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One of the ma in  p r o b l e m s  a r i s ing  in studying the act ion of an underground explosion is de te rmin ing  the 
s izes  of the fa i lure  zones .  For  explosions  in a dry  porous  or  monoli thic  med ium,  this p rob lem has been in-  
ves t igated quite thoroughly and numer ica l  as well as analyt ical  r e su l t s ,  connecting the d imens ions  of the 
fai lure  zone with the c h a r a c t e r i s t i c s  of the med ium and the p a r a m e t e r s  of the explosion,  have been obtained 
(see, e.g. ,  [1,2]). At the s ame  t ime,  the action of an explosion of porous  rock  sa tu ra ted  with a liquid has been studied 
in l e s s  detai l .  

In the p r e se n t  work,  we examine  an underground explosion in sa tu ra ted  b r i t t l e - f r a c t u r a b l e  rock  and e s t t -  
�9 ma te  the d imensions  of the fa i lure  zones fo rmed .  

Model of the Medium. Sed imenta ry  rock  (e.g., sandstone) cons is t s  of  solid g ra ins  cemented together ,  
the porous  space  betl~een which can be filled with a liquid or  gas .  In studying the de format ion  of such rock,  
it is convenient to introduce an effect ive s t r e s s  [3], which with a spher ica l ly  s y m m e t r i c a l  explosive  mot ion 
and point contacts  between gra ins  has the fo rm 

where  crr and o q~ a r e  the radia l  and az imutha l  s t r e s s e s  in the f r amework ;  p is the p r e s s u r e  of the in te rs t i t ia l  
liquid; m is the poros i ty .  

As is well  known, the effect ive s t r e s s e s  consti tute that pa r t  of the s t r e s s e s  in the f r a m e w o r k  that  is 
t r ansmi t t ed  along the contacts  between g ra in s .  And, since fa i lure  in the med ium and p las t ic  flow of the pul-  
ve r ized  m a t e r i a l  a l so  occur  along the contacts  between g ra ins ,  accord ing  to T e r t s a g ' s  pr inciple ,  the c r i t e r i a  
for  fa i lure  and p las t ic  flow, wr i t t en  for  the effect ive s t r e s s e s ,  have the s ame  f o r m  as in unsatura ted  rock  [3, 4]. 
The validi ty of such an assumpt ion  is supported by the exper imenta l  work  [5-8]. The condition for  the a p p e a r -  
ance of a zone with numerous  radia l  c r acks  {R zone) in this case  is wr i t ten  in the fo rm 

~ =%, (1) 

while the c r i t e r ion  for  shea r  fa i lure  (splitting) [9] is 

1 4  - = + 3 k / ,  (2) 

where  a '  = - ( 4 1  +2crf.)/3 is the effect ive p r e s s u r e ;  a s and k s a r e  coeff ic ients .  The condition fo r  p las t ic  flow in 
the c rushed  zone (C zone) is 

,,y 

- = 3ko  s, (3) 

where k is the coefficient  of f r ic t ion  of the crushed m a t e r i a l .  The loss  of s t rength by the medium in the az i -  
muthal  d i rec t ion  in the R zone is cha rac t e r i zed  by the absence  of any t r a n s m i s s i o n  of ene rgy  in the f r a m e -  
work  along the contact in this direct ion,  which is wr i t ten  in the fo rm 

a]~ := 0. (4) 

In addition, we will a s s u m e  that at  the t ime  of the explosion there  is no dra inage .  Then, In regions where  
the volume deformat ion  occurs  e las t ica l ly ,  it is poss ib le  to es tabl i sh  a re la t ion  between the change in i n t e r -  
s t i t ial  p r e s s u r e  with the change in p r e s s u r e  in the f r a m e w o r k .  According to Bishop 's  model  [10], 

dp c - -  ( I - -  m) c.~ 
-3-5 = mr E + c - ( t - m ) %  ' 
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where  c, e s ,  and c F a r e ,  r e spec t ive ly ,  the compres s ib i l i t y  of the f r amework ,  the solid m a t e r i a l  of the g ra ins ,  
and the liquid. If we l imi t  ou r se lves  to the case  

c - -  (t - -  ra)c, << rnc~ + c - -  (i - -  m)cs, 

then dp /da  << 1, the effect  of the change in the in te rs t i t ia l  p r e s s u r e  can be neglected,  and it m a y  be a s s u m e d  
that  p ~cons t .  

Thus,  in examing the p rob lem of an explosion we will ass t tme that  in the e las t ic  de format ion  zone (E 
zone) and in the R zone, where  the volume deformat ion  is e las t ic ,  the p r e s s u r e  r e m a i n s  constant .  The p ro b l em 
is m o r e  compl ica ted  in the C zone, where  a p las t ic  change in the volume is poss ib le  under  shea r ,  di lataney 
[11]. In o rde r  to desc r ibe  the C zone, we will examine  two l imit ing ca se s :  1) di la tancy is  absent ,  volume 
deformat ions  a r e  e las t i c ,  and p -~ cons~.; 2) di latancy loosening leads  to a l a rge  i nc rea se  in the pore  volume,  
and the p r e s s u r e  of the liquid in this case  drops  to ze ro  (p=0). 

Equation of Wavefree  Dynamics  in the Absence of Dilatancy.  Let  us f i r s t  cons ider  the case  when there  
is no di la tancy in the C zone and p ~- const  eve rywhe re  outside the cavi ty  and throughout the durat ion of the 
explosion.  In this  case ,  f r o m  the equation of continuity in the approx imat ion  of wave f r ee  dynamics  (density 
p =const)  [1, 2] it follows that  the veloci ty  d is t r ibut ion  is v ( r ) = ~ a 2 / r  2, where  a {t) is the radius  of the cavi ty ,  

e~ =da /d t .  Substituting v(r) into the equation of mot ion,  we obtain an equation fo r  the effect ive s t r e s s e s  

I d 2a aa 2 ] ~{ 2 ( o / -  o~) 
P ~ ~Y (;'a'~) - -  , - -75- ' J  = ~ + r ' (5) 

s i m i l a r  to the equation fo r  a d ry  med ium.  

F rom Eq. (5), using c r i t e r i a  (3) and (4) and Hooke ' s  law in the convective f o r m  for  di f ferent ia l  s t r e s s e s  
in the E zone [1]* 

where  G is the shea r  modulus  for  the f r a m e w o r k ,  we obtain the s t r e s s  dis t r ibut ion in each of the zones .  By 
requi r ing  that  the fa i lure  c r i t e r i a  (1) and (2) be sa t i s f ied  on approaching the cor responding  zone f r o m  the l a rge  
r side and that  the conditions of continuity of o f at  the zone boundar ies  be sa t i s f ied ,  we obtain the camouf le t  

r 
equations de te rmin ing  the radi i  of the fa i lure  zones  

+ p - -%-Z J = 0 

~ ]  ~ (~.-') = 0, (7) 

ao -9 (~.~ --  2 G ~  -t- P (an'-') = O, 

f , �9 

where  Pc = (1 - m)(p c " p )  i s t h e  effect ive  background p r e s s u r e ;  Pc is the background p r e s s u r e  in the f r a m e -  
work;  a0 is the s ta r t ing  radius  of the cavi ty;  b and b0 a r e  the radi i  of the C and R zone boundar ies ,  r e s p e c -  
t ively;  Pa is the p r e s s u r e  in the cavity;  fl =6k/(1 +2k); asl  = a s /  ( 1 - k s ) .  

ff the R zone is absent ,  then the camouf le t  equations have the f o r m  

+ 3k,p  - 2G + 3ksp L v  - j = 0, 

[ ( ) am 4G ~ -b ~ a ~ aa 

(8) 

* In the genera l  case ,  In o rde r  to de sc r ibe  the deformat ions  of sa tu ra ted  med ia  the genera l ized  Hooke ' s  law 
[12] or  the effect ive s t r e s s e s  in Blot ' s  f o r m  [5] should be used.  However ,  in o rde r  to s tmp l i fy in  the p r e sen t  
work ,  we will l imi t  ou r se lves  to using the effect ive s t r e s s e s  in T e r t s a g i ' s  fo rm,  since it is this pa r t i cu l a r  
f a r m  that  bes t  d e t e r m i n e s  the l imi t ing  s ta te  of the med ium [3-5] and, t he r e fo re ,  the d imens ions  of the fa i lure  
zones .  
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It ts evident f r o m  (7) and (8) that the nonzero  p r e s s u r e  of the spturat ing liquid leads ,  tn compar i son  t o  
dry  rock  (p =0), to a dec r ea s e  in the effect ive background p r e s s u r e  p c and par t ia l  neut ra l iza t ion  of the p r e s s u r e  
in the cavi ty .  Assuming  that fi =0 and el iminat ing "~ f rom the s y s t e m  of equations (7) o r  (8), we find a re la t ion  
between the m a x i m u m  dimens ions  of the fa i lure  zone bin, b0m and the m a x i m u m  dimension of the cavity.  If 
[~= 1 (a~ = 2~)[21, (p,c-p)a,~lb,,,<<~,andtln(b.jam) - -  l]b,Jbom<< 4, then 

+o< << (.% + ag) l,, ~ -.. 2 �9 ,, , S ' b i n =  b0m, ( z =  (9) a ( .% ~ p~) 4a,l ~,,, b~,~ : 

or ,  in the absence  of an R zone, 

b~ m = 26 (i + 2k~) a,n.3 (1.0) 
O s 

Here  b m / a  m i n c r e a s e s  with k s due to the effect  of iner t ia ,  which p redomina tes  ove r  the dec r ea se  in b m / a  m 
due to the i nc rea se  in s t rength  ~ % + 3ksPf c. 

ff we set  ~ =0 and ~/=0, then we obtain the equi l ibr ium quas ls ta t ie  d imensions  of the fa i lure  zone b0e, be 
and the cavi ty  a e 

_.0 / -1  
2Gaae 2%+3Pcf ~ a~ ' [ r 2G bael a 

bo"o= a(%+4)'  b~= %, b0,, --+? =PoP+/[="-=-rat%~g)~J " J  (11, 

or ,  in the absence  of an R zone, 

+:= { +~ , lY 
%§ , a-~-o =po  p+.-~-[~.c+-g(~,+ak,pj) �9 (12) 

In obtaining (11) and (12), it was a s sumed  that the gas  in the cavi ty  expands adiabat ica l ly  with an adiabat ic  
index T: =Pcx =Pc{no/a)~'y, where  P0 ls the initial p r e s s u r e  in the cavi ty .  

Taking into Account  Dilataney in the Crushed Zone. In taking into account  the loosening up due to 
di la tancy in !Lhe c rushed  zone, we will a s s u m e  that  the p r e s s u r e  of the liquid is p =0.  This  assumpt ion  is 
justif ied by the fact  that the change in the pore  volume with di latancy can be l a rge  and the liquid p r e s s u r e  
in this case  drops  rapidly  to ze ro .  

wi th  a constant  di la tancy ra t e  A in the approximat ion  of e las t i c  i ncompress ib i l i t y  of the medium,  the 
veloci ty  has  the following f o r m  as  a function of radius  [2]: 

f<i,,."lr", , < ~ < b ,  
,., (~) = [b..,,~.._,,l,..~, ,. > ~, 

where  n = (2-A) / (1  +h) .  Knowing v(r) ,  f r om the equations of mot ion taking Into account  Eqs.  (1)-(4) and (6) and 
the conditions of continuity of the rad ia l  s t r e s s e s  1" r = (1 - m)a  r - mp,  we find the camoufle t  equations 

a 77" = O, 
bo ' b o 2b~l 

r .., ..(+++,_i ( )] 
a I'1 , a a  ~ ~ a  n,/i.2 +hi! +,2n 

c&*+P- P < ' 7 - ~ P [ ~ z  ~ 2n--~ b~ - ~  = 0 ,  (13) 

+" ,~.,+.) (" . --")  [ . :" ;:" (',,, + ") , ' ,  ......... ",1 %+o.+~,,~- , ,--T-++'--r~ - - a r t + ~  ~  
t'~ t h~ t''''-~" 

I 

s (,) - -  ~ + % " - ' + M .  
o 

If the R zone is absent ,  then 

o'+ + 3 1 , ' . 4 , [ ~ - - ~ C L S "  .+ al,-/, [ d (,r;t%0__.~,) aO-'':,~ ] 
b 'a ~ - ~  252n-- 1 : 0 t  

.[~ }_ 4g,~ { [ [~ ~a" .(2-f ~-,,1 ,, ++-1 
p + #~ - v,, 7 - 7  - -  ~' D-' =, (~ __ 2,,) b,,-,~ t ..:- I+ - ,, ~ " - ,  

+ (t ~r~ m ~  P57-- ~) .i --  "" 1 ] T ~.--:7 t+,+-~ 1 -;. ~--,+ 

(14) 
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F r o m  the s y s t e m  of equat ions  (13) and (14), it is poss ib le  to obtain the equ i l ib r ium q u a s t s t a t i c  d i m e n s i o n  
of the fa i lu re  zones .  Thus ,  f r o m  (13) with ~ =0 and h" =0,  it fol lows that  

%1 : 1" b,, 2% b ",+~:,~ (15) 

ff it is  a s s u m e d  that  the a s y m p t o t i c  r e l a t i on  2GS = (a 0 +pf)b~ fol lowing f r o m  the f i r s t  equat ion  of the s y s t e m  
c 

(13) is val id ,  beginning with the d imens ions  of the cavi ty  and the C zone a l ,  b 1 such that  ae>>a 1 and be>>bl, 
then in addi t ion to  (15) we obtain the r e l a t i o n  

3 
, ~  • 2 . 1  \ 2 2Ga~ r.t 

, n+1 (16)  0+ = ,  3(%+/+)' 

which leads  to the equ i l ib r ium cavi ty  s i ze  

,,:+ .0 [ (Oo ,,'+) I "+ 
-%-U7 �9 WJ 

In the case  that  the R zone is absen t ,  it fol lows f r o m  (14) with h =0 and h" =0 t h a t  

b +l 2Ga  ,+t v = p0 [Ca + +,,A)f._,cl "+, 

+ [+ (~ + ++.,,,) +,, +,,,f 
Sta t i s t ica l  E s t i m a t e  of the Size of  the Mainl ine  C r a c k i n  the E l a s t i c  Zone.  In the e l a s t i c  zone,  t he re  is 

no fa i lu re ,  but it is  poss ib l e  fo r  individual  ma in l ine  c r a c k s  to appea r .  It is well  known f r o m  e x p e r i m e n t  tha t  
s e v e r a l  c r a c k s  a p p e a r  In the  e l a s t i c  zone,  but f o r  e s t i m a t e s  we will  a s s u m e  that  t h e r e  is only one d i s k - s h a p e d  
rad ia l  c r a c k  beginning at the bounda ry  of the fa i lu re  zone .  Its s ize  in the s ta t i c  a p p r o x i m a t i o n  can be found 
f r o m  the t h e o r y  of  c r a c k s  [3], us ing the r e l a t i on  

i ra~ (r) dr 

where  l Is the  rad ius  of the c r ack ;  R ls the boundary  of the fa i lu re  zone (b 0 o r  b); K Is the c r i t i c a l  coef f ic ien t  
fo r  the s t r e s s  in tens i ty .  

If the E zone is next  to a R zone,  then R =b 0 and the s i ze  of  the main l ine  c r a c k  is d e t e r m i n e d  b y t h e  equat ion 

/ L g / =- -pc / -+-  % +pie ]/ ~ ' 0 ( : - t )  L~ , . (18) 

w h e r e  L = l / I t .  For  r o c k s ,  K< 102 k g f / c m  3/2 (e .g. ,  fo r  l imes tone  K = 20-40 kgf /em3/2 [14]) and w i t h a  0 ~ 101 b a r ,  
b 0 ~ 102 m the coupl ing t e r m  can be neg lec ted  [15] o v e r  a wide r ange  of values  of L and It is poss ib le  to use  
the a p p r o x i m a t e  f o r m u l a  

L 2 -= 1 -4- ao/PSe. (19) 

In the c a s e  that  the R zone is absen t ,  the s ize  of the c r a c k  ls found f r o m  the equat ion  

: L am + 3k~plc 
K nb (L 'z -- 1) = --  p~ -4- . . . .  3LZ , (20) 

o r  

L 2 = k~ ~ ~J3p[. (21) 

It is  c l e a r  tha t  the main l ine  c r a c k  in this  ca se  is  absen t  for  cr s < 3p f (1 - k s ) .  The r e l a t ive  s i ze  of the c r a c k  L, as  
fol lows f r o m  (19), (21), depends  weakly  on the s i ze  of the fa i lu re  zone .  In addit ion,  one should note tha t  s ince  
the ho r i zon ta l  s t r e s s  in the l a y e r  is u sua l ly  l e s s  than  the ve r t i ca l  s t r e s s  [15] and is m o r e  ea s i l y  comp e n s a t e d  
by the in t e r s t i t i a l  p r e s s u r e ,  it is e a s i e r  f o r  the v e r t i c a l  c r a c k  to appea r .  

The dependence  of L as  a funct ion of  p fo r  an exp los ion  in r o c k  with p a r a m e t e r s  m =0.1,  k s =0.23,  a s = 
40 ba r ,  Pc =250 b a r  (curve 1) and m =0.1,  k s =0.33,  as  - 1 0 0  b a r ,  Pc =600 b a r  (curve 2) Is shown in F ig .  1. 
The  c r a c k  f o r m s  with p > 0.9Pc (curve 1) and p > 0.7Pc (curve 2) and i ts  s i ze  i n c r e a s e s  r a p i d l y  with i n c r e a s -  
trig p. 
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Fig. 1 

For p ~Pe, the size of the c rack  found f rom the static equations (18)-(21) turns out to be anomalously 
large .  In this connection, it should be noted that in real i ty  there a re  phenomena that impede and stop the 
growth of c racks .  For  example, these include simultaneous appearance of several  c racks ,  cessat ion of growth 
as a resul t  of interact ion with defects tn the medium, the finite rate of f i l t rat ion of the liquid into the crack.  

Discussion.  Based on the equations obtained for the dimensions of the failure zones and the length of the 
mainl ine crack,  we will examine qualitatively the effect of the saturat ing liquid on explosion-induced fai lure.  
F i rs t  of all, the interst i t ial  fluid has an effect through its p r e s su re .  The p re s su re  enters  into the asymptot ic  
equations (9)-{:[2), (15)-(17)for b, b 0 and Eqs.  (18)-(21) for L p r imar i ly  through the effective p re s su re  pf ,  
and its effect consis ts  in compensating the background p re s su re  of the f ramework.  In accordance  with (~)-(12), 
(15)-(21) this leads to large  failure zone dimensions and a long mainline c rack  in compar ison with an explo- 
sion in dry  rock,  where p =0. Thus, an underground explosion at some depth with a background p re s su re  in 
the f ramework  of Pc and interst i t ia l  p r e s su re  p ls in some sense equivalent to an explosion at a smal le r  depth 
with background p re s su re  Pc - P  and zero  interst i t ial  p re s su re .  

The growth of the failure zone with an explosion in saturated rock in compar ison to an explosion in dry  
rock with other conditions remaining the same can be significant. Indeed, the strength constants of rocks can 
be %, as ~101 bar ,  k s ~1/3 [ 2, 9], and the l i thostat ic  p r e s su re  at depths of about a k i lometer  constitute Pc 7~ 102 
bar .  For  this reason,  with an explosion in dry rock,  the dimensions of the failure zone are determined by the 
background p re s su re .  If, on the other hand, the explosion occurs  in saturated rock,  when Pc to a large  extent 
is compensated by the p r e s s u r e  of the liquid in the layer  {p ~ Pc), then the dimensions of the failure zones will 
a l ready be determined by the strength charac te r i s t i c s  of the medium ~0, Ors and can increase  strongly,  tf e0, 
~s << Pc" In this case ,  the length of the mainl ine c rack  can increase  to an even g rea t e r  extent [ see (18)-(21) 
and Fig. 1]. 

Let us consider  the possibil i ty of such compensation of the background p ressu re  of the f ramework  by 
the p res su re  of the fluid in the l aye r .  If it is assumed that p coincides with the hydrosta t ic  p r e s su re  PFgh 
(PF is the density of the fluid, h is the depth at which the layer  is located, g is the acce lera t ion  of gravity),  
then p ~Pc/3 for  PF=l g / c m  ~ and medium density of p =2.5-3 g / c m  3. In this case there will be no noticeable 
compensation of the background p res su re  and the effect of p will be small .  However, it is neces sa ry  to take 
into account the following two c i rcumstances ,  which actually can lead to g rea te r  compensation.  As experience 
shows, the interst i t ial  p r e s s u r e  can exceed the hydrosta t ic  p re s su re  [16] and, in some cases ,  even the back-  
ground p re s su re  of the rock  [17]. In addition, if the vert ical  p r e s su re  in the f ramework  coincides with the 
l i thostatic p r e s su re  pgh, then the horizontal  p re s su re  can be less  [15] and, therefore ,  it is more  eas i ly  com-  
pensated. It should be noted that such s t r e s s  anisotropy in the f ramework  creates  favorable conditions for 
growth of the failure zone in the horizontal  direct ion and of mainline cracks  in the vert ical  direction.  

Another effect  that a lso leads to a growth of failure zone is the decrease  in the strength of the rock when 
it is saturated with liquid. It turns out that in this case e0 and crs can decrease  by tens of percent  [18, 19]. 
This,  apparently,  is related to the interact ion of the saturat ing fluid and the f ramework,  leading to a decrease  
in the surface fai lure energy.  It ls possible that as p increases  this interaction w~ll increase  and the strength 
constants will decrease  even fur ther .  

Let us find the condition for  applicabili ty of wavefree dynamics.  In solving the problem of an explosion 
in the wavefree approximation,  dissipative energy losses  at the shock-wave front are  not taken into account.  
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These  l o s s e s  can be es t imated  by consider ing the shock wave as a weak, i .e . ,  using the adiabat ic  equation of 
s tate  for  cold c o m p r e s s i o n  in the re la t ion  of the p r e s s u r e  cr and speci f ic  volume of the med ium V at the wave 
front  [20] : 

o ~ A ( V ~ / V ' - - t ) ,  A, ~=const .  

Then,  the speci f ic  energy  d iss ipa ted  at the wave f ront  (the p r e s s u r e  of the med ium in f ront  of the wave is not 
taken into account) [20] is 

Ve t'.dv. 
v 

ff it is a s sumed  that  the e o m p r e s s i o n  C.n the wave is low AV =V0-V<<V0, then 

As = (t + i)VoC~/12, 

where  c = 1/Ai is the com pre s s i b i l i t y  of the med ium.  The total  loss  of energy  on heating in the shock wave as 
it moves  f r o m  the initial  radius  of the cavity is 

ET oaF~dr,  3 3 
a 0 

Let the in tensi ty  of the shock wave d e c r e a s e  as a power  of the dis tance as  a = poao6/r 6. Then 

ET = a (t -Jr i)c'P$oa~/9(8- 1) , '  

i .e . ,  the l o s s e s  to d iss ipa t ion  a r e  g r e a t e r  for  med ia  with g r e a t e r  compress ib i l i t y .  This ,  in pa r t i cu l a r ,  suppor ts  
the numer i ca l  r e s u l t s  of the work  in [21] : In a w a t e r - s a t u r a t e d  med ium,  the d imension of the p las t ic i ty  zone 
is g r e a t e r  than in a g a s - s a t u r a t e d  m ed i um .  The authors  of [21] r e l a t e  this phenomenon to the s m a l l e r  c o m -  
p r e s s ib i l i t y  of the w a t e r - s a t u r a t e d  m ed i um  (in compar i son  with the unsa tura ted  medium),  leading to a lower  
d iss ipa t ion  on the shock-wave  front .  

The ene rgy  of the explosion E0 is de te rmined  by the  initial ene rgy  of the gas  in the cavi ty  Eo=4Va3oPo/ 
3 ( , / - 1 ) .  For  appl icabi l i ty  of the wavef ree  approximat ion ,  it is n e c e s s a r y  that  E T << E0 or  

t2 (8 -- t) (22) 

Thus,  for  6=2 ,  i = 4 ,  7=1 .5  Eq. (22) gives  p~ << 10c -2. 

The r e su l t s  obtained indicate the poss ib i l i ty  of a s t rong effect  of the sa tura t ing  liquid on the d imensions  
of the fa i lure  zone and the appearance  of the mainl ine  c r acks .  This  can lead to the fo rmat ion  of a l a rge  zone 
with Inc reased  p e r m e a b i l i t y  with a camouf le t  explosion in sa tu ra ted  med ium as  compared  to an explosion in 
d ry  rock .  

However ,  it should be noted that  a comple te  and consis tent  theory  of fa i lure  in a sa tu ra ted  med ium (es- 
pecia l ly  the fo rma t ion  of mainl ine  c racks)  m u s t  take into account  the appea rance  of f i l t ra t ion of the in te rs t i t ia l  
fluid. F o r  this r eason ,  the approach  used in the p r e sen t  work ,  na tura l ly ,  is  only approx ima te .  

The author  is  g ra te fu l  to E. E. Lovetskl i  and V. S. Fe t i sov  for  t he i r  a t tent ion to the work  and for  useful 
d i scuss ions ,  as  well  as V. G. G r i g o r ' e v  and B. M. Tulinov for  useful sugges t ions .  
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