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Dynamic  p r o b l e m s  connected  with the wave p ropaga t ion  in so i l s  not s a t u r a t e d  with w a t e r  
and with wave i n t e r a c t i o n  with o b s t a c l e s  and s t r u c t u r a l  e l e m e n t s  at  the p r e s e n t  t ime  a r e  
so lved  on the b a s i s  of mode l s  in which p l a s t i c  but not v i scous  soi l  p r o p e r t i e s  a r e  t aken  
into account  [1-5].  An a n a l y s i s  of e x p e r i m e n t a l  da ta  and t h e i r  c o m p a r i s o n  with the c a l -  
cu la ted  r e s u l t s  [4, 5] c o n f i r m s  that  i t  is  p e r m i s s i b l e  to apply  the model  of an e l a s t i c -  
p l a s t i c  med ium to so i l s  in p r o b l e m s  conce rn ing  the i n t e r ac t ion  of waves  and s t r u c t u r e s .  
At the s a m e  t i m e  p l ane -wave  damping  in so i l s  t akes  p lace  m o r e  in t ens ive ly  than would 
fol low f rom ca lcu la t ions  c a r r i e d  out on the  b a s i s  of mode l s  of an e l a s t i c - p l a s t i c  me d ium.  
F o r  example ,  if in a sec t ion  of a poured  sandy so i l ,  t aken  as  the  in i t ia l  sec t ion ,  the  
m a x i m u m  s t r e s s  in the wave i s  Crm=ll  k g f / c m  z and i t s  du ra t ion  i s  0---8 m s e c ,  then at a 
d i s t ance  of 25 cm the ca lcu la t ions  give a m = 9 . 5  k g f / c m  ~-, while the e x p e r i m e n t  g ives  
(~m=5 k g f / c m  2. If in the  in i t ia l  sec t ion  am=20  k g f / c m  z and 0=6 m s e c ,  then at  a d i s t ance  
of 35 c m  the ca lcu la t ion  g ives  ~m=17 k g f / c m  z, while the e x p e r i m e n t  g ives  am=9  k g f / c m  2. 
In the ca lcu la t ions  i t  was a s s u m e d  that  unloading t akes  p lace  with a cons tant  s t r a i n .  This  
devia t ion  of the ca l cu la t ed  r e s u l t s  f r o m  the e x p e r i m e n t  can be expla ined ,  in the f i r s t  p lace ,  
by the dependence  of the ~(D on the s t r a i n  r a t e  ~, which i s  not t aken  into account  in the 
model  of an e l a s t i c - p l a s t i c  med ium.  The v i scous  p r o p e r t i e s  cause  addi t ional  ene rgy  
l o s s e s  and a m o r e  in tens ive  damping  of the  waves .  E x p e r i m e n t a l l y  the dependence  of 
the a (D cu rves  on the s t r a i n  r a t e  has been  inves t i ga t ed  for  many  so i l s  [5-8].  The dynamic  
load  on the t e s t  s a m p l e  was p roduced  by a body fa l l ing  f rom a height  o r  be ing  a c c e l e r a t e d  
by some  method .  Below we p r e s e n t  t e s t  r e s u l t s  of v i s c ous  soi l  p r o p e r t i e s  when the t e s t  
s a m p l e  i s  c o m p r e s s e d  by  an a i r  shock wave .  C o m p r e s s i o n  cu rves  and a p p r o x i m a t e  
n u m e r i c a l  va lue s  of the coeff ic ient  of v i s c o s i t y  a r e  obta ined .  

1. E x p e r i m e n t a l  D e t e r m i n a t i o n  of Viscous  Soil P r o p e r t i e s .  Usua l ly  the dynamic  p r o p e r t i e s  a r e  
i nves t i ga t ed  with an impac t  on the t e s t  s a m p l e  by a body d ropped  f r o m  a height  o r  a c c e l e r a t e d  by some  
force~ The i n c r e a s e  of the load  is  s h o r t - t i m e d ,  but r a p i d  unloading a l so  fo l lows i t .  The use  of a i r  shock 
waves  of v a r i o u s  du ra t ions  for  soi l  c o m p r e s s i o n  a l lowed us to obta in  unloading  for  a given t i m e .  

In the t e s t s  c o m p r e s s i o n  of m e d i u m - g r a i n e d  sand was c a r r i e d  out in a c y l i n d e r  with smooth wal ls~ 
The inne r  d i a m e t e r  of the  c y l i n d e r  was  24 cm.  The soi l  was c ove re d  on top by  a l ight  a luminum d i s c  
0 .2  cm in t h i c k n e s s .  In F ig .  1 i t  i s  dep ic ted  by  1. The a i r  wave moving along the shock tube,  in the 
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f i r s t - s e r i e s  tes t s ,  passed  over  the disc twice,  before  and af ter  being 
ref lec ted  f rom the wall c los ing the tube~ There fore ,  the load on the 
d isc  reached a ma x i mum after  two jumps ,  approximate ly  af ter  
3 msec .  Varying  the d is tance  of the cy l inder  f rom the wall, we can 
va ry  the t ime  of i n c r e a s e  of the load on the disc .  

In the second s e r i e s  of t e s t s  the a i r  wave was ref lec ted  d i r e c t -  
ly f rom the d i sc ;  the load i nc r e a se d  a lmos t  ins tan taneous ly .  The 
s t r a i n  of the soil in both cases  was de t e rmined  f rom disc  d i sp lace -  

/ ment  r ecorded  agains t  t ime .  The p r e s s u r e  va r i a t i on  in the a i r  wave 
5 was de t e rmined  by the t r a n s d u c e r  3, while in the soil it was de -  

t e r m i n e d  by the t r a n s d u c e r s  2, 4, and 5. 

Fig .  1 The tes t s  were c a r r i e d  out for the soil l aye r  th ickness  h in 
the cy l inder  equal to 5 and 9 cm~ No d i f fe rences  in the quant i t ies  
unde r  inves t iga t ion  were  observed  for  d i f ferent  h. In the tes t s  of 
the f i r s t  s e r i e s  the volume weight of the soil skele ton was 7 =1 .55 -  
1.60 g / c m  3 ; the moi s tu re  content  was w=3-8%; the veloci ty  of 
propagat ion of the ma x i mum s t r e s s  was c=100 m / s e c .  In the t e s t s  
of the second s e r i e s  7=1o 50-1.55 g/cm ~, co=5-10%, and c=80 m / s e c .  

In Fig.  2 we have shown the graphs  of the r e l a t ions  a (t) and 
dr), plotted for one of the t e s t s  of the f i r s t  s e r i e s .  In the r e m a i n i n g  
t e s t s  approximate ly  the same behav ior  of these  curves  was observed.  

Fig.  2 
Cer ta in  average  exper imenta l  data for  the t e s t s  of the f i r s t  

s e r i e s  is  p re sen ted  in Table 1. 

Here a m is  the m a x i m u m  s t r e s s  in the soil co r respond ing  to 
the axis  of the cyl inder ,  ~ is  the t ime  of i n c r e a s e  of the s t r e s s ,  t* 

" ] is  the t ime  of i n c r e a s e  of the s t ra in ,  e + is  the res idua l  s t ra in ,  e is 
the average  s t r a i n  ra te  for  t-< t*. 

The dura t ion  of the a i r  wave was 200-250 msec~ 

In Fig.  3 we have shown the exper imenta l  graphs of (r(E) c o r -  
responding  to four values  of ma x i mum s t r e s s .  The unfi l led dots 
co r re spond  to the m a x i m u m  s t r e s s ;  the f i l led dots co r re spond  to 

e./o-2 the m a x i m u m  s t r a in .  Here,  and also in F igs .  4 and 5, the s t r e s s  
in kg f / cm 2 is m e a s u r e d  along the ord ina te  axis .  It follows f rom the 
graphs  that the curves  a(~) under  load are  concave re la t ive  to the 
s t r a in  axis .  At the ins tan t  when the m a x i m u m  s t r e s s  is  reached,  
the s t r a i n  is  0o 6 -0 .8  of the max imum.  After  the m a x i m u m  s t r e s s  

creep of the soil  is  observed  for  seve ra l  mi l l i s econds :  the s t r a i n s  i nc rea se ,  the s t r e s s  dur ing  

/7 
2g 40 t, msec 

2 4 

Fig~ 3 

is reached, 

this  t ime  d e c r e a s e s  l i t t le ,  and the re l a t ion  ~(~) is p r ac t i ca l l y  pa ra l l e l  to the s t r a i n  axis .  During the sub-  
sequent  fall  of the s t r e s s  to a value approximate ly  equal to 20-40% of the max imum,  the s t r a ins ,  reaching  
the m a x i m u m  value,  p r ac t i ca l l y  a re  una l t e red  and only a f te rwards  begin to d imin i sh .  The res idua l  s t r a i n s  
fo rm 0 . 7 - 0 . 9  of the m a x i m u m  value.  

In F igs .  4 and 5 we have r e p r e s e n t e d  the graphs  of (r(~) obtained in the t e s t s  of the second s e r i e s ,  
when the load on the soil i n c r e a s e d  with p rac t i ca l l y  a jump.  Fig.  4 co r re sponds  to the p r i m a r y  tes t s ,  while 
Fig.  5 co r re sponds  to secondary  t e s t s  c a r r i e d  out without r e s t ack ing  the soil a f ter  the f i r s t  tes t .  The p r e s -  
sure  in the a i r  wave dur ing  the repeated  tes t s  was approximate ly  the same as dur ing  the co r re spond ing  
p r i m a r y  t e s t s .  

The ~(E) curves  in F igs .  4 and 5 a re  convex re la t ive  to the  eaxis .  This  d i f ference  f rom Fig~ 3 is ex-  
p la ined by a m o r e  rapid i n c r e a s e  of the load in the second s e r i e s  of t e s t s .  The s t r a i n  values ,  in  c o m p a r i -  
son with the graphs of Fig.  3, inc rease~  This is  connected with a lower  dens i ty  of the soil .  F r o m  a c o m -  
pa r i son  of the graphs  in F igs .  4 and 5 it follows that for repeated  soil c ompr e s s i on  by an a i r  shock wave the 
s t r a i n  is  s l ight ly reduced ;  the co r r e spond ing  ~(E) curve  approaches  the s t r e s s  axis .  
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The unfi l led dots in F igs .  4 and 5 de t e r mi ne  the curves  which in the f i r s t  approximat ion  co r re sponds  
to the p r i m a r y  (Fig. 4) and the secondary  (Fig. 5) dynamic  (shock) c ompr e s s i on  of the soil  for  the s t r a in  
ra te  ~ .  Through the fi l led dots we can also draw a curve  which can be cons idered  as the l imi t ing  (static) 
p r e s s u r e  drop in the a i r  wave for  the condit ions being cons idered .  Thus,  for repeated  c ompr e s s i on  the 
di f ference between the curves  of the dynamic  and s ta t ic  c o m p r e s s i o n  is  p r e s e r v e d .  

2. De te rmina t ion  of the Coefficient  of Viscosi ty .  The exis tence  of a pa r t  on the ~(~) curve where 
the s t r a i n  i n c r e a s e s  while the s t r e s s  dec r ea se s  conf i rms  the exis tence  of v iscous  p rope r t i e s  in the soil .  
In the f i r s t  approximat ion,  apar t  f rom the curves  of dynamic  and s ta t ic  compress ion ,  these  p rope r t i e s  are  
a lso cha rac t e r i zed  by the coefficient  of v i scos i ty  7. 

To de t e rmine  the approximate  n u m e r i c a l  value of ~?, we compare  the exper imenta l  va lues  of e (T), 
t*, and e(t*) with calcula ted va lues  obtained in conformi ty  with the soil  model proposed in [5]. The ca l -  
cu la t ions  a re  c a r r i e d  out for va r ious  7o The value of ~ is  chosen which co r re sponds  to the highest  degree  
to the exper iment .  

In conformi ty  with [5], the r e l a t ion  a(d for  impact  and stat ic  c o m p r e s s i o n  is  taken as l i n e a r  

a=E18 for ~ ~ ~, g=E~8 for ~ ~ 0 .  

The coeff icient  of v i scos i ty  is constant .  The e las t ic  l imi t  is  zero.  

The s t r a i n  ~ of an e l emen t  of the medium is  r e p r e s e n t e d  as the sum 

(2.1) 

8 ~ 81 - ~  82. 

In the per iod  dur ing  which the s t r e s s e s  i n c r e a s e  these  quant i t ies  a re  given by the equat ions 

(2.2) 

Then the total  s t r a i n  of an e l emen t  of the med ium is 

~ - ~ 8 =  E1 -~'2' ~ - -  ~ (2 .3)  

For  a s t r e s s  dec rea se  it is a s sumed  that el d e c r e a s e s  accord ing  to a law that is  d i f ferent  f rom (2.1) ; 
this  gives r i s e  to the res idua l  s t r e s s e s  of the soil  

Grn 6rn - -  6 
sl----Ex E* ' E*~E1,  

where  a m is  the m a x i m u m  value of the s t r e s s  thus reached .  

(2.4) 
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TABLE 2 

zm kgf/ ~(t*)lOO 
c l~  2 

2.7 

6 

F tIT1 - I  t*nlsec e(v)lo0 

200 22 2.3 
500 i2 2.7 

1000 8.6 3.0 
500 11.7 6.0 

While the s t r e s s  dec rea se s ,  ~2 can e i ther  i nc r ea se  
or r e m a i n  constant .  If e~> 0, then i ts  var ia t ion ,  as before ,  
is  given by the second equation of (2.2). Then the total 
s t r a i n  of an e lement  of the medium is 

3.2 
3.2 
3.3 5 ~z (E8 + g*) E*-- E1 (2.5) 
7.3 s -{- Ixs = 7E-*" @ E3E* +--~ l - iE  ~--Ixzrn"  

For  a subsequen t  dec rease  of the s t r e s s ,  when ~ 2 = const ,  the total  s t r a i n  is given by the equations 

a -  a(i) ~ -  E* (el - -  8~(I)), e = el -~ e2, 

where ~(9 and e (1) co r r e spond  to the m a x i m u m  e 2. 

(2.6) 

Phys ica l ly ,  el e x p r e s s e s  the s t r a i n  caused by the c ompr e s s i on  of water  and sal t  f i lms  located between 
the g ra ins  of soil ,  and individual  p ro tube rances  of the g r a i n s .  This s t r a in  includes  the r e v e r s i b l e  (elastic) 
and i r r e v e r s i b l e  (plastic) pa r t s .  The s t r a i n  e~ co r r e sponds  to the d i sp lacement  of the g ra ins ,  the p roce s s  
of the i r  more  compact  s tacking taking place dur ing  a f inite t ime  in te rva l .  This  s t r a in  is  taken to be i r -  
r e v e r s i b l e ,  s ince  in soi ls  not sa tu ra ted  with wa te r  and under  insuff ic ient ly  la rge  s t r e s s e s  water  and a i r  
conta ined by pores  which expand dur ing  unloading cannot overcome f r ic t ion  forces  between the solid g ra ins  
to r e t u r n  them to the in i t ia l  s tate,  as is the case for soi ls  sa tura ted  with water .  Thus,  the model  [5] takes 
into account  c e r t a i n  specif ic  p rope r t i e s  of the soil  and thus di f fers  f rom other  models  of v i scous  media .  

In the t e s t s  of the f i r s t  s e r i e s  the s t r e s s  in the soil i n c r e a s e d  approx imate ly  accord ing  to the l i n e a r  
law 

t 
~ = z , n u  0~<t~<v. (2.7) 

ff the law giving the s t r e s s  i n c r e a s e  is known, then (2.3) cons t i tu tes  the di f ferent ia l  equation 

By in tegra t ing ,  we obtain the dependence of the s t r a in  on t ime  in the fo rm 

D B B D 
e ( t ) =  tx ~ - ( i x t  - -  l )  + N e  -Ft  , N = - -  ~ -  + --~ . (2.9) 

For  t s T  the s t r e s s  also dec r ea sed  approximate ly  accord ing  to the l i n e a r  law 

0 - - t  
z -~z.~ ~'-~'7 " (2.10) 

Subst i tut ing this  exp re s s ion  into (2.5), we obtain a d i f ferent ia l  equation of the fo rm (2.8);  in tegra t ing  
this  equation,  we find the dependence of the s t r a i n  on t ime  in the fo rm (2~ 9). Here 

Ixz,n (E* + E~) zm ,~zm (E* § Es) O E* - -  El 
B = E*E~ (0 - -  ~) ' D - -  E*  19 - -  T) EaE* (0 - -  T) E i E *  IxZm, 

D B i)] e t~':. .Y= [e (~) + ~ + ~ ( i x t .  

Knowing the re l a t ion  a(t), we find the t ime  ins tant  t* when the s t r a i n  e r eaches  the max imum,  

t * =  t I - - B  - - V  n ~-~.  (2~ 11) 
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In Table  2 we have p r e s e n t e d  the ca l cu l a t ed  r e s u l t s  of the quan t i t i e s  e(z), t*, e(t*) ; t he se  ca l cu la t ions  
we re  c a r r i e d  out a cco rd ing  to the  equat ions  given above fo r  v a r i o u s  va lues  of #. The dens i ty  and the v e -  
loc i ty  of p ropaga t i on  of p l a s t i c  s t r a i n s  a r e  t aken  the s a m e  as  in the so i l s  used  to c a r r y  out the t e s t s .  Here  

E*=4E1 and 2E2=E 1. 

F r o m  a c o m p a r i s o n  of the da ta  p r e s e n t e d  in Tab l e s  1 and 2 it fo l lows that  the  e x p e r i m e n t a l  and c a l -  
cu la ted  va lues  a r e  mos t  c lo se  to one ano the r  fo r  #=500 sec  -1. The v a r i a t i o n  of p by s e v e r a l  t ens  and even 
hundreds  of uni t s  shows,  however ,  sma l l  effect  on the va lues  of e(T), t*, e(t*). T h e r e f o r e  the va lue  #=500 
sec  -1 is  a p p r o x i m a t e .  

Knowing ~, we f ind the  c o r r e s p o n d i n g  va lue  of the  coef f ic ien t  of v i s c o s i t y  fo r  the  so i l  unde r  i n v e s t i g a -  
t ion:  

in the MKS s y s t e m  

~] = -~ = 3.2.104 kg/msec; 

in the CGS s y s t e m  

~1 = 3.2 �9 105 poise. 

The au thor  thanks  A. I. Shishikin fo r  his  p a r t i c i p a t i o n  in the  e x p e r i m e n t s .  
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