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ABSTRACT: The results of expe r imen t a l  inves t iga t ions  of the com-  

pressibi l i ty  of a rg i l l aceous  soils (loess loams,  loams,  and d a y s )  sub- 

j ec t ed  to underground explosions are discussed. The data concerning 

the de fo rmat ion  at  the shock-wave  front, and their  comparison with 

da ta  concerning res idual  deformat ions  i nd i ca t e  that  the v iscoplas t ic  

soil  properties strongly inf luence  the soil  compress ib i l i ty  for shor t - term 

loads or ig inat ing from underground explosions.  The conclusions which 

were previously dfawn in [1] are q u a l i t a t i v e l y  and quan t i t a t i ve ly  con- 

f i rmed.  

1. Method and Condit ions of the Experiments .  The deformat ions  
at the shock-wave  front propagat ing in the undisturbed ground during 

an underground explosion and, after the explosion,  the residual  de-  

formations,  were measured  at various dis tances  from the center  of the 

explosion.  In these exper iments ,  the charges  var ied from 0 .2  to 200 

kg.  Both the stress f ie ld  and the pa r t i c le  ve loc i t i es ,  as wel l  as changes  

of these quant i t ies  in space and t i m e  were measured  in the exper iments .  

The pr inc ipa l  rad ia l  stress o r and the p r inc ipa l  t angen t i a l  stress o a 
were measured  wi th  h igh- f requency  m e m b r a n e  strain gauges  with di-  

ame te r  D = 60 ram, he igh t  h = 20 -30  ram,  and membrane  thickness 

6 = 2 - 7  ram.  The signals of the strain gauges were ampl i f i ed  in a 

UTS-12 ampl i f i e r  and recorded with N-102 and N-105 loop osc i l lo -  

graphs. The r ad ia l  ve loc i t i e s  v of the par t ic les  were measured with 

sensors consisting of a solenoid which was housed in a Dural body and 

which carr ied a f reely movab le  cy l ind r i ca l  pe rmanent  magne t  inside 

the solenoid.  N-102 and N-105 osci l lographs were used to record the 

signals  of these sensors. The sensors were p laced  in boreholes with 

d iamete r s  d = 180-200  m m  at the dimensionless  dis tances  R 0 = 12, 15, 

20, 30, and 40 from the explosion center .  The notat ion is interpreted 

as follows: R 0 = r/r0, wi th  r denot ing  the dis tance from the explosion 

center  in m,  r 0 = 0 .054  �9 C t / s  is the radius of the charge  in m, and 

C denotes the weight  of the charge  in kg. 

After the sensors had been appropr ia te ly  arranged re l a t ive  to the 

d i rec t ion  of wave propagat ion,  the explosions were set off and the 
boreholes co l lapsed .  The residual  densi t ies  were measured by taking 

samples  after the explosion at various dis tances  from the explosion 

center;  a standard method and a Litvinov field laboratory were employed .  

The fol lowing data  refers to the g ranu lome t r i c  composi t ion  of the 
soil.  The first l ine  refers to heavy  loess loams [1] with a vo lume weight  

of the mat r ix  ma te r i a l  ~, = 1 .35-1 .47  g / c m  :~ and a nloistnre content  

w = 12-14~ by weight;  the second i ine  refers to loam with y = 1 .60-  

1 .65  g / c m  a and w 10-15%; the third l ine  refers to compac t  c lay  

with 7 = 1 J 0 - 1 . 7 5  g / c m  a and w = 20-28%.  
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2. Results of the Invest igat ions ,  The studies of the exp los ion-wave  
parameters  revea led  that  in both loams and c lays  (as wel l  as in the 

sandy loess soils of [2-4] ) ,  shock waves charac te r i zed  by sharp, j u m p -  

l i ke  stress increases  at  the wave front occur at short distances from the 

explosion center .  At increasing dis tances  from the explosion center ,  

the shock waves transform into continuous waves charac te r i zed  by' a 
smooth stress increase  in the wave to a m a x i m u m  value .  The exper i -  
m e n t a l  da ta  were used to ver i fy  the relat ions 

~r* (R0) = 90' v ,  (Ro)-D,  (R0), P0 = T (t @ 0 .0 t  w) (2 .1 )  
g 

at the shock-wave  front, where P0 denotes the in i t i a l  densi ty and D,(R0) 
denotes  the propagat ion  ve loc i ty  of the shock-wave  front. Betow we 

l i s t  the corresponding average  values  Or,(R0) which were obta ined from 

independent  measurement s  (Or,(R0) ~- oi)  or which were ca l cu la t ed  

wi th  Eq, (2 .1)  from the pa r t i c le  ve loc i t i e s  and the wave-f ront  prop- 

paga t ion  ve loc i t i e s  (Or,(R0) = 02) for the soils described above in l ines 
(1), (2), and (3). 

(1) Ro = 10 t2 15 20 25 30 
z ~ = 3 0 . 7  t9 .5  9.8 3 .8  1.8 1.0 
~.~ --  37.0 19.8 10.6 4 .8  2.8 1.7 
A := + 2 0 . 5  @ l . 5  -~ 8.2 + 2 6 . 2  + 5 5 . 5  + 7 0 . 0  

(2) R o = 15 20 25 30 40 
~1 = 22.0 9.8 5.3 3.0 t . t  
r = 27 . t  12.8 7.5 4.0 t . 6  
A = +23.2 +30.6 +41.5 @33.3 @45.5 

(3) R o = 15 20 25 30 40 
~z = 236 92.2 45.0 27.2 6.9 
z2 = t92 58.2 25.9 12.6 4.8 
A = - - t 8 . 6  - -37 ,0  - -42 .3  --53,5 - -30 .5  

Here,  

A = ~ % .  

It follows from this data  that  Eq. (2 .1)  is qui te  wel l  satisfied in our 

a rg i l l aceous  soils at R0 ---< 15 -20 ,  which corresponds to stresses o r,, of 

15 -20  k g / c m  2 in loams,  and 80-90  k g / c m  z in c lays .  S imi la r  stress 

figures, for which shock waves occur in loanrs ,  were stated in 15]. 

The shock waves permi t  one to de te rmine  the deformat ion  at  the 
wave front with the equat ion  

z~. (R0) 
~, (Ro) = p0 D.~ (&--~ (2 .2)  

The quant i t ies  Or,(R0)and D,(R0) in Eq. (2 .2)  are de te rmined  for 
a rg i l l aceous  soils (as previously,  for the sandy soils of [2, 3]) by the 
fol iowing e m p i r i c a l  formulas 

~r* (Ro) =KRo 'u"k~gz 15 % -8o -~ 40, 
c n l  

54 m 

D. (Ro) = l&K~Flot~_ t sec 7 < t7o ~ 20. (2 .3)  

The coeff ic ien ts  are, 
for loam : 

K 1 = 42.6.10 a, 9.t = 2.81, 

K2 = 8 . t3" t0  -a, ~t2 = 2 . t2 ,  

and for c iay :  

K1 = 28.0.10 ~, [*t = 3.45, K~ = 0.58.10 -3, b~2 = 2.45. 

The corresponding values for loess loam were stated in [4]. 

Figures i and 2 (curves 3) display the 8,(R0) values constructed with 
Eqs. (2.2) and (2.3) for loess loam (Fig. l) and for clay (Fig. 2). For 
the purpose of comparison, Figs. 1 and 2 include the residual deforma- 
ations s0(R) which were e x p e r i m e n t a l l y  de te rmined  at various dis tances  
from the explosion center .  Points 1 and 2 of Figs. 1 and 2 correspond 
to the charges C = 1 .6  and 0 .26  kg, respec t ive ly .  
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The results were used to plot curve 1 which indicates the residual 
deformations s0(R) as functions of the distance from the explosion 
center. We have R = r/r  0, where r denotes the distance from the center 
of the charge after the explosion (Euler coordinate), in order to com- 

pare s0(R) with the deformations s0(R0) at the shock-wave front, we 
must plot the relationship s0(R) in Lagrangian coordinates. By using 

the mass-conservation law, we obtain 

R 

Ro 8 = 1 @ 3  t - - e o ( ~ l )  ' R ~ =  ro ' ( 2 . 4 )  
R, 

where q denotes the radius of the cavity resulting from the explosion. 

Curves 2 of Figs. i and 2 were constructed with Eq. (2.4) and cor- 

respond to the residual deformations s0(R0) in Lagrangian coordinates. 
A comparison of curves 2 and 3 of Figs. 1 and 2 with the corresponding 
values for loams [2] reveals that the residual deformations s0(R0) were 
much greater at R = 10-15 in loess soil than the deformations s.(R0) 
at the shock-wave front; in clay, the residual deformations were twice 
as great as the deformations at the shock-wave front, and, in loam, 
1.8 times as great. This difference decreases with increasing distance 

R 0 and also with decreasing stress. 
In the case of loess loam (b'ig. 1), for which statistical test data 

are available [1], the residual deformations after the explosion did 
not exceed the deformations corresponding to a static load of magni- 
tude equal to the maximum stress at the shock-wave front. 

The results cannot be explained with the elastic-plastic model of 
[6]. They prove that the explosion-induced ground deformations con- 
tinue to increase when the stress-removal condition Oa/St < 0 is satis- 
fied. The results confirm the previous conclusion [1] that time-depen- 
dent phenomena, particularly the deformation rate, strongly affect the 
volume compressibility of argillaceous soils subjected to short loads. 

The author wishes to express his gratitude to Grigoryan for useful 
advice and to Mel'nikov for his participation in the experiments. 
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