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The p a r a m e t e r s  of the shock waves  c r e a t e d  by exploding hor izon ta l  cy l ind r i ca l  cha rges  in a 
loam have been e x p e r i m e n t a l l y  inves t iga ted  with al lowance for the effect  of the f ree  sur face .  
The effect  of charge  depth on the shock wave p a r a m e t e r s  is  demons t ra ted .  

The exper imen ta l  data on the p a r a m e t e r s  of b las t  waves r e l a t e  chief ly  to the act ion of concen t ra ted  
[1-7] or ,  in individual c a s e s  [7], v e r t i c a l  cy l ind r i ca l  cha rges  exploded underground.  

In our notation d is  the p a r t i c l e  d i a m e t e r  in ram, q is  the p a r t i c l e  content in percen t ,  To is the soi l  
dens i ty  in g / c m  3, w is  the m a s s  m o i s t u r e  content of the soil  in percen t ,  H is  the depth of the charge  in m, 
C is the weight of the charge  per  l i nea r  m e t e r  in kg, and R is the d is tance  f rom the axis  of the c h a r g e i n m .  

Below we p r e sen t  the r e s u l t s  of an inves t iga t ion  of the p a r a m e t e r s  of cy l ind r i ca l  b la s t  waves,  with 
a l lowance for the effect of the f r ee  sur face ,  in a loam of the following g ranu lome t r i c  composi t ion:  

d, mm~ ~from i 0.5 0.25 0.05 0.0i 0.005 
[ to 0.5 (I.25 0.15 O.Ot 0.005 

q, %~-~ 0.9 21.8 16.2 49.t t.7 ~0.5 

The va r i a t i on  of densi ty  and m o i s t u r e  content with depth is given below: 

H, m= 0.i0 0.20 0.40 1.00 i.30 
}% g/cm s= i.94 i.95 1.96 2.07 2.12 

~, % ~--- 14,30 i4.55 15.60 t3.70 t8.00 

The following p a r a m e t e r s  were  de t e rmined  d i r ec t l y  f rom the expe r imen t s :  r a d i a l  Cr, tangent ia l  ~a,  
and axia l  ~z s t r e s s e s ,  soi l  p a r t i c l e  ve loc i t i e s  v, maximum s t r e s s  propagat ion  ve loc i t i e s  Dm. 

The s e n s o r s  for  m e a s u r i n g  the s t r e s s e s  and soi l  p a r t i c l e  ve loc i t i e s  were  ins ta l l ed  at  the same  depth 
as  the cha rge  at different  points along a l ine pe rpend icu la r  to the charge  axis  and dividing the length of the 
charge  into two halves .  They were  lowered  into b . f e b , l o s  130 mm in d i a m e t e r  and su i tab ly  o r i en ted  r e l a -  
t ive to the charge ,  a f te r  which the bo reho les  were  f i l led  with the p rev ious ly  r e m ove d  soil ,  which was t amped  
in l a y e r s  to r e s t o r e  the natura l  densi ty,  

The s t r e s s e s  a t ,  Ca, Cz we re  m e a s u r e d  as functions of t ime  by means  of h igh- f requency  s t r a in  gauges,  
whose s ignals  were  ampl i f i ed  and r e c o r d e d  by an N-700 loop osci l lograph~ The ve loc i ty  sensor  was a me ta l  
case  containing a solenoid,  within which a pe rmanen t  me ta l  magnet  moved f ree ly .  A m o r e  d e t a i l e d d e s c r i p -  
t ion of these  s e n s o r s  is  given in [4]. 

Applying to the expe r imen ta l  va lues  of the b la s t -wave  p a r a m e t e r s  the compat ib i l i ty  condit ions at the 
shock front  (on the d is tance  in te rva l  inves t iga ted  the b las t  wave is a s s um e d  to be a shock wave), we d e t e r -  
mine  the volume deformat ion  of the soi l  as  a function of d i s tance  and the volume c o m p r e s s i o n  d iagram.  
Knowing the volume s t r a in  and the volume c o m p r e s s i o n  d iag ram of the soil ,  we can de t e rmine  the 
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compact ion  zone and the dynamic load n e c e s s a r y  to achieve the cor responding  compact ion.  Exper imen t s  
were  conducted at the following va lues  of C and H: 

C, kg/m= 1 t t t i 2 2 2 2 2 
H,m =0.56 0.35 0.85 0.2t 0.70 0.70 0.50 t.00 4.20 0.30 

w h e r e  C i s  the  weight  of e x p l o s i v e  p e r  l i n e a r  m e t e r  in kg and H is  the  depth  of  the  c h a r g e  in m.  

A c e r t a i n  s c a t t e r  of the  e x p e r i m e n t a l  d a t a  ob t a ined  f r o m  s i m i l a r  e x p e r i m e n t s  i s  unavo idab le .  The  
s p r e a d  i s  c h i e f l y  a s s o c i a t e d  with i n s t a l l a t i o n  o f  the  s e n s o r s .  The  r e s u l t s  w e r e  c o r r e l a t e d  by the  m e t h o d  of  
l e a s t  s q u a r e s .  

The  i n v e s t i g a t i o n  r e v e a l e d  a p o w e r - l a w  d e p e n d e n c e  of  the  s t r e s s e s ,  so i l  p a r t i c l e  v e l o c i t i e s ,  and m a x -  
i m a m  s t r e s s  v e l o c i t i e s  on the r e l a t i v e  d i s t a n c e :  

Y = k B ~  Y = % '  % '  ~z' v, B ~ = BC-V2 (1) 

H e r e ,  R i s  the  d i s t a n c e  f rom the  c h a r g e  ax i s  in m.  Va lues  of  the  p a r a m e t e r s  k a n d #  a r e  p r e s e n t e d  
in the  t a b l e .  

[~r) 10.74 
(~) 3.44 

(~z) 6.37 
(v) 2.71 
(~~ 

2.68 
2.58 
2.58 
1.02 

0.2t 

k2 - -  ~-2 

19.53 3.36 
6.89 3.00 

1t.00 3.09 

0.35 

ko  - -  P,a 

t4.05 3.00 
6.69 2.66 

t0.74 2.68 
2.9t t .23 

0.70 

23.09 3.17 
7.03 [ 2.24 

16.18 I 2.84 
5.43 [ t.40 

0.84 

The v a l u e s  of the  p a r a m e t e r s  in the  f i r s t  r o w  r e l a t e  to fir ,  t h o s e  in the  s e c o n d  to cry, t h o s e  in the  
t h i r d  to Crz, and  t h o s e  in the  four th  to  v, whi le  the  f if th row g i v e s  v a l u e s  of  the  r e l a t i v e  c h a r g e  depth  
H ~ = HC-I~/2 c o r r e s p o n d i n g  to p a i r s  of v a l u e s  of k a n d ~ .  

In F i g s .  1, 2, 3, and 4 the  r a d i a l  ( c u r v e s  1), ax i a l  ( c u r v e s  2), and  t a n g e n t i a l  ( c u r v e s  3) s t r e s s e s  in 
k g / c m  2 a r e  g iven  as  func t ions  of the  r e l a t i v e  d i s t a n c e  at  a c o n s t a n t  r e l a t i v e  c h a r g e  depth .  

F o r  ~r ,  cry, ffz the  q u a l i t a t i v e  d e p e n d e n c e  on R ~ and H ~ i s  the  s a m e ;  t h e r e f o r e  we need  c o n s i d e r  only  
the  a n a l y s i s  of the  r a d i a l  s t r e s s e s .  I t  is  c l e a r  f r o m  the  c u r v e s  tha t  the  r a d i a l  s t r e s s e s  d e c r e a s e  s h a r p l y  
at  v a l u e s  R ~ -< 1.47 m/kg~/2, which  i n d i c a t e s  c o n s i d e r a b l e  l o s s e s  of b l a s t - w a v e  e n e r g y  in t h i s  r e g i o n ,  ch i e f l y  
a s  a r e s u l t  of  so i l  c o m p a c t i o n  but a l s o  a s  a r e s u l t  of  p l a s t i c  d e f o r m a t i o n  and h e a t i n g  of the  so i l .  In the  
r e g i o n  R ~ -> 1,47 the shock  wave  g r a d u a l l y  d e g e n e r a t e s  into a c o m p r e s s i o n  wave  and t h e  l a t t e r  into an e l a s -  
t ic  wave .  

In  Fig .  5 the  r a d i a l  s t r e s s  has  been  p l o t t e d  a g a i n s t  the r e l a t i v e  c h a r g e  depth.  C u r v e s  1, 2, and  3 c o r -  
r e s p o n d  to v a l u e s  of  the  r e l a t i v e  d i s t a n c e  0.98, 1.47, 1.96 m/kg$/2.  
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Analytically these curves can be approximated by the following expressions: 

ar=0.276H~ at R~~ (2) 
zr ~ 0.08~ H~ -}- 4.58 at R~o ~ 1.47 (3) 
~r ~ 0.020 H~ ~- i.42 at Ra~ = t.96 (4) 

H e r e ,  H ~ = H / r 3 ,  r 3 = 0 .014C#/2 ,  r s i s  t h e  c h a r g e  r a d i u s .  

A s  m a y  b e  s e e n  f r o m  t h e  g r a p h s ,  a t  a l l  t h e  r e l a t i v e  d i s t a n c e s  i n v e s t i g a t e d  t h e r e  i s  a t e n d e n c y  f o r  t h e  

s t r e s s e s  to  i n c r e a s e  w i t h  i n c r e a s e  in  c h a r g e  d e p t h .  T h i s  i n d i c a t e s  t h a t  w e  i n v e s t i g a t e d  o n l y  t h a t  r a n g e  o f  
d e p t h s  H ~ < H ~ . a t  w h i c h  t h e  e x p l o s i o n  c h a r a c t e r i s t i c s  w e r e  n o t  t h e s e  of  a r e t a i n e d  u n d e r g r o u n d  e x p l o s i o n .  
T h e  i n c l i n a t i o n  o f  t h e  s t r a i g h t  l i n e s  to  t h e  H O - a x i s  i s  t h e  g r e a t e r ,  t h e  s m a l l e r  t h e  d i s t a n c e  R ~ T h e  c h i e f  
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in f luence  on th i s  a s p e c t  of the dependence  of the s t r e s s e s  on K ~ and R ~ is  ex -  
e r t e d  by the d i s t r i b u t i o n  of exp los ion  e n e r g y  in  the d i r e c t i o n s  of the f ree  s u r -  
face and the i n t e r i o r  of the soi l  m a s s .  Th i s  effect  is  e s p e c i a l l y  i m p o r t a n t  for 
poin ts  c l o s e r  to the charge ;  in the r eg ion  R ~ > 1.96 an e l a s t i c  wave,  whose e n -  
e r g y  f o r m s  a cons t an t  p a r t  of the exp los ion  ene rgy ,  is propagated ,  and t h e r e -  
fore  in th i s  r e g i o n  the effect  of the  cha rge  depth on the b l a s t - w a v e  p a r a m e t e r s  
can  be neglec ted .  

In Fig.  6 the t i m e  t o of p ropaga t ion  of the onse t  of the d i s t u r b a n c e s  (curve  
1) and the  t i m e  t m of p ropaga t ion  of the m a x i m u m  s t r e s s e s  (curve  2} a r e  shown 
as func t ions  of the r e l a t i v e  d i s t ance .  

The c o r r e s p o n d i n g  equa t ions  of the c u r v e s  have the form:  

to ~ ~ 103t0 / c '/~ = 3.06 (R ~ -- 0.014), tm~ ~ 103tin / C 'h = 4.54 (R ~ -- 0.0t4 )LX9 (5) 

whe re  t o and t m a re  in  m s e c .  

D i f f e r en t i a t i ng  Eqo (5) with r e s p e c t  to t, we d e t e r m i n e  the p ropaga t ion  v e l o c i t i e s  of the d i s t u r b a n c e s  
and the m a x i m u m  s t r e s s e s ,  r e s p e c t i v e l y ,  

Do = 326.80 m/scc D m = t85.20 (R ~  0.0i4) -~ (6) 

F r o m  the c o m p a t i b i l i t y  condi t ion  at the shock f ront  [2], us ing  Eq, (6) for D m and the n e c e s s a r y  coe f -  
f i c ien t s  for ~r r f rom the table ,  we d e t e r m i n e  the vo lume  s t r a i n  at the shock front :  

- -  0.014) o,38 
0 = t.65. t0 -2 (R~ Ro,..68 at Hz ~ = 0.21 m/kgl/~ (7) 

(R o _ 0,0t4)o.as 
0 ~ 0.77, t0 -1 Ro3,OO at Ha ~ ~ 0.70 m/kgl/2 (8) 

R~176 at H4o=0.84 m/kgX/2 (9) 
0 = 3-10"i0-2 ( Ro3.17 

The  g r a p h s  c o r r e s p o n d i n g  to Eq. (7), (8), and (9) have been  p lo t ted  in Fig.  7. As m a y  be seen  f r o m  a 
c o m p a r i s o n  of the c u r v e s ,  as the cha rge  depth i n c r e a s e s ,  so does the vo lume  s t r a i n .  

The  g raphs  in Fig.  8 r e p r e s e n t  the soi l  p a r t i c l e  ve loc i ty  at the b l a s t - w a v e  f ront  as a funct ion  of r e l a -  
t ive  d i s t ance .  T h e  v a r i a t i o n  of the p a r t i c l e  ve loc i ty  as  a func t ion  of c h a r g e  depth is  qua l i t a t i ve l y  the s a m e  
as  for  the vo lume  s t r a i n .  This  r e l a t i o n s h i p  i nd i ca t e s  that  on the r a n g e  of r e l a t i v e  cha rge  depths and d i s -  
t a n c e s  i nves t i ga t ed  the con t inu i ty  equa t ion  

0 = v / D r a  

is  sa t i s f i ed .  

The v o l u m e  c o m p r e s s i o n  d i a g r a m s  a r e  p r e s e n t e d  in Fig .  9. 

have  the fol lowing fo rm:  

(lO) 

The c o r r e s p o n d i n g  ana ly t i c  e x p r e s s i o n s  

p = 833.7001.o9 at H1 ~ = 0.2i 
p = 568.90 01"~ at H3~ = 0.70 
p 587,10 0 T M  at H~ 0.84 

Our a n a l y s i s  of the e x p e r i m e n t a l  da ta  r e v e a l s  that  the cond i t ions  of g e n e r a l i z e d  g e o m e t r i c  s i m i l a r i t y  
a r e  s a t i s f i ed  for the b l a s t - w a v e  p a r a m e t e r s .  The laws obta ined  for  the v a r i a t i o n  of vo lume  s t r a i n  with d i s -  
t ance  wi l l  s e r v e  as  s t a r t i n g  data  for  c a l c u l a t i n g  the compac t ion  zone in  so lv ing  v a r i o u s  e n g i n e e r i n g  p r o b l e m s .  
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