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A determinat ion of the dynamic compress ibi l i ty  of soils based on the experimental  values of the pa ram-  
e te rs  of plane, cylindrical,  and spherical  detonation waves was car r ied  out mainly for  s t r e s ses  not exceed- 
ing 80-100, and in specific cases,  250 k g / e m  2 [1-4]. Results are  given below of an experimental  investigation 
of plane waves for  s t r e s s e s  of up to 1000 k g / c m  2. Based on this data we construct  a s t r e s s - s t r a i n  relation, 
corresponding to shock compress ion  at the wave front. We determine the soil compaction. It is shown that 
the s train continues to grow behind the wave front. The remanent  s t rains  a re  g r ea t e r  than those that appear  
at the front. This gives evidence for  the significant effect of viscous and plastic proper t ies  of the soil on the 
wave p rocess .  

1.  E x p e r i m e n t a l  M e t h o d s .  The experiments  were conducted in sandy soil of average coa r se -  
ness  packed into a foundation pit excavated in dense loam. The foundation pit was 1.1 m deep and I m long 
and wide. The gauges fo r  measur ing  the s t r e ss  were placed at a depth of f rom 5 to 70 cm f rom the top of 
the filled foundation pit. The sand was tamped in layers .  Before each experiment the foundation pi twas  emp- 
tied and then refilled. Three  gauges were placed at each depth: at the center  and at distances of 25 and 45 
cm f rom the center.  In a row with the gauges there were placed aluminum plates 4 cm in d iameter  and 0.05 
cm thick. We measured  their  residual displacement, assuming it to be equal to the displacement of the soil. 

The s t r e s s  was recorded with high-frequency s t ra in  gauges. The signals f rom the gauges af ter  ampli-  
fication were  recorded  on N-105 loop osci l lographs.  The diaphragms of the gauges were turned upwards.  

Waves were produced by exploding over  the foundation pit a plane charge of explosives of a rea  1 • i m 2. 
The explosion was t r iggered  at the center .  F o r  a detonation velocity ~ 7000 m / s e e  the t rans i t  t ime of the 
wave up to the edge of the charge was -~ 0.07 msec.  We used charges  of thickness 6 = 0.31 and 0.19 cm, which 
cor responds  to density C = 5 and 3 k g / m  2. Charges with 6 = 0.31 em were placed direct ly  on the surface of 
the foundation pit and in the a i r  at heights 10 and 20 cm; charges  with 5 = 0.19 cm were placed on the surface, 
and charges  were also placed on the surface along with sprinkling of a l aye r  of soil of thickness 40 cm and 
of length and width 1.8 m. The soft over  the charge was not tamped. 

The cha rac te r i s t i c s  of the sandy soil were as follows: skeleton density yo = 1.62-1.70 g / c m  3, moisture  
content w =4-8%, density P0 = l + w  = 1.76 g / c m  3, which cor responds  to the following content of components: 
gaseous a t=  0.28, liquid a2 = 0.1, and solid a3=0.62. The loam in which the foundation pit is dug has cha rac -  
te r i s t ics  y0=1.76-1.80 g/era  3, and w= 8-15%. Exper iments  with sprinkling were ca r r i ed  out in the rainy sea-  
son with Y0 = 1.62-1.70 g /era  3, w = 10-17%, and P0 = 1.85 g / c m  2, which cor responds  to at = 0.17, a2 = 0.21, and 
a3 = 0.62. 

2. E x p e r i m e n t a l  R e s u l t s .  After  the explosion we observed an a lmost  uniform residual  dis-  
placement of the soil surface for  all charges.  The displacement at  the edges was less  than at the center  by 
only 5-10%. The walls of the foundation pit collapsed at a depth of 2-3 cm. 

The values of the mean residual displacements  (in cent imeters)  of the surface of the foundation pit and 
the aluminum plates placed at different depths under  the center  of the foundation pit are  presented in Table 1. 
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TAB LE i 

Conditions of the Thickness 
explosion of charge, 

em 

I 
On the surface I 0.31 

On the slarface withll 0.t9 
sprinkung I O. t9 

At height 10 em ] 0.3t 
At height 20 cm 1 0.3t 

0 tD 

6.4 49  
~.2 2:9 

13.0 t t .2  
5.3 4.2 
4.1 3.3 

Initial de 

20 30 

3.8 3.0 
2.2 1.8 
9.5 8.0 
3.3 2.5 
2.7 2.9 

,th, cm 

2.4 
t .5 
6.7 
2.t 
t .8 

50 60 

t .8 - -  
t.3 
5.7 4.7 
t.6 
t .5 

70 

3.9 

T A B L E  2 

Conditions of the 
explosion 

On the surface 

On the surface with 
sprinkling 

At height 10 em 
At height 20 cm 

Thickness 
of charge, 
em 

t .95 
1.9t 
2.03 
t .87 
t.78 

Initial depth of the middle of the layer, cm 

15 I 25 35 45 

1.73 t.73 
i .7t 1.70 
i .9t 1.85 
t.74 1.72 
t.70 1.69 

i . 8 5  

0.3i 
0.i9 
0.19 
0.31 
0.31 

t.87 [ .8t 
i.79 ~.73 
2.00 / t.95 
i.84 / 1.81 
t.74 i .72 

65 

t .8t 

B~ 

6g~ 

qgg 

790 

/q 

i~ 

o-,] 
a-l]  

i 

I 
\ 

g00 

~smsec 

2.0 

1.5! 

[.g 

2/' t f  

0.5 /{ 
g Xg qg gg 

h,cm 
8g 

qgg YgO R ~ 

Fig. i 

A t  the  e d g e  of  t h e  f o u n d a t i o n  p i t  t he  d i s p l a c e m e n t s  of  the  p l a t e s  a r e  1 0 - 1 5 %  l e s s  t h a n  a t  t h e  c e n t e r ;  a t  

a d i s t a n c e  of  25 e m  f r o m  t h e  c e n t e r  and  a t  t he  c e n t e r ,  the  d i s p l a c e m e n t s  a r e  p r a c t i c a l l y  t he  s a m e .  

T a b l e  1 s h o w s  tha t  w h e n  t h e r e  i s  s p r i n k l i n g  the  d i s p l a c e m e n t  i n c r e a s e s  by  a f a c t o r  of  3 . 5 - 4 .  T h e  d i s -  
p l a c e m e n t  d e c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e  of  t h e  c h a r g e  f r o m  the  s u r f a c e .  

T h e  r e s i d u a l  d i s p l a c e m e n t s  o f  t he  g a u g e s  p r o v e d  to be  5 - 8 %  l e s s  t h a n  t h a t  of  t he  p l a t e s ,  a l t h o u g h  t h e  

u n i t  m a s s  o f  the  g a u g e s  i s  two  o r d e r s  g r e a t e r .  T h u s ,  t he  r e s i d u a l  d i s p l a c e m e n t s  of  t he  g a u g e s  a r e  p r a c t i c -  
a l l y  the  s a m e  a s  f o r  the  s u r r o u n d i n g  s o i l .  
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We denote  by  Y the m e a n  v a l u e  of  the d e n s i t y  of the s k e l e t o n  of  the s o i l  a f t e r  an  exp los ion  in l a y e r s  of 
t h i c k n e s s  10 cm,  and we denote  by  Yl and Y2 the v a l u e s  of  the  d i s p l a c e m e n t s  of the  u p p e r  and l o w e r  bounda -  
r i e s  of the  l a y e r .  We then have 

7 = 1070/[10-- (Yl -- Y~]). 

V a l u e s  of 7 ob ta ined  f r o m  the da t a  of T a b l e  1 a r e  g i v e n  in  T a b l e  2. 

The  so i l  c o m p a c t i o n  d e p e n d s  c o n s i d e r a b l y  not only  on the m a g n i t u d e  of the c ha rge ,  but  a l s o  on the con-  
d i t i ons  of the e x p l o s i o n .  The  amoun t  of c o m p a c t i o n  is  n o t i c e a b l y  i n c r e a s e d  by  s p r i n k l i n g  and d e c r e a s e d  by 
the  p r e s e n c e  of an  a i r  l a y e r .  The  so i l  was  e j e c t e d  to a he igh t  of 25-30  m.  Thus  we can  a s s u m e  tha t  a f u r -  
t h e r  i n c r e a s e  in the  t h i c k n e s s  of s p r i n k l i n g  l e a d s  to a c e r t a i n  a d d i t i o n a l  i n c r e a s e  in the so i l  dens i t y .  

O v e r  the e n t i r e  i n v e s t i g a t e d  r a n g e  of  s t r e s s e s ,  the  w a v e s  in  the  so i l  a r e  s h o c k  w a v e s .  The r e s u l t s  of 
the m e a s u r e m e n t s  of the p a r a m e t e r s  of  the  w a v e s  a r e  shown in F i g .  l a  and  b, and F i g .  2. I n a l l c a s e s  c u r v e s  
i c o r r e s p o n d  to a c h a r g e  wi th  s p r i n k l i n g  f o r  6 = 0.19 cm; 2) c o r r e s p o n d s  to a s u r f a c e  wi thout  s p r i n k l i n g ,  
5 = 0.19 cm; 3) in  a i r  a t  height  10 cm,  6 = 0.31 cm; 4) in a i r  a t  he ight  20 cm,  6 = 0.31 cm; and 5) on a s u r f a c e  
wi thout  s p r i n k l i n g ,  6 = 0.31. The  dependence  of the m a x i m u m  s t r e s s  a t  the f ron t  of a shock  wave  on the  d i -  
m e n s i o n l e s s  d i s t a n c e  R ~  i s  r e p r e s e n t e d  in F i g .  l a .  The  c u r v e  c o r r e s p o n d i n g  to a c h a r g e  wi th  6 = 0.31 
wi thout  s p r i n k l i n g ,  p r a c t i c a l l y  c o i n c i d e s  wi th  the  c u r v e  2. The c u r v e s  a r e  c o n s t r u c t e d  a c c o r d i n g  to the  r e a d -  
ings  of the  g a u g e s  a t  the c e n t e r  of the  founda t ion  p i t .  At  the edge the s t r e s s  i s  5-10% l e s s  than,  and a t  a d i s -  
t ance  of 25 e m  f r o m  the c e n t e r  i t  i s  the s a m e  as ,  a t  the  c e n t e r .  

Wi th  s p r i n k l i n g  the s t r e s s  i n c r e a s e s  b y  a f a c t o r  of 5 -6 .  An a i r  l a y e r  10 c m  t h i c k  r e d u c e s  the  s t r e s s  
by  a f a c t o r  of 1 .8 -2 .2 ,  and  a l a y e r  20 c m  t h i c k  r e d u c e s  the  s t r e s s  by a f a c t o r  o f  3 .5 -3 .8 .  

F i g u r e  l b  shows  c u r v e s  of the dependence  of the  pa th  t r a v e r s e d  by  the  shock  wave  on the t i m e  m e a -  
s u r e d  f r o m  the i n s t an t  of de tona t ion  of the c h a r g e .  

In F i g .  2 we p lo t  the  d e p e n d e n c e  of the v e l o c i t y  of  wave  f ron t  D on the d i m e n s i o n l e s s  d i s t a n c e  R ~ con -  
s t r u c t e d  f r o m  the d a t a  of  F i g .  l b ,  and  a l s o  f o r  o t h e r  i n v e s t i g a t e d  c a s e s .  The  c u r v e s  r e f e r  to p o i n t s  a t  the  
c e n t e r  of the  founda t ion  p i t .  A t  the  e d g e s  the  v a l u e s  of the  v e l o c i t y  a r e  10-15% l e s s .  A c o m p a r i s o n  of  the  
c u r v e s  in  F ig .  2 shows  tha t  the  p r e s e n c e  of s p r i n k l i n g  l e a d s  to a c o n s i d e r a b l e  i n c r e a s e  in the  v e l o c i t y  of the 
wave  f ron t  a t  a l l  the  d i s t a n c e s  i n v e s t i g a t e d ,  c u r v e s  2 and 5 p r a c t i c a l l y  a g r e e ,  and the  a i r  l a y e r  b e t w e e n  the 
c h a r g e  and  the so i l  c a u s e s  a d e c r e a s e  in  the  wave  v e l o c i t y  in  the  so i l .  Wi th  i n c r e a s i n g  t h i c k n e s s  o f t h e l a y e r  
the v e l o c i t y  d e c r e a s e s .  

The  ob t a ined  d e p e n d e n c e s  o'(R ~ and  D(R ~ a l low us  to c o n s t r u c t  e x p e r i m e n t a l  c u r v e s  of  the  d y n a m i c  
c o m p r e s s i b i l i t y  of the  so i l  at  the  wave  f ron t  ~(e), i . e . ,  f o r  ~ --*~. Us ing  the r e l a t i o n  at  the f ron t  of the shock  
wave ,  we ob ta in  the  d e f o r m a t i o n  of  the so i l ,  a s  a func t ion  of the s t r e s s  and  v e l o c i t y  of the f ron t  

e = - -  cS/po D ~ .  

The or(e) c u r v e s ,  c o n s t r u c t e d  in a g r e e m e n t  wi th  the  l a s t  equa t ion  f r o m  the  da ta  of  F i g .  l a  and  F i g .  2 
a r e  p r e s e n t e d  in  F i g .  3. F o r  a c o m p a r i s o n  we  a l s o  g ive  t h e r e  c u r v e s  of the  d y n a m i c  c o m p r e s s i b i l i t y  of c e r -  
t a in  o t h e r  s o i l s .  C u r v e s  I and  2, t a k e n  f r o m  [1], a r e  c o n s t r u c t e d  f r o m  the  e x p e r i m e n t a l  v a l u e s  of the  p a r a m -  
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e te r s  of the shock waves in wa te r - sa tu ra t ed  sandy soils with (~1 = 0, ~2 = 0.4, ~3 = 0.6 and at = 0.01, (~2 = 0.39, 
(~3=0.6. Curves 5 and 6 are  obtained [5] for dynamic compress ion  of a sample of a sandy soil. enclosed 
within a container  with nondeforming walls.  Curve 5 cor responds  to soil with c~l = 0.1, (~2 = 0.32, and a3= 0.58, 
and curve 6 cor responds  to soil with (~i=0.418, ~2 = 0.02, and 0~3 = 0.58. Curves 3 and 4 a re  eons t rue tedf rom 
experimental  data (Tables 1 and 2); they refer ,  respect ively,  to soils with e~i = 0.28, e~2=0.01, o~3 = 0.62 and 
e~l=0.17, e~2=0.21, and e~3=0.62. 

The number  of curves  increases  with decreas ing mois ture  content, i.e., with increasing content of a i r  
in the soil. The specific weights of the skeleton for  the soils to be compared  differ imperceptibly.  

Compar ison of the curves  in Fig.  3 shows that with increasing al, i.e., with decreas ing mois ture  con- 
tent, the curves  f i r s t  move away f rom the s t r e ss  axis, and then, beginning approximately with ~i = 0.17, ap- 
proach  it, and for  ~i > 0.21 again move away. A s imi la r  dependence was established ea r l i e r  for  s t r e s se s  up 
to 30-40 k g / c m  2, 

Curves 3* and 4* are  determined f rom the data of Table 1. They cor respond to residual  deformations 
of the soil, the compress ib i l i ty  curves  of which at the front of the shock wave are  denoted 3 and 4. 

F r o m  a compar i son  of the curves  3, 4 and 3. ,  4* it follows that the residual  deformations of the soil 
a f te r  the passage of the shock wave considerably increase  the deformation obtained at the front. E a r l i e r  [6], 
a s imi la r  dependence was observed at sma l l e r  s t r e sses .  Thus, in the s t r e ss  range up to 1000 k g / c m  2 af ter  
an uneven increase  in deformations at the shock-wave front, during the period of decrease  of s t r e sses ,  there 
occurs a further increase in deformations. After a period of reduction of stresses and increase of deforma- 
tions there evidently follows a period of simultaneous decrease in both these quantities. However the de- 
crease in deformations is smaller prior to the increase. 

The equation determining the compressibility of non-water-saturated soils for wave processes both 
for small and for large loads therefore represents a dependence not only between the stresses and the de- 
formations, but also between their derivatives. Earlier a similar dependence was experimentally confirmed 
in the region of small stresses [i, 6-10]. From the general behavior of the curves in Fig. 3 it follows that 
a similar character of variation of deformation is also maintained for large stresses (several thousand at- 
mospheres). 

It is also shown that waves in the sandy soil being investigated packed in the foundation pit, excavated 
in denser loamy soil of unbroken structure, in the first approximation, are plane waves, if the charge over- 
laps the entire cross section of the foundation pit. The wave parameters at the center and at the edge of the 
foundation pit practically coincide. The effect of the walls of the foundation pit is similar to the effect of a 
smooth pipe - it results only in an insignificant decrease in the velocity of the front, the displacement of the 
particles, and the pressure at a distance of 4-5 em from them. Earlier it was experimentally established 
[i] that if the area does not overlap the entire cross section of the foundation pit, then there will occur a 
noticeable distor[ion of the wave since the process is not one-dimensional, and at the charge boundaries, the 
values of the s t r e s s  and velocity of the front decrease .  
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