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A genera l i za t ion  of exper imenta l  data  on the c o m p r e s s i o n  of soil  s amples  and the m e a s u r e m e n t o f  
s t r e s s e s  during the p ropaga t ion  of b l a s t  waves  showed that  the p r o p e r t i e s  of soi ls  cannot be adequately r e p r e -  
sented by an e las top las t ie  model  of a med ium and that  dilational v i scos i ty  m u s t  be taken into account also.  
In accordance  with this  a s sumpt ion  a model  of soil  as a v i scoplas t ic  medium was p roposed  in [1]. Simulta-  
neous m e a s u r e m e n t s  of s t r e s s e s  and s t r a in s  during the propaga t ion  of waves  in homogeneous soi ls  conf i rmed  
the impor tan t  effect  of v i scos i ty  and p las t i c i ty  on the de format ion  of soi ls  [2-4]. 

1. Natural ly deposi ted soi ls  f o rm a complex  s y s t e m  of s t r a t a  which differ  in phys ica l  p r o p e r t i e s .  These  
p r o p e r t i e s  m a y  v a r y  continuously o r  change abrupt ly  at l a y e r  boundar ies .  Among the soil  c h a r a c t e r i s t i c s  
which may  va ry  f r o m  l aye r  to l aye r  a r e  the density of the skeleton,  pa r t i c l e  s ize ,  and m o i s t u r e  content.  We 
study s t r a t a  which have dist inct  boundar ies  and different  m o i s t u r e  contents .  

The expe r imen t s  we re  p e r f o r m e d  in m e d i u m - g r a i n e d  sandy soi ls  in a pi t  1.5 m deep, 1 m wide, and 1 m 
long excavated  in dense loam.  The l aye r s  w e r e  produced as the pit  was filled, and were  sepa ra ted  f r o m  one 
another  and f rom the walls  by wa te r - t igh t  polyethylene f i lm which ensured  a dist inct  boundary between l aye r s  
and cons tancy of t h e i r  m o i s t u r e  contents with t ime .  A schemat ic  d i ag ram of the exper imen ta l  a r r angemen t  is 
shown in Fig. 1: 1) explosive charge;  2) soil  tamping;  3, 4) upper  and lower  soil  l aye r s ;  5) s t r e s s  t r a n s d u c e r s ;  
6) s t r a i n  t r a n d u c e r s .  The boundary T between l aye r s  was at  a depth of 0.4 m in all expe r imen t s .  In some  of 
the expe r imen t s  the l a y e r  of soil  with the h igher  m o i s t u r e  content was on top, and in o ther  exper imen t s  it was 
on the bot tom.  A high m o i s t u r e  content was achieved by pouring in wa t e r  and mixing.  The soi l s  had the follow- 
ing c h a r a c t e r i s t i c s :  low m o i s t u r e  content,  densi ty  of skeleton T= (1.48-1.56)  �9 103 k g / m  3, m o i s t u r e  content 
w= 4-8%; high m o i s t u r e  content,  ~= (1.48-1.56)  �9 103 k g / m  3, w = 18-22%. F r o m  now on we ca l l  soi l  with a low 
m o i s t u r e  content  dry,  and that  with a high m o i s t u r e  content  mois t .  Exper imen t s  we re  a lso  p e r f o r m e d  with the 
whole pit  fi l led with soil  of the s a m e  m o i s t u r e  content (homogeneous soil). 

The explosive  charge  cons is ted  of s t r ands  of detonating fuse laid in pa ra l l e l  ove r  the whole c r o s s  sec t ion  
of the pi t  and connected at t he i r  ends.  The cha rges  used had a m a s s  p e r  unit a r e a  C = 0.3 and 0.6 k g / m  2. The 
tamping  ove r  the cha rge  cons is ted  of a 0 .4 -m- th ick  l aye r  of d ry  soil.  

S t ress  and s t r a i n  t r a n s d u c e r s  were  posi t ioned in both l aye r s  during the filling of the pit .  The s t r e s s  
was m e a s u r e d  with h igh- f requency  t ensome t r i c  t r a n s d u c e r s ,  and the s t r a in  with t r a n s d u c e r s  based on r e c o r d -  
ing the t ime  dependence of the re la t ive  d i sp lacemen t  of two thin a luminum disks 5 cm in d i a m e t e r  and 5 cm 
apar t .  The space  between the disks was fil led with soil  except  for  a tube 0.6 cm in d i a m e t e r  connecting the 
disks .  This  tube contains the t e n s o m e t r i c  m e c h a n i s m  for  record ing  the t ime  var ia t ion  of the re la t ive  approach 

Fig. 1 
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Fig. 2 

o r  separa t ion of the disks and determining the volume strain.  The readings of the t r ansducers  were  recorded  
on loop osci l lographs .  A s imi la r  method was used in homogeneous soils [2-4]. To ensure  identical conditions 
the pit was c leared  of soil af ter  each explosion and refi l led.  Identical  exper iments  were  repeated three t imes.  
Because of the high density and low compress ib i l i ty  of the loam the walls of the pit did not pe rmi t  displacement 
of the soil in a direct ion perpendicular  to the direct ion of wave propagation,  and thus the p rocess  was one-di -  
mensional .  This is conf i rmed by identical values of the p a r a m e t e r s  recorded  at the same depth at the walls of 
the pit and at the center .  

2. We cons ide r  the passage  of a wave f rom dry  to mois t  soil. Figure 2 shows t r a c e s  of the s t r e s s  c o m -  
ponent in the di rect ion of wave propagat ion ~(t) reduced to a common scale .  For  curves  1-5 the mass  of the 
charge  was C = 0.3 k g / m  2, and the dis tances r f r o m t h e  plane of the explosion were  0.2, 0.3, 0.4 (dry soil), 0.6 
and 0.8 m {moist soil). Curves 1 ' - 4 '  were  obtained in homogeneous dry  soil for  the same values of C at dis-  
tances of 0.2, 0.3, 0.4, and 0.6 m respect ively .  Curves  1 and 2 have two maxima each, associa ted with the 
incident and ref lected waves.  Curves 1' and 2' coincide with curves  1 and 2 up to the instant of a r r iva l  of the 
wave ref lected f rom the boundary. 

Figure 2 also shows t r ace s  of the s t ra in  e(t) reduced to a common scale.  Curves 1 " - 4 "  are  for  d is -  
tances r = 0.2, 0.3, 0.4, and 0.6 m respect ively  in strat if ied soil. Curve 3' was obtained in homogeneous dry 
soil at r = 0.4 m.  

The experimental  values of the s t ra in  are  reached considerably la te r  than the s t r e s s .  In contras t  with 
the s t r e ss  the a r r iva l  of the ref lected wave hardly changes the nature of the variat ion of the s t ra in  produced 
by the incident wave; no sharp increase  in s t ra in  is observed.  At a distance r = 0.4 m the maximum s t r e s se s  
in s trat if ied soil a re  approximately 1.5 t imes  l a rge r  than in dry homogeneous soil, but the s t ra ins  are  only 8~0 
l a rge r .  At dis tances of 0.2 and 0.3 m the maximum stra ins  a re  prac t ica l ly  the same in strat if ied and in dry  
homogeneous soils .  At all distances the s t ra in  continues to decrease  with t ime for  60-100- 10 -3 sec, i.e., dur-  
ing a period when the s t r e s s  is zero .  The res idual  s t ra ins  are  50-80% of the maximum values. 

From the graphs of a(t) and e{t) of Fig. 2 the curves  for  a(e) in s t rat i f ied soil are  plotted in Fig. 3 for 
the passage of the incident, reflected,  and t ransmi t ted  waves at distances of 0.2 and 0.3 m (curves 1 and 2), 
at the boundary between the media  r = 0 . 4  m (curve 3), and in the second soil at r = 0 . 6  m (curve 4). Curve 3' 
for  dry  homogeneous soil at r = 0 . 4  m is shown for  comparison.  T h e s l o p e  of curve 4 when the s t ress  is in- 
c reas ing  is considerably  g rea t e r  than for  curves  1 and 2 in the l aye r  of dry soil. Reloading and subsequent 
unloading occur  along a line with a l a rge r  slope than the line of p r i m a r y  loading. The par t  of the (r(~) curve 
for  decompress ion  of soil (a= 0) coincides with the Oe axis and is not shown in Fig. 3. 

Figure 4 shows the maximum s t r e s s  as a function of distance am(r) for  C =0.3 and 0.6 k g / m  2, and T is 
the boundary between the layers .  Curves 1 and 2 are  for a wave in homogeneous dry soil (for r -  < 0.3 m they 
cor respond also to the incident wave in a l ayer  of dry soil above a l ayer  of mois t  soil), 1' and 2' are for  the 
t ransmi t ted  wave in mois t  soil, and 1" and 2" are  for  the ref lected wave in dry soil.  Curves 1, 1', and 1" 
were  obtained for  C =0.3 k g / m  2, and 2, 2' and 2" for  C =0.6 k g / m  2. The deviation of individual experimental  
points f rom the average values is 20-30~ 

This resul ts  f rom the impossibil i ty of obtaining completely identical soil p roper t ies  in each repacking 
and moistening.  In addition to the spread of ext reme values there  is a spread in the t imes at which they are  
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TABLE 1 

8O 

85 
220 
240 

i 
70 70 
70 70 
60 2t0 
60 220 

2i0 70 
210 75 

=.  -~- 

65 -- 
70 -- 

150 270 

70 -- 

r eached .  The s p r e a d  is accounted for  by curve  3 of Fig.  2 p a s s i n g  above curve  2. The wave of m ~ i m u m  s t r e s s  
is  a t tenuated app rec i ab ly  m o r e  s lowly in m o i s t  than in d ry  so i l .  The ave rage  value of the r e f l ec t ion  coeff ic ient  
at  the boundary is  1.5 for  C =0.3 k g / m  2, and 1.4 fo r  C =0.6 k g / m  2. The m a x i m um  s t r e s s  at the boundary is 
r eached  (1-2)" 10 -3 sec  l a t e r  than at  the s a m e  d i s tance  in homogeneous dry  so i l .  

The va lues  of the ve loc i ty  {m/sec) of p ropaga t ion  of the s t r e s s  m a x i m um  of the incident ,  r e f l ec ted ,  and 
t r a n s m i t t e d  waves a r e  l i s t e d  in Table  1. The rows r e f e r  to the following so i l s :  1) d ry  homogeneous,  C =0.3 
kg/m2; 2) d r y  homogeneous ,  C = 0.6 kg/m2; 3) s t r a t i f i ed ,  C = 0.3 kg/m2; 4) s t r a t i f i ed ,  C = 0.6 kg/m2; ~he d i s t ances  
0.4-0.2 m apply to the r e f l e c t ed  wave. In pas s ing  f rom d ry  to mo i s t  so i l  the wave veloci ty  i n c r e a s e s .  The 
veloci ty  of the max imum of the r e f l ec t ed  wave is  four  to five t i m e s  h igher  than that  of the [ n c i d e ~  wave. An 
a p p r e c i a b l e  i n c r e a s e  in the ve loc i ty  of the m a x i m u m  for  the r e f l ec t ion  f rom a conc re t e  wall  of a wave in loess  
and sandy so i l s  was o b s e r v e d  in [4, 5]. 

3. We c o n s i d e r  the p a s s a g e  of a wave f rom m o i s t  to dry so i l .  Curves  1-5 of Fig .  5 a r e  for  s t r e s s e s  
~(t), r educed  to a common sca le ,  at d i s t ances  r = 0 . 2 ,  0.3, 0.4, 0.6, and 0.8 m r e s pe c t i ve l y ,  and curves  2 * - 5 *  
a r e  fo r  s t r a i n s ,  a l so  reduced to a common sca le ,  at  r = 0 . 3 ,  0.4, 0.6, and 0.8 m r e spec t i ve ly .  The m a s s  of the 
charge  C = 0.3 k g / m  2. At a l l  d i s t ances  the m a x i m u m  s t r a i n  lags  the m a x i m um  s t r e s s .  As the wave en te r s  dry 
soi l  the s t r e s s  is d e c r e a s e d ,  the s t r a i n  i n c r e a s e s ,  and the r i s e  t ime  of the s t r e s s  and s t r a in  is i nc reased .  A 
wave in d ry  soi l  r e f l ec t ed  f rom the boundary  with a l e s s  c o m p r e s s i b l e  soi l  r e su l t s  in a c o m p r e s s i o n  wave 
which cause s  a second i n c r e a s e  in s t r e s s  (Fig. 2). In m o i s t  so i l  the a r r i v a l  of a r a r e f a c t i o n  wave f rom the 
boundary with d ry  so i l  does  not l ead  to a sharp  d e c r e a s e  in s t r e s s  as is the case  in invisc id  med ia  such as 
wa t e r .  The r a r e f a c t i o n  wave a l so  has  no app rec i ab l e  effect  on the c h a r a c t e r  of the s t r a i n  var ia t ion .  

F igure  6 shows p lo ts  of a(e) cons t ruc ted  f rom t r a c e s  of or(t) and e(t) fo r  the pa s s a ge  of a wave f rom moi s t  
to d ry  so i l .  Curve 1' is  fo r  r = 0.2 m (moist  soil)  and curve  3' is fo r  r =  0.4 m {boundary), with the t r an sduce r  
in dry  soi l .  The m a s s  of the charge  in both c a s e s  was 0.6 k g / m  2. Curves  2 and 3 a r e  for  d i s t ances  of 0.3 and 
0.4 m with C = 0.3 k g / m  2. Both t r a n s d u c e r s  we re  in m o i s t  so i l .  Curves  4 and 5 c o r r e s p o n d  to the ]layer of dry 
soi l  at  d i s t ances  of 0.6 and 0.8 m with C = 0.3 k g / m  2. 

In con t r a s t  with d ry  soi l  (Fig.  3) the graphs  of a(e) fo r  s t r e s s  r e l i e f  in m o i s t  soi l  a r e  concaw~ toward 
the o r ig in  ove r  a c e r t a i n  por t ion .  The m a x i m u m  s t r a i n s  a r e  subs tan t ia l ly  s m a l l e r ,  and the s lopes  of the curves  
for  i nc rea s ing  s t r e s s e s  a r e  subs tan t i a l ly  l a r g e r  than in dry  so i l .  
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In Table  1 rows 5 and 6 give the values  of veloci ty  of p ropaga t ion  of the s t r e s s  m a x i m u m  when t h e u p p e r  
l a y e r  of soil  is m o i s t  and the lower  l a y e r  is d ry .  For  row 5 C =0.3 k g / m  2, and fo r  row 6 C=0 .6  k g / m  2. The 
values of the veloci ty  at d i s tances  of 0.4-0.6 m in homogeneous dry  soil  (rows 1 and 2) and a f t e r  the p a s s a g e  
of the wave f r o m  m o i s t  to dry  soil  a r e  p rac t i ca l ly  identical .  At these  d is tances  loading conditions a r e  e s -  
tabl ished which a r e  c lose  to the l imit ing (equil ibrium) values ,  when the veloci ty of the m a x i m u m  has a min i -  
m u m  value.  

The expe r imen ta l  r e su l t s  show that  an i nc rea se  of m o i s t u r e  content  f r o m  4-8 to 18-2270 causes  s ignif i -  
cant  changes  in soil  p r o p e r t i e s :  The at tenuation of the m a x i m u m  s t r e s s  with dis tance is dec reased ,  the m a x -  
imum and res idua l  s t r a ins  d e c r e a s e ,  the veloci ty  of p ropaga t ion  of the s t r e s s  m a x i m u m  i n c r e a s e s ,  and the 
level ing out of the wave and the t ime  by which s t r a i n  lags s t r e s s  a re  dec reased .  

In s t ra t i f i ed  soil  when the f i r s t  l a y e r  is d ry  and the second is mois t ,  the rules  co r r e spond  to the p a s s a g e  
of a wave into a l e s s  c o m p r e s s i b l e  med ium:  At the boundary the s t r e s s  and s t r a i n  inc rease ,  and a ref lec ted  
c o m p r e s s i o n  wave leads to a second i nc r ea s e  in s t r e s s .  The re  is p r ac t i ca l l y  no second inc rea se  in s t ra in .  
The veloci ty of p ropaga t ion  of the s t r e s s  m a x i m u m  is apprec iab ly  h igher  than in the incident wave.  

In s t ra t i f i ed  soil  when the f i r s t  l a y e r  is m o i s t  and the second is dry  the rules  co r r e spond  to the p a s sag e  
of a wave into a l e s s  c o m p r e s s i b l e  med ium:  The s t r e s s  and s t r a i n  in the f i r s t  med ium dec rea se  at  the bound- 
ary ,  and in the second med ium the veloci ty  of p ropaga t ion  of the s t r e s s  m a x i m u m  and also  the s t r a in  and the 
ra te  of level ing out of the wave inc rease .  The wave re f lec ted  f rom the boundary does not give r i se  to an ap-  
p rec i ab le  change of the s t r a i n  in the f i r s t  med ium.  

The compac t ion  of s t ra t i f i ed  so i l s  by an explosion is de te rmined  p r i m a r i l y  by the act ion of the incident 
wave.  The re f l ec ted  wave has an apprec iab le  effect  on the s t r a i n  only in the region where  the p r i m a r y  s t r e s s  
loading has not yet  stopped. At a g r e a t e r  d is tance f r o m  the boundary,  where  unloading has begun before  the 
a r r i v a l  of the re f lec ted  wave,  its e f fec t  is negligible.  This is accounted for  by the l a r g e r  slope of the a(~) curve  
fo r  re loading and unloading than fo r  p r i m a r y  loading. 
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At the p r e se n t  t ime  shock and explos ive  loads a re  being m o r e  and m o r e  widely used in var ious  technical  
p r o c e s s e s .  In this case ,  an adequate desc r ip t ion  both of the p r o c e s s  of the p ropaga t ion  of a shock wave and of 
the change in the med ium as a resu l t  of the shock act ion is of g rea t  impor tance .  

E las toplas t ic  waves  have been d i scussed  e a r l i e r  in a number  of p ieces  of work  [1-3], taking account of 
the behav ior  of d is locat ions  at the f ront  of the shock wave.  In [1] a mode l  was developed for  the descr ip t ion  of 
the inelast ic  behav io r  of i ron  and l o w - c a r b o n  s tee l  in a wide range of change in the de fo rmat ion  ra t e s .  A solu-  
t ion is g iven to the p rob l em  of the plane co l l i s ion  of p la tes .  In [2], along with a numer i ca l  solution of the p r o b -  
l em of the porpaga t ion  of an e las top las t ic  wave,  a s t a t ionary  wave is d i scussed .  It is shown that  the front  of 
a shock wave has a mul t iwave s t ruc tu r e .  However ,  as an exp re s s ion  fo r  the veloci ty  of the dis locat ions the 
authors  of [2] used only an exponential  dependence on the intensi ty of the tangent ia l  s t r e s s e s  and did not con-  
s ide r  the impor tan t  case  of a power  dependence.  In [3], on the bas i s  of the dynamics  of d is locat ions ,  the theory  
of a fully es tab l i shed  wave prof i le  is d iscussed;  numer i ca l l y  ca lcula ted  p rof i l es  a re  c o m p a r e d  with ex p e r i -  
men ta l  p ro f i l e s ,  obtained by the methods of l a s e r  i n t e r f e r o m e t r y ,  it is shown that the veloci ty of the d i s loca-  
t ions with the shock-wave  c o m p r e s s i o n  of a luminum is well  desc r ibed  by a power  dependence.  In addition, it 
is shown that  for  a luminum the density of mobi le  d is locat ions  i n c r e a s e s  l inear ly  with a r i se  in the value of the 
p las t ic  s h e a r  ~,p. 

In the p r e s e n t  a r t i c le  the question of the s t ruc tu re  of the waves  of the load in e las top las t i c  m e d i a  is d i s -  
cussed;  a d is locat ion model  of the dynamic p las t ic i ty  is used [4-6].  Within the f r a m e w o r k  of this model ,  i t  is 
poss ib le  to desc r ibe  not only the dynamics  of the p las t ic  deformat ion ,  but a l so  to cons ide r  the s t r uc tu r a l ch an g es  
which take p lace  in a m a t e r i a l  under  the act ion of dynamic loads.  

The analogous p rob lem of the s t ruc tu re  of a shock wave,  using a phenomenologica l  approach  to a d e s c r i p -  
t ion of the re laxa t ion  of the tangential  s t r e s s e s ,  was d iscussed  in [7]; however ,  in this a r t i c l e  the re  was no 
detai led d i scuss ion  of the ro le  of the nonl inear i ty  of the p r o c e s s  of the re laxa t ion  of the s t r e s s e s ,  and effects  
connected with the change in the densi ty of the dis locat ions  were  net t aken  into cons idera t ion .  

Let  us cons ide r  a shock wave,  whose width & is smal l  in compar i son  with the cu rva tu re  of the front  and 
the dis tance at which apprec iab le  damping of the shock wave takes place .  In this  case ,  the s t ruc tu re  of the 
wave will be de te rmined  by the solution of the s t e ady - s t a t e  plane p rob lem [8]. 

Going ove r  to a moving s y s t em  of coordina tes  in which the front  is mot ion less ,  the equations of mot ion 
can  be wr i t t en  in the f o r m  [7] 

9~ ---- p0u0, c~1--r = (p0u0)~(t/p--l/p0), (1) 

where  p is the density;  u is the velocity;  cr 1 is the s t r e s s  along the axis of propagation;  P0, u0, r a re  the c o r r e -  
sponding values ahead of the front .  

We shall  cons ide r  no t - too - s t rong  shockwaves ,  so  that the t e m p e r a t u r e  behind the f ront  of the wave does 
not exceed the mel t ing  t e m p e r a t u r e ,  in this case ,  the t h e r m a l  components  of the p r e s s u r e  cm] be neglected [8] 
and the equation of s ta te  can  be wr i t ten  in the f o r m  
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