
S H O C K  W A V E S  I N  A S H A L L O W  R E S E R V O I R  

L .  S .  K o z a c h e n k o  a n d  B .  D .  K h r i s t o f o r o v  

We r e p o r t  he re  some  1956 m e a s u r e m e n t s  of p a r a m e t e r s  of shock waves  produced in wa te r  by under -  
wa t e r  explosions of spher ica l  t ro ty l  cha rges  in r e s e r v o i r s  H , = I ,  2, 4, and 12 charge radi i  in depth and 
having an a i r - s a t u r a t e d  sandy bot tom. 

1. We denote by H, h, and R, r e spec t ive ly ,  the charge  depth, the m e a s u r e m e n t  point, and the dis tance 
f r o m  the charge  to the m e a s u r e m e n t  point, e x p r e s s e d  in units of the charge  radius  R0; 0 ( s e c / m )  and r 
( s ec /m)  a r e ,  r e spec t ive ly ,  the exponent ia l -decay constant  and the t ime for  which the shock wave is effect ive,  
divided by R 0. 

During an explosion in an unbounded liquid a shock wave has an exponential  shape,  and its m a x i m u m  
p r e s s u r e  Pl, t ime  constant  0, and specif ic  impulse  i a r e  given by [1] 

14700 
pl ---- B---i:~.~ kg/cm ~, 0 = 0.85-t0-SR ~ sec/m, 

6.~0 
i [ (1.1) 

I --- ~oo --" "~o a p (t) dt ~ t53.t0sR -9"89 kg" sec/m s. 
o 

Equations (1.1) hold in the range  12-<R--<200. During an explosion in a r ea l  r e s e r v o i r  the f r ee  s u r -  
face and bot tom will  s ignif icantly affect  the shock-wave  p a r a m e t e r s .  In the acoust ic  approximat ion  the 
effect  of the f r ee  su r face  r educes  to one of changing the specif ic  momen tum of the shock wave and the t ime  
for  which it is ef fec t ive .  In this case  we have,  f a r  f r o m  the cen te r  of the explosion,  

Hh = _~o ~ P (t) d (1.2) 
o 

where  a 0 is  the sound veloci ty  in wa te r .  The effect  of the bot tom in this approximat ion  reduces  to one of 
fo rming  the r e f l ec ted  wave and wave of s e i s mic  origin,  due to r e f rac t ion  of longitudinal and t r a n s v e r s e  
waves  f r o m  the bot tom into the wa te r .  

I t  was  shown in [2-4] that  the acoust ic  approximat ion  cannot be used  to calculate  shock-wave p a r a m -  
e t e r s  for  the case  of an explosion nea r  the f r ee  su r face  or  bot tom of a r e s e r v o i r .  In this  case  nonlinear  
ef fec ts  significantly influence the nature  of the in teract ion between the shock wave and the boundary s u r -  
f aces .  The p r e s s u r e  dependences of the sound and f ront  ve loc i t ies  mus t  the re fo re  be taken into account 
in the equations.  The f ree  sur face  r educes  the p r e s s u r e  at  the f ront  and i nc rea se s  the t ime for  which the 
wave is effect ive in compar i son  with the va lues  calcula ted f r o m  Eqs.  (1.1) and (1.2). A r a r e fac t ion  wave 
a r i s e s  f a r  f r o m  a charge  which explodes nea r  the bot tom of the r e s e r v o i r ;  the in teract ion of th is  wave with 
the d i rec t  wave should lead to the s a m e  ef fec ts  as  a r e  found during an explosion nea r  the f r ee  su r face .  Dur -  
ing an explosion in a shallow r e s e r v o i r  the p a r a m e t e r s  of the wave f ield in the wa te r  depend significantly 
on the nature  of the combined ef fec ts  of the bot tom and f ree  su r face  on the d i rec t  wave.  Because of the c o m -  
plexity of this phenomenon, we have c a r r i e d  out an exper imen ta l  study of the p a r a m e t e r s  of a shock wave 
set  up in wa te r  during an explosion in a shallow r e s e r v o i r .  

2. The expe r imen t s  we re  c a r r i e d  out in a r e s e r v o i r  87 m long and 3 m deep having an a i r - s a t u r a t e d  
sandy bot tom 20 m wide in the level  pa r t .  The soil  density and sound veloci ty  a re ,  r e spec t ive ly ,  p0=1.95 
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Fig. 1. Shock-wave prof i les  for  the p a r a m e t e r  values 
( H . , H , R ) :  a) 12, 1 , 6 0 ; b )  1 2 , 6 , 6 0 ; c )  12, 8, 30;d)  12, 4, 
30; e) 4, 1, 30; f5 4, 2, 30; g5 4, 3, 30; h) 4, 3, 60; i) 4, 2, 
60; j) 4, 1, 60; k) 4, 3, 90; 1) 4, 1, 90; m) 4, 2, 120; n) 2, 1, 
30; o) 2, 1, 60. 
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Fig. 2. The r e s e r v o i r  depth is H . = 1 2 .  a-f)  H = I ,  2, 4,  6, 8, 11, respectively-; 
dashed cu rves  in Fig. 2e) H=0.  T h e r e  a re  ve r t i ca l  ba rs  through the exper imenta l  
points corresponding to this case .  1-4) R =30, 60, 90, 120, respec t ive ly .  

Fig. 3. The p (h) dependence at the shock-wave front  in r e s e r v o i r s  of depth H , = 4  
and 2. R= 30 (15; 60 (25; 90 (3); 120 (45. 1-3) H= 1, 2, 3, respect ively ,  

g / c m  3 and c 1 =270 m / s e c ;  the density of the individual gra ins  of sand is P01 =2.65 g / c m  a, and the volume 
a i r  concentra t ion in the so~  is ~ ~10 -3. The explosions were  c a r r i e d  out at re la t ive  r e s e r v o i r  depths of 
H , = t ,  2, 4, and 12. The shock-wave p a r a m e t e r s  were  m easu red  by tourmal ine p r e s s u r e  pickups having 
a sens i t ive -e lement  d iameter  of 3-6 ram; the p a r a m e t e r s  were  then r eco rd ed  on PID-9 p iezoe lec t r ic  p r e s -  
sure  gauges [5]. The shock-wave measu remen t s  were  c a r r i e d  out at re la t ive  distances of R =30, 60, 90, 
and 120 f rom the center  of the explosion at var ious  charge depths H and var ious  pickup depths h. T h e  ex-  
per imenta l  r e su l t s  a re  shown in Figs .  1-6. 

3. Figure  1 shows exper imenta l  t ime dependences of the p r e s su re  in shock waves for  explosions in 
r e s e r v o i r s  of depths H , = 1 2 ,  4, and 2 for  var ious  re la t ive  distances R f rom the charge,  var ious  explosion 
depths H, and var ious  measu remen t  points h. 

The p a r a m e t e r s  of the p (t) curves  depend strongly not only on the charge position and m e a s u r e m e n t  
point but also on the r e s e r v o i r  depth. In a r e s e r v o i r  of depth H . = 1 2  andwi th  H-~6 (Figs.  lb  and le) ,  the 
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;Fig, 4, The 'r (h) and I (h) dependences in a r e s -  
e r v o i r  of depth H , = 1 2 .  a-f)  Explosions a t  depth 
H =1, 2, 4, 6, 8, 11, r e spec t ive ly ;  dashed dependences 
in Fig. 4e) explosion at  H = 0. Lines  a r e  drawn through 
the expe r imen ta l  points for  this case .  1-4) R=30 ,  60, 
90, 120, r e spec t ive ly .  

p (t) dependence nea r  the f ront  is  near ly  exponential ,  while that  at  the end of the wave is near ly  parabol ic ,  
The p r e s s u r e  a t  the f ront  is equal to that given by Eq. (1.1) for  an explosion in an unbounded liquid (P/Pl =1); 
this  co r r e sponds  to r e g u l a r  wave re f lec t ion  f r o m  the bot tom and f ree  su r face  [2, 3]. 

Fo r  the explosion at  H =8, the o s c i l l o g r a m s  show re f l ec t ed  c o m p r e s s i o n  waves  followed by a r a r e -  
fact ion zone; this follows f r o m  the pa rabo l ic  f o r m  of the p (t) curve  behind the f ront  of the r e f l ec t ed  wave.  
For  H<6  (Figs .  l a  and ld) ,  the wave has a prof i le  (over near ly  the en t i re  range of dis tances  studied) which 
cons i s t s  of two parabol ic  s egmen t s .  In this case  we have P/Pl < 1, which co r r e sponds  to an i r r e g u l a r  i n t e r -  
act ion with the f r ee  su r face  [2, 3]. Pickups a t  the bot tom of the r e s e r v o i r  detect  lengthy per~ t rba t ions  b e -  
hind the d i rec t  wave,  which may be cal led "bot tom waves"  (Fig. la ) .  

For  explos ions  in the t t . = 4  r e s e r v o i r  and for  all  H va lues ,  the wave is near ly  parabol ic  with a f ront  
p r e s s u r e  P<Pl .  Bot tom and r e f l ec t ed  waves  a r e  not obse rved  in this case .  As the m e a s u r e m e n t  point ap-  
p roaches  the bot tom or  f ree  su r face ,  the wave p a r a m e t e r s  dec rea se .  The m a x i m u m  p a r a m e t e r s  a r e  ob- 
s e r v e d  a t  half  the r e s e r v o i r  depth. For  H . = 2 ,  the wave shapes  a r e  s i m i l a r  to those obse rved  in the p r e -  
ceding case ,  but the p a r a m e t e r s  a r e  much  lower  (Figs .  i n  and lo) .  
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Fig. 5. The T (h) dependence in reservoirs 
of depths H,=4, 2, 1 (a-c, respectively). 
1-4) R=30, 60, 90, 120, respectively. H= 
1 (1); 2 (2); 3 (3). 

F igure  2 shows the exper imenta l  dependences of 
the m a x i m u m  p r e s s u r e  on the depth h of the m e a s u r e m e n t  
point for  va r ious  R and H and for  H . = 1 2 .  

In an explosion in the upper  ha-if of the r e s e r v o i r ,  
the f ront  p r e s s u r e  i nc rea se s  with inc reas ing  h to a value 
cha rac t e r i s t i c  of an explosion in an unbounded liquid. 
Within the exper imen ta l  e r r o r ,  the f ront  p r e s s u r e  r e m a i n s  
constant  with fur ther  i nc rea se s  in h, equal to Pl = 314, 144, 
93, and 64 k g / c m  2, r espec t ive ly ,  for  R =30, 60, 90 , and i20 .  

In a charge explosion in the middle of the r e s e r v o i r ,  
with H =6, the m a x i m u m  p r e s s u r e  is independent of h at  
all  d is tances  studied. In an explosion nea r  the bot tom 
the front  p r e s s u r e  is min imal  nea r  the bot tom,  inc reas ing  

with dis tance f r o m  the bot tom.  This  is shown pa r t i cu la r ly  c lea r ly  in Fig. 2f ( H = l l ) ,  where  the p (h) de-  
pendence is s i m i l a r  to the cor responding  dependence for H = I  (Fig. 2a), with the depth h reckoned  f r o m  
the bot tom. 

In a r e s e r v o i r  with H , = 1 2 ,  and for an explosion nea r  one of the boundary su r f aces ,  the f ront  p r e s -  
sure  thus depends s t rongly  on the d is tances  f r o m  these  su r faces  to the charge;  the boundar ies  have a g r e a t e r  
effect  on the front  p r e s s u r e  as  R i n c r e a s e s .  

F igures  3a and 3b show the expe r imen ta l  f ront  p r e s s u r e  for  explosions in r e s e r v o i r s  of depth H . =  
4 and 2, r e spec t ive ly .  Within the expe r imen ta l  s c a t t e r  the m a x i m u m  p r e s s u r e  during explosions  in shallow 
r e s e r v o i r s  does not depend on H. The m a x i m u m  front  p r e s s u r e  is r e ached  at  half the r e s e r v o i r  depth at 
all d is tances  f r o m  the charge;  as the m e a s u r e m e n t  point approaches  one of the boundary s u r f a c e s ,  this 
p r e s s u r e  d e c r e a s e s .  As the r e s e r v o i r  depth is reduced,  the front  p r e s s u r e  d e c r e a s e s ,  if the other  d e t e r -  
mining p a r a m e t e r s  a r e  held constant .  With R =30 and H ,  =2 and 1, e.g. ,  the p r e s s u r e  is l e s s  by f ac to r s  
of 5 and 15, r e spec t ive ly ,  than in an explosion in an unbounded liquid. 

F igure  4 shows r (h) and I (h) dependences for  an explosion in a r e s e r v o i r  of depth H , = 1 2  for  the 
en t i re  R and H r anges .  As the m e a s u r e m e n t  point approaches  the bot tom or the f r ee  su r face ,  the effect ive 
t ime of the shock wave and its  specif ic  impulse  d e c r e a s e .  

In the explosion in the middle of the r e s e r v o i r ,  with H=6 ,  the m a x i m u m  r and I a r e  found at half  the 
r e s e r v o i r  depth. As the charge  is brought  n e a r e r  the f ree  sur face  or  the bot tom, the m e a s t t r e m e n t  points 
a t  which the m a x i m u m  r and I a re  found move toward  the bot tom and f ree  su r face ,  r e spec t i ve ly .  S imi la r  
r (h) and I (h) dependences can be eas i ly  found f r o m  an e s t ima te  of the range  over  which the boundary s u r -  
faces  af fec t  the shock wave.  

F igures  5 and 6 show the m e a s u r e d  t ime  for  which the shock wave is  effect ive and the speci f ic  i m -  
pulse of the shock wave in r e s e r v o i r s  of depth H . = 4 ,  2, and 1. The m a x i m u m  v and I a r e  found at  half  the 
r e s e r v o i r  depth for  al l  H. As the m e a s u r e m e n t  point is brought  n e a r e r  the bot tom or f r ee  su r face ,  r and 
I d e c r e a s e ,  tending toward  ze ro  at  these  s u r f a c e s .  The r (h) and I (h) curves  a re  near ly  s y m m e t r i c  about 
the plane pass ing  through the cen te r  of the r e s e r v o i r  pa ra l l e l  to the boundary su r face .  The r and I va lues  
dec r ea se  with dec reas ing  H .  and a r e  e s sen t i a l ly  independent of H. 

4. These  expe r imen ta l  r e s u l t s  show that the p a r a m e t e r s  of shock waves  produced by explosions nea r  
a f r ee  su r face  differ  significantly f r o m  those in an unbounded liquid. The in teract ion of a shock wave with 
a f r ee  su r face  during an explosion nea r  the su r face  was desc r ibed  in [3] with an account of nonl inear  e f -  
fec ts .  Semiemp i r i c a l  equations w e r e  a lso  given there  for  the p a r a m e t e r s  of the shock wave,  whose f o r m  
was  se lec ted  on the bas i s  of an ana lys i s  of the solution given in [2] and the exper imen ta l  data of [3]. The 
m a x i m u m  p r e s s u r e  during an explosion nea r  a f ree  sur face  is 

p l  
-[i ' h[(p~/p~)~--tl FI, 

P IIpI = (! q- czla')~/4, a ~ H/R, 

a "  = [ (n  + t )  p l / g S n l  'h 

B = 3050kg/cm 2, n = 7.t5 

(4.1) 
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Fig.  6. The I (h) dependence in 
a r e s e r v o i r  of depth: a) H , = 4 .  
Here  1-3 c o r r e s p o n d  to H = I ,  2, 
3, r e spec t ive ly ,  and (1), (2), (3) 
c o r r e s p o n d  to R =30, 60, 90, r e -  
spect ively;  b) H , = 2  and H =1. 
Here  1-3 c o r r e s p o n d  to R=30 ,  
60, 120, r e spec t ive ly .  

Equation (4.1) holds for  K 1 -<1; for  K 1 - 1 ,  we have P=Pl-  Fo r  
H =0, Pl can be ca lcula ted  f r o m  Eq. (1.1) with half the given charge .  
The t ime for  which the shock wave is effect ive and the specif ic  i m -  
pulse of the shock wave a r e  

Hh 

a* h h 

We see  that I = 0.5 pT for  H -< 1 and I = 0.6 p~- for  H -> 2. E quations (4.2) 
hold for  ll-> 1; for  /1<1,  the calculat ion is made on the bas i s  of the 
acous t i c - approx ima t ion  equations (1.2). 

Analys is  of the expe r imen ta l  data shows that  the r e s e r v o i r  bot -  
t om has  ef fec ts  on the shock-wave  p a r a m e t e r s  analogous to those 
of the f ree  su r f ace .  This  type of in terac t ion  between the sheckwave  
and the bot tom mus t  be governed  by the c h a r a c t e r i s t i c s  of the soil .  
A i r - s a t u r a t e d  and w a t e r - s a t u r a t e d  sand can be a s s u m e d  to be a low- 
ve loc i ty  bot tom,  since the ve loc i t i es  a 1 and c 2 of longitudinal and 
t r a n s v e r s e  waves ,  r e spec t ive ly ,  in it a r e  lower  than the sound v e -  
i oc i t y inwa te r :  a 0 > c l > c  2. We can der ive  the so i l ' s  p (p) dependence, 
which governs  the in te rac t ion  of the shock wave with the bottom, 
with an accoun t  of the m e a s u r e d  soil  c h a r a c t e r i s t i c s .  

We a s s u m e  that  in an init ial  soil  volume V 0 the volume concentra t ions  of dry sand, wate r ,  and a i r  
a r e  no, mo, and ~0, r e spec t ive ly .  Then the init ial  P0 and final p of the t h r ee -phase  med ium a r e  given by 

Po = Pozno + Po~mo + PoaSo, p = pzn + p~m + ps~ (4.3) 

where  Pl, P2, andP3 a re  the density of the sand gra ins ,  wa te r ,  and a i r  a f t e r  compress ion .  Using Hooke 's  
law to desc r ibe  the deformat ion  of the sand gra ins  and the wate r ,  the Po i s son  adiabat  for  a i r ,  and the con-  
ditions 

no-~ rao + e o =  n + m + e =  l ,  e ~ n ,  m 

we find the following dependences for  the s ta te  p a r a m e t e r s  of the t h r e e - p h a s e  soil  and the p a r a m e t e r s  of 

the shock wave in it: 

-5- + ~-p-:)j (4.5) 

no m ~op0 F l -  

(4.7) 

Here  K = 38 .10  l~ d y n / c m  2 and L =2.2 �9 10 l~ d y n / c m  2 a re  the bulk moduli  of quartz and wate r ,  7 = 1.4 is the 
index of the a i r  adiabat ,  and W and D a re  the m a s s  and wave ve loc i ty  of the soft .  

F r o m  Eqs .  (4.3) and (4.5) and f r o m  data on the density of the soil  components  and the ve loc i ty  found 

in it  given above,  we find n0=0.576, m0=0.424,  and e0=10-a.  

Calculat ions show that  for  no rm a l  incidence of a shock wave on a bot tom having c h a r a c t e r i s t i c s  (4.4) 
and (4.5) at  p r e s s u r e s  below 12 a tm,  re f lec t ion  of the r a r e f ac t i on  wave occurs ,  s ince the compres s ib i l i t y  
of the soi l  at these p r e s s u r e s ,  due p r i m a r i l y  to a i r  deformat ion  in pores ,  is v e r y  high. At higher p r e s -  
su r e s ,  the c o m p r e s s i o n  wave is re f lec ted ,  s ince the compress ib i l i t y  of the soi l  d e c r e a s e s  sharply  a f te r  
the a i r - f i l l e d  p o r e s  col lapse .  The p r e s s u r e  under  the charge  was  high during the explosions in these  ex-  
p e r i m e n t s ,  and the c o m p r e s s i o n  wave was  r e f l ec t ed  f r o m  the bot tom at no rma l  incidence of the wave.  F a r  
f r o m  the charge ,  where  the wave is incident on the bot tom at  an angle ~ ,  both the compres s ion  and r a r e -  

faction waves  may  be re f l ec ted .  

Where  the incident wave s t r i ke s  the bot tom we have 
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N c o s a :  Ncos~ : D /cos?, p* =po  
u sin a = w sin ? + (Un* - -  Un)Sin ~ (4.8) 

w h e r e  a , / 3 ,  a n d  7 a r e  the a n g l e s  of i n c i d e n c e ,  r e f l e c t i o n ,  and  r e f r a c t i o n ,  r e s p e c t i v e l y ,  b e t w e e n  the f r o n t  
and  the n o r m a l  to  the  b o t t o m .  H e r e  the a s t e r i s k  de no t e s  a p a r a m e t e r  of the r e f l e c t e d  w a v e ,  the  n deno t e s  
a c o m p o n e n t  of the  m a s s  v e l o c i t y  n o r m a l  to the  f r o n t  of the  r e f l e c t e d  w a v e ,  and  P2 and  w denote  the  p r e s -  
s u r e  and  m a s s  v e l o c i t y  of the  wave  in the  s o i l .  R e f l e c t i o n  does  not o c c u r  a t  the i n c i d e n c e  ang le  a 1 found 
f r o m  the  e q u a l i t y  of the  c o m p o n e n t s  of the  m a s s  v e l o c i t i e s  in  the so i l  and  in the  i n c i d e n t  wave  n o r m a l  to  
the  b o t t o m .  In  t h i s  c a s e  we  have  

U s i n g  (4.8),  we can  then  show tha t  

u sincz 1 = w sin? 

F o r  a > a l ,  the  c o m p r e s s i o n  wave  i s  r e f l e c t e d ,  a s  can  be s e e n  f r o m  the e x p e r i m e n t a l  o s c f l l o g r a m s  
in  F i g .  l c .  F o r  a < a l ,  the  r a r e f a c t i o n  wave  m u s t  be r e f l e c t e d  f r o m  the  bo t t om.  In t h i s  c a s e  the  f low w h i c h  
i s  o b s e r v e d  d u r i n g  an  e x p l o s i o n  n e a r  the f r e e  s u r f a c e  m u s t  be  e s t a b l i s h e d  a t  the b o t t o m .  We have  c a r r i e d  
out  s o m e  c a l c u l a t i o n s  fo r  the ang le  a 1 on the  b a s i s  of  Eq.  (4.9) fo r  v a r i o u s  d i s t a n c e s  f r o m  the  c h a r g e ,  and  
f o r  the  a n g l e s  

a* = [(n ~- l) Pl / 2Bnl V~' 

w h i c h  c h a r a c t e r i z e ,  by  ana logy  w i th  the  i n t e r a c t i o n  w i th  
f r o m  the  b o t t o m  [2, 3]: 

R ~ 30 60 
pl = 3t4 t44 
al = 0.166 0.268 
u* = 0.242 0.t64 

the  f r e e  s u r f a c e ,  the  o n s e t  of i r r e g u l a r  r e f l e c t i o n  

90 t20 
9t 64 
0.352 0.436 
0.t29 0.1t2 

In the  d i s t a n c e  r a n g e  s t u d i e d  we  u s u a l l y  have  a 1 > a * ,  so  in a r e s e r v o i r  w i th  H . = 1 2 ,  w h e r e  c a s e s  
of  a > a  1 and  a < a  1 a r e  p o s s i b l e ,  a t r a n s i t i o n  i s  o b s e r v e d  f r o m  a f i r s t  r e g u l a r - r e f l e c t i o n  r e g i o n  (the c a s e  
of  c o m p r e s s i o n - w a v e  r e f l e c t i o n )  to  a s e c o n d  r e g u l a r - r e f l e c t i o n  r e g i o n  ( r e f l e c t i o n  of the  r a r e f a c t i o n  w a v e ,  
w h i c h  does  not  o v e r t a k e  the  f r o n t  of t he  d i r e c t  wave)  and then ,  a t  a > a  *, to an i r r e g u l a r - r e f l e c t i o n  r e g i o n  
(the r a r e f a c t i o n  w a v e s  r e d u c e  the f r o n t  p r e s s u r e ) .  T h i s  t r a n s i t i o n  can  be fo l l owed  on the o s c i l l o g r a m s .  
F o r  a g i v e n  H, i t  r e s u l t s  in  an  i n c r e a s e  in R; fo r  g i v e n  R, i t  r e s u l t s  in  a n  i n c r e a s e  in  H. In add i t i on ,  the  
r e f l e c t i o n  c o n d i t i o n s  m a y  change  a b r u p t l y  f r o m  t h o s e  c h a r a c t e r i s t i c  of the  f i r s t  r e g i o n  to  t h o s e  c h a r a c -  
t e r i s t i c  of  i r r e g u l a r  r e f l e c t i o n ,  w i t h  the  s e c o n d  r e g u l a r - r e f l e c t i o n  r e g i o n  o m i t t e d .  Th i s  o c c u r s  w i t h  R = 
30, w h e r e  we  have  a l < a * .  E x p e r i m e n t a l l y ,  we  o b s e r v e  a d e c r e a s e  in ~- and  I in the  r a n g e  a > a  1 a s  the  
m e a s u r e m e n t  po in t  a p p r o a c h e s  the  b o t t o m  (F ig .  l c ) .  In t h i s  c a s e ,  a c c o r d i n g  to  the  p a t t e r n  d e s c r i b e d a b o v e  
fo r  r e f l e c t i o n  f r o m  the  bo t t om,  a r e f l e c t e d  s h o c k  wave  a r i s e s  ( this  wave  i s  v i s i b l e  on the  o s c i l l o g r a m s ) .  
H o w e v e r ,  i t  i s  f o l l o w e d  by  a r a r e f a c t i o n  w a v e ,  w h o s e  e x p l a n a t i o n  l i e s  o u t s i d e  the s c o p e  of t h i s  p a p e r .  In 
t h i s  c a s e ,  fo r  the  d i s t a n c e s  s t u d i e d  in  the  H . = 1 2  r e s e r v o i r ,  the  t i m e  f o r  wh ich  the  d i r e c t  wave  i s  e f f e c t i v e  
i s  t h e r e f o r e  g o v e r n e d  in a f i r s t  a p p r o x i m a t i o n  by the  t i m e  a t  w h i c h  the  wave  r e f l e c t e d  f r o m  the  b o t t o m  a r -  
r i v e s .  

In the  r e s e r v o i r s  of dep th  H -< 4, the  s h o c k  w a v e  a t  a l l  m e a s u r e m e n t  po in t s  i s  in the  r e g i o n  of i r r e g -  
u l a r  r e f l e c t i o n  f r o m  the  b o t t o m  and  f r o m  the  f r e e  s u r f a c e .  F o r  a n g l e s  of i n c i d e n c e  on the  b o t t o m  c o r r e -  
spond ing  to  the  f o r m a t i o n  of a r e f l e c t e d  r a r e f a c t i o n  w a v e ,  we  c a n  d e s c r i b e  the  p a r a m e t e r s  of the  s h o c k  
w a v e  by e q u a t i o n s  a n a l o g o u s  to  E q s .  (4.1) a n d  (4.2).  H e r e  we c a n  a s s u m e  tha t  the  f low a t  the  b o t t o m  i s  a n a l -  
ogous  to  t ha t  of the  f r e e  s u r f a c e :  

[ hi [(/~/p)~-- 1] }'/8 
P - ~ i t  + 4 n ~ z ~ - - / ~ - ~ , ) ~  = Ks (4.10) pl pl 

u ~ t t l / R  
Hlhx u* ~ hi / hi 

0 5 5  + - ( 4 . 1 1 )  

w h e r e  H 1 and  1~ a r e  the  d i s t a n c e s  of the  c h a r g e  and  p i ckup  f r o m  the  r e s e r v o i r  b o t t o m ,  The  s a m e  r e s t r i c -  
t i o n s  ho ld  f o r  E q s .  (4.10) and  (4.11) a s  f o r  E q s .  (4.1) and  (4.2).  

In a sha l low r e s e r v o i r ,  in  w h i c h  the b o t t o m  and  f r e e  s u r f a c e  a f f ec t  the  d i r e c t  w a v e  s i m u l t a n e o u s l y ,  
the  m a x i m u m  s h o c k - w a v e  p r e s s u r e  i s  
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p = p l K 1 K , ' f o r  K, < t, K~ g t (4.12) 

where  K I and K 2 a re  given by Eqs.  (4.1) and (4.10). If the K 1 or K 2 values  calculated f rom Eqs.  (4.1) and 
(4.10) turn out to be g r e a t e r  than 1, we should substi tute K = I  into Eq. (4.12). 

In a shallow r e s e r v o i r  with a sandy bottom, �9 is equal to the l e s s e r  of the values given by Eqs.  (4.2) 
and (4.11). 

F igures  2-6 show, along with the exper imenta l  data, curves  calculated f rom Eqs.  (4.2), (4.11), and 
(4.12). These  curves  a re  seen to be in sa t i s fac tory  agreement  with the exper imenta l  data. For  the explo- 
sions in the r e s e r v o i r s  with H , = 2  and 1, the exper imenta l  points a re  slightly below these curves ;  this r e -  
sul t  indicates the p resence  of a complex wave field, f o rmed  by the superposi t ion of waves multiply r e -  
f lec ted f rom the r e s e r v o i r  boundar ies .  (The equations shown here  for  the p a r am e te r s  take into account 
the interact ion of the d i rec t  wave with only those waves re f l ec ted  once f ro m  the r e s e r v o i r  boundaries.)  
Never the less ,  these equations give the p a r a m e t e r s  of shock waves in shallow r e s e r v o i r s  with low-veloci ty  
bottoms with an accuracy  suitable for  p rac t ica l  purposes .  

The authors  thank A. G. Ryabinin, A. I. Stanilovskii,  K. I, Baryshev,  L. N. Galtperin,  and K. K. Cher-  
netskii  fo r  part icipat ing in this study. 
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