10(P) i s  s o m e  p a r t i a l  so lu t ion  of Eq.  (2); 
k e r  (p), k e i  {p), b e r  {p), be i  (p) a r e  T h o m s o n  func t ions  [4]. 

F o r  the p a r t i a l  c a s e  of  a f o r c e ,  u n i f o r m l y  d i s t r i b u t e d  a r o u n d  a c i r c l e  wi th  the  r e d u c e d  r a d i u s  p = ~,  
the  so lu t i on  a s s u m e s  the  f o r m  [3] 

~aq 
l (p, ~) = ~ [Io (~) Uo (p) -- go (~) Vo (p)] for p ~ 

~aq 
/(p.,c~) = ~ [ U o ( ~ ) / o ( p ) - - V o ( ~ ) g o ( p ) ]  for p>/~ 

w h e r e  q i s  the  i n t e n s i t y  of  the  l oad ing  

In a c c o r d a n c e  wi th  the  law a d o p t e d  in (1) fo r  the  d i s t r i b u t i o n  of the  d e p r e s s i o n ,  S, the d e p r e s s i o n  
load ing  (on a c i r c l e  wi th  the  r e d u c e d  r a d i u s  p = ~) i s  c h a r a c t e r i z e d  by the i n t e n s i t y  

(4) 

2~r po In (gt / a) po = bro 
q(:Q=P~ 2 ~ p -  b --  TS~ b ln  (pH poi , p~ = bR (5) 

The  t o t a l  d e f o r m a t i o n  f r o m  the  whole  d e p r e s s i o n  load ing  can  be  ob t a ined  by i n t e g r a t i n g  e x p r e s s i o n  
(4) wi th  r e s p e c t  to ~ wi th in  the  l i m i t s  f r o m  P0 to Pl ,  wi th  an i n t e n s i t y ,  q, c o r r e s p o n d i n g  to f o r m u l a  (5) 

l (P)= 2Aln(Rlro) [o(p) aUo(a)ln(p1/~)d~--go(p) a v o ( a ) l n ( p l / a ) d ~  
Oo Po 

Pl Pl 

~- Uo (p)S afo(~)|n(pllm)d~--"o (P)S ago(a)In (pl/~)d0Ll 
To s o l v e  the  i n t e g r a l s  in e x p r e s s i o n  (6), we u s e  the  r e l a t i o n s h i p s  

. vo(~}~d~=-~o' {~), I~o{~)~d~ = ~vo' (~) 

f,o ( , ) ,  d, = - ,~o '  (,), l go (,),,~- =-1o' (-) 
vo/o' + Uogd = Uo'go + vo'/o + 21 ~x  

(6) 
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At  R >> r 0 and r0 ~ 0, the  so lu t ion  of (6) i s  b rough t  
to the  f o r m  

~TSo {2a-~ln(~-)+go(p)--[]o(p~)Vo(p) 
l ( p ) =  2Aln(R/ro) 

% (7) 
+ go (p1) Uo (P)]t 

In particular, the deformation sagging at the 

center (with p = O) is 

l (0)= A In (B / ro) In P1 -- T go (p1) (8) 

In v iew of the  fact  t ha t  the  p r e s s u r e  t r a n s m i t t e d  to  the  w a t e r - b e a r i n g  s t r a t u m  is  equa l  to Pl = A / ,  f r o m  
f o r m u l a  (8) i t  f o l l ows :  

"fSo [lnpx n go(p~)]. 
pl (0) = In (B / to) -2- �9 

With an  i n c r e a s e  in Pt ,  the  funct ion  g0(Pi)-~ 0; t h e r e f o r e ,  c o m p l e t e  t r a n s m i s s i o n  of the  p r e s s u r e  a t  the  
po in t  r = 0 can  t a k e  p l a c e  on ly  a t  v e r y  l a r g e  v a l u e s  of Pl  (when In Pi <<lnP0). 

F i g u r e  1 g i v e s  c u r v e s  of the  r e d u c e d  p r e s s u r e s  fo r  ~ = 2 and Pi = 5, 

In (B / to) In (R / ro) 
Pl (p) ---- pl (P) TSo , Po (p) = po (p) TSo 

It i s  ev iden t  f r o m  F i g .  1 tha t ,  a t  Pi = 2, the  a c t u a l  p r e s s u r e  t r a n s m i t t e d  to the  w a t e r - b e a r i n g  s t r a t u m  
d i f f e r s  s h a r p l y  f r o m  the v a l u e s  of the  p r e s s u r e  c a l c u l a t e d  on the  a s s u m p t i o n  of c o m p l e t e  t r a n s m i s s i o n  of 
the  d e p r e s s i o n  load ing .  On the  c o n t r a r y ,  a t  Pi  = 5, the  a c t u a l  and c a l c u l a t e d  p r e s s u r e s  a r e  su f f i c i e n t l y  c l o s e  
t o g e t h e r  wi th in  the  l i m i t s  of a c o n s i d e r a b l e  p a r t  ( a p p r o x i m a t e l y  85%) of the  a r e a  of the  d e p r e s s i o n  c r a t e r .  

To e v a l u a t e  the  v a l u e s  of Pl a t  which  the e f fec t  of  the  i n c o m p l e t e  t r a n s m i s s i o n  of the  p r e s s u r e  on the 
f i l t r a t i o n  p r o c e s s  w i l l  be  a p p r e c i a b l e ,  we d e t e r m i n e  the  quan t i ty  

R Ot 
2~ [' 2~A f' 

~(p1) : -  7 -  j pl(r)rdr=--V2-- ~ Z(p)pdp 
ro Po 

R 0t  

ro Po 

Tak ing  accoun t  of (7), t h i s  quan t i t y  can  be  r e p r e s e n t e d  in the  f o r m  

q~ (pl) = t --  (2~ / pl) [10 (pz) go' (pl) - go (pz) v0' (pl) --  f0' (pl)] 

The  quan t i t y  ~{Pl) o b v i o u s l y  c o r r e s p o n d s  to the  r a t i o  of the  v o l u m e  of the  e l a s t i c  r e s e r v o i r s  be ing  
e v a c u a t e d ,  i . e . ,  the  a c t u a l  and  the  c a l c u l a t e d ,  wi th  the  u s u a l  a s s u m p t i o n  wi th  r e s p e c t  to the  c o m p l e t e  t r a n s -  
m i s s i o n  of the  d e p r e s s i o n  load ing .  If i t  i s  a s s u m e d  tha t  the  c onduc t i v i t y  of  the  s t r a t u m  is  i n v a r i a b l e ,  then  

(P (P0 = ao* / a* - ~* / ~o* 

w h e r e  a0* and/~0" a r e  the  coe f f i c i en t  of  p i e z o c o n d u e t i v i t y  and the  y i e l d  of w a t e r ,  d e t e r m i n e d  wi thout  t ak ing  
accoun t  of the  "hang ing"  f a c t o r ;  a*  a n d s *  a r e  the  s a m e ,  but  t ak ing  a c c o u n t  of  the  "hanging"  f a c t o r .  The  
d e p e n d e n c e  ~{Pl) is  shown in F ig .  2 (Curve  1). 

Thus ,  the  e f f ec t  of the  "hanging"  f a c t o r  c o m e s  down, in the  f ina l  a n a l y s i s ,  to the  f ac t  t ha t  the  c o e f f i -  
c i en t  of  p i e z o c o n d u c t i v i t y  i s  found to be a quan t i ty  depend ing  on the  d i m e n s i o n s  of  the  zone of  the  e v a c u a t i o n  
e f fec t ,  and  v a r y i n g  f r o m  k ( l +  e ) / T E l e  (E 1 i s  the  e l a s t i c  modulus  of wa te r )  to i t s  l i m i t i n g  va lue  a0* with  a 
su f f i c i en t l y  long d u r a t i o n  of the  evacua t i on .  
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On the other hand, it can be shown that, with single evacuations, the zone from which more than 85% 
of the elast ic r e s e r v e s  of water come, is limited ,by the calculated radius 

(t) = 2 Va-~ -  (9) 

and if, in this case,  the depression curve is approximated by the logari thmic law (1), the volumes of the 
elast ic r e s e r v e s  actually evacuated after  a time t a re  found to be equal to the volume of a depress ion c ra te r  
with the above calculated radius.  

Consequently, it may be postulated that, for the given problem, in all the above reduced relat ionships,  
the quantity R is understood as a calculating paramete r ,  determined by formula (9); therefore ,  the quantity 
p2 = b2R2 is found to be direct ly  propor t ional  to the t ime t ,  so that the function q~(pl) (Fig. 2) can be equated 
to some function of the t i m e f ( t ) ; f ( t )  -~v(2b ~/'a0* t). 

Thus, for the conditions of the problem under consideration, it is possible to speak of the change in 
the calculated value of the elast ic water  removal  with t ime. 

In view of this, it is apropos to draw an analogy between the problem under considerat ion and the 
problem of f i l trat ion in wate r -bear ing  s t ra ta  without p re s su re .  As is well knwon, with relat ive sho r t - t e rm 
evacuations,  the calculated water  removal ,  g ,  f rom a p r e s su re l e s s  wate r -bear ing  s t ra tum is found to be a 
quantity which depends essential ly on the time; this dependence can be writ ten in the form [5] 

A 1 B l t  - -  ( i  - -  e - -  x , B d  ) 
~ x  - -  ~o - -  A I B #  --I- A 1 - 1  (i - -  e - A 1 B t t  ) (AI, B1 = const) (10) 

Here t is the t ime; ~0 is the value of the water  removal  at t - * ~ .  Taking this c i rcumstance  into ac -  
count, we shall at tempt to approximate the curve in Fig. 2 by a formula of the type 

A~pz ~ - -  ( I -  e -Az~ ) (11 )  

(P -- A~91 ~ ~ B~ (i -- e -a~p~') 

At A 2 = 0.4 and B 2 = 0.6, the approximation is found to be sufficiently sa t i s fac tory  (Fig. 2, curve 2). 
F rom a compar ison of (11) and (10) it follows that the case of fi l tration under consideration may, with a 
cer tain amount of approximation, be approximated by relat ionships derived for p r e s su re l e s s  fi l tration with 
var iable  water  r emova l  [5]; in this case,  the quantity Bit in (10) corresponds  to the quantity p2 in ( l l ) .Whi le  
in the case of p r e s s u r e l e s s  f i l t rat ion the change of the water  removal  with time may be neglected [5] only 
with Bit > 5-10, in the problem under consideration,  the corresponding cr i te r ion  has the form p2 > 5-10" or  

-~-->(i.2 :--t.7) ~ (l~_e)(i__~)' (12) 

Starting f rom express ion (9), we can obtain a corresponding t ime cr i te r ion  for a single evacuation, 
with a constant output 

"-~i- :> (0.4 -- 0.7) --~ (1 + s)(t -- 'v~')" (13) 

Consequently, all the calculating formulas  for elast ic fi l tration conditions may be used for the analysis  
of test  evacuations only when they are  of sufficient duration. This fact, in par t icu lar ,  considerably r e s t r i c t s  
the applicability of a number of express  methods for study of the fi l trat ion pa rame te r s  for sufficiently deep- 
lying wate r -bear ing  s t ra ta .  

Finally, the solution presented here descr ibes  the p rocess  of the t r ansmiss ion  of p r e s s u r e  with a c e r -  
tain degree of approximation.  In par t icu lar ,  it was assumed that the shelf of covering rock sags in acco rd -  
ance with the theory of thin slabs which, general ly  speaking, is admissible  [6] only with sufficiently large 
values of Pl. Fur the rmore ,  definite e r r o r s  in the c r i te r ion  (13) are  introduced by the assumption that the 

*Since the difference between the values of P1 and P0 changes sign with an increase  of p, at p2 = 5, the cal-  
culated water  removal  a l ready differs f rom the actual value by less than 25% (Fig. 2). 
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quantity R var ies  in accordance  with the law (9). Finally, it is important  to bear in mind that, in actual 
fact, the shelf of covering rock will sag, not in a manner s imilar  to a solid slab, but as a stratif ied system; 
under these c i rcumstances ,  as a resu l t  of the presence  of undrained p re s su re  s t ra ta  in this shelf, there 
will be sagging of the wa te r -bear ing  layer  covering the water -bear ing  s t ra tum being tested; this takes place 
under the action of the difference in heads ar is ing during evacuation. 

All these factors  are  evidence of the fact that the formulas  obtained above a re  constructed for con- 
s iderably simplified conditions. It must, however, be noted that, a t t h e  p resen t -day  level of the invest iga-  
tions, a more  accura te  statement of the problems under consideration would have no pract ica l  meaning 
since, for this, in each actual s t ra tum, before car ry ing  out the evacuation there would be required rel iable 
data on the s t ruc ture  of the covering shelves and on the strength pa rame te r s  of the rocks of which they are  
made up. Therefore ,  here  only a more modest problem has been posed: to make an evaluation, even if 
only approximate,  of the lower limit of the applicability of the general ly  accepted equations of elastic f i l t ra -  
tion conditions. 

To evaluate the rea l  quantities which, in pract ice ,  charac te r ize  the c r i te r ia  (12) and (13), as an exam-  
pie, we shall consider  a wate r -bear ing  s t ra tum,  the Buchak in the Yuzhno-Belozersk i ron-ore  deposit. 
According to the resul ts  of investigations in the VNIMI [All-Union Scientif ic-Research Institute for  Mine 
Surveying], it is charac te r ized  by the following pa ramete r s :  E ~  0.5 �9 104 kg/em2; a = 7" 10 -4 cm2/kg; c = 0.7; 
u = 0 . 4 ;  m = 1 5  m. Since M=250 m, f rom (12) we obtain 

R r15.0.5. i04.7.t0 -47,h 
-~- :> (1.2! ~ 1.7) [250.I.7.(i -- OA6)J "~ 0.75 to l.i 

Consequently, in order  that the resul ts  of a single evacuation, c a r r i ed  out f rom the Buchak 
s t ra tum,  may be analyzed without taking the "hanging" factor  into account, it is necessary ,  as a minimum, 
that the radius  of the depress ion c ra te r  exceed the thickness of the covering shelves.  

If it is assumed that the rat io a / ( 1  + c) is of the same order  of magnitude as the quantity E -1 (this a s -  
sumption, as a rule will decrease  the role of the "hanging" factor  with evacuation f rom sandy water -bear ing  
strata),  and that u = 0.3-0.4, we obtain the approximate e~timates 

�9 aO* t -~--> (t.2 ~ 1.7) (m / M)V% M---- ~ ~ (0.40 -- 0.70)(m / M) V" (14) 

The authors thank S. G. Lekhnitskii and V. M. Shestak for their useful observat ions.  
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