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The solution of the problem of propagation of a wave in soils is presented for  the case  when 
the wave is produced by the detonation of a spherical  charge  of some explosive mater ia l  (EM). 
The solution is obtained on a computer  by the method of charac te r i s t i c s .  The soils a re  r e -  
garded as multicomponent media consis t ing of solid par t ic les ,  water,  and air  in conformi ty  
with the model proposed in [1, 2]. The dependence of the p res su re ,  velocity of the par t ic les ,  
and the density in the wave front on the distance is determined; the var ia t ion of these p a r a m -  
eters  with time at fixed points of the medium is also determined. The resul ts  are  compared  
with the resul ts  of tes ts  [1, 2]. Their  close agreement  for different contents of the components 
indicates the applicability of the multicomponeut model to soils. The l imits of applicability of 
the model are  determined. The propagation of a plane wave under the same conditions was 
investigated in [3]. 

1. Model of the Soil and the Scheme of the P roces s .  Soils are  multicomponent media having a rigid 
skeleton. Therefore  two mechanisms of compress ion  exist simultaneously. The f i rs t  is re lated to the 
t r ansmiss ion  of the load through the contacts  among the solid grains,  their  displacement,  and overpacking 
(compressibi l i ty  of the skeleton); the second is related to the compress ib i l i ty  of air ,  water,  and the 
mater ia l  of the solid component (compressibi l i ty  of the three-component  medium). The effect of these 
mechanisms on the overal l  compress ib i l i ty  in different soils and in the same solid for  different loads is 
different. For  small  loads the main react ion to the compress ion  is offered by the skeleton. In these con-  
ditions the models of elastoplastic or  viscoplast ic  media are  used. For  sufficiently large loads p > p*, 
when the volumetr ic  deformations far  exceed the content of the gas component in the soil, the main r e a c -  
tion to the compress ion  is offered by the soil as a multicomponent medium. The value of p* depends s igni-  
ficantly on the content of the components;  p* increases  with the cor~tent of the gaseous components.  In 
wa te r - sa tu ra ted  soils  with the gaseous content equal to thousandths of the volume p* co r responds  to severa l  
a tmospheres;  in unsaturated soils  it cor responds  to hundreds,  thousands, and tens of thousand a tmospheres .  

According to the model of a multicomponent medium [1, 2] the deformations occur  instantaneously at 
the instant of application of the load; the tangential s t r e s ses  are  neglegibly small  and the equations of c o m -  
press ion  and decompress ion  a re  of the form 

P...2_~ _~_ r + r i ] - -" ,  
L + P~ P \ 7 /  p2c~ psc3 ~ ' (1.1) 

where ~1, c~2, 0~3 are  the volume contents of air ,  water,  and the solid component, 01,/92, 03 are  their  densi-  
t ies,  cl, c2, c 3 are  the speeds of sound in them, and is the density of the three-component  medium. All 
these quantities a re  r e fe r r ed  to atmospheric  p r e s su re  Po" 

Different schemes of explosion are  used in the solution of wave problems.  At the initial a spherical  
detonation wave appears  at the center  of the spherical  charge,  which is reflected f rom the boundary with 
the medium. Later  the motion of converging and diverging compress ion  and rarefac t ion  waves occurs  
through the products of detonation. These p rocesses  are  usually not taken into considerat ion;  the detona- 
tion is taken to be instantaneous and the expansion of the detonation products  is taken to occur  according 
to the isentropic law [4, 5]. At a sufficient distance f rom the point of detonation with the maximum p re s su re  
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of the  o r d e r  of t h o u s a n d  a t m o s p h e r e s  and  s m a l l e r  the  wave  p a r a m e t e r s  in  
t h i s  a p p r o a c h  a r e  p r a c t i c a l l y  the  s a m e  a s  in t he  m o r e  c o m p l e x  s c h e m e  
t a k i n g  into c o n s i d e r a t i o n  the  wave  p r o c e s s e s  in t he  de tona t ion .  We 
s h a l l  make  use  of  t h i s  s c h e m e .  

In a c c o r d a n c e  with  [6] we a s s u m e  tha t  the  i s e n t r o p i c  equa t ion  of 
the  d e t o n a t i o n  p r o d u c t s  i s  of  t he  f o r m  

p = Ap ~ + Bp~+l (1.2) 

At  l a r g e  and  s m a l l  p r e s s u r e s  (1.2) goes  o v e r  r e s p e c t i v e l y  into 
the  e q u a t i o n s  [7] 

p = p= ( p / p , ) ~  (1.3) 

P = Pc (P/pc) k~ (1.4) 

The  p r e s s u r e  Pn and  d e n s i t y  Pn c o r r e s p o n d  to the  i n s t a n t a n e o u s  de tona t ion ;  P0 and  P0 c o r r e s p o n d  to 
the  a t m o s p h e r i c  p r e s s u r e .  

The  q u a n t i t i e s  A,  B, n, and  T a r e  d e t e r m i n e d  f r o m  the  c o n d i t i o n s  tha t  c u r v e s  (1.2) and  (1.3) m u s t  
have  a c o m m o n  po in t  PnPn  and  a c o m m o n  t a nge n t  a t  t h i s  poin t ,  and a l s o  t ha t  c u r v e s  (1.2) and  (1.4) m u s t  
have  a c o m m o n  t angen t  fo r  p - -  0; in e x p a n s i o n  f r o m  PnPn the  d e t o n a t i o n  p r o d u c t s  do w o r k  equa l  to  the  
hea t  of  the  e x p l o s i v e  c o n v e r s i o n  Q. 

F r o m  t h e s e  c o n d i t i o n s  and (1.2) we ob t a in  a s y s t e m  o f  four  equa t i ons  fo r  A,  B,  N, T : 

Bp v+l 
k ~ = n + ~ ( T + l - - a ) ,  '~ = ko- -  t 

v,~ Bv$  (n - -  ~" - -  t) 
(1.5) 

We s h a l l  u se  L a g r a n g i a n  v a r i a b l e s :  r - the  s p a t i a l  c o o r d i n a t e ,  t - t i m e .  In t h e s e  v a r i a b l e s  the  b a s i c  
e q u a t i o n s  of  m o t i o n  a r e  of  the  f o r m  

- g V + ~ - o  -gTr= n ' o - -~-+-~  -aT = 0 '  -b~ = u ,  

H e r e  R i s  E u l e r  c o o r d i n a t e ,  v =2.  

S y s t e m  (1.6) has  two f a m i l i e s  of c h a r a c t e r i s t i c s  

dp + d u  ,,uc 0 fo r  d r = - - ( - ~ - )  + ~ dt = cp "dt 
pc po 

dp du + VUC dt 0 fo r  d r =  - - ~  ( R----l" dt 
pc ~ = po \ r / 

V ~  I p 
(1.6) 

(1.7) 

S y s t e m  (1.6) i s  c l o s e d  b y  Eq.  (1.1). The  b o u n d a r y  c o n d i t i o n s  a t  the  c o n t a c t  d i s c o n t i n u i t y  T, i . e . ,  f o r  
r = r  0 and at  the  shock  wave  f ron t  a r e  

p / p~ = (r01 R) 3 (1.8) 

P - - P o = p o u D ,  ( p - - p 0 )  D = p u  (1.9) 

We p a s s  on to  d i m e n s i o n l e s s  q u a n t i t i e s  and  d i m e n s i o n l e s s  L a g r a n g i a n  v a r i a b l e s  

pC = p / p n ,  pC = p / p n ,  c ~ = c / c , ,  u ~ = u / c ~  (1.10) 

D ~ = D / c n ,  R ~ = R / r o ,  x - -  r/ro, T, = t c , / r o  

w h e r e  r 0 i s  the  r a d i u s  of the  c h a r g e  of EM.  

In the  new v a r i a b l e s  the  i s e n t r o p i e  equa t ion  (1.2) of the  de tona t i on  p r o d u c t s  b e c o m e s  

pc = A o (,oO)~ + B o (po)~+l, A o = A p -  / p~, B o = Bo~+l,~ IP~" (1.11) 

The  q u a n t i t i e s  A ~ B ~ n, 7 a r e  d e t e r m i n e d  f r o m  equa t i ons  tha t  fo l low f r o m  (1.5) and  (1.2) 
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A ~ 1 7 6  k ~ = n - ~ B ~  T = k o - - I  

Qo QP= t B ~ 
----- io----~--- n--~ ~ T(n--l) (n--  T,-"~ i) 

The boundary conditions at the wave front are  

pO=(RO)_3 for x = l  

p.- __ pc  o = k~poODOuO, (pC --  poO) D ~ = pOuO 
(1.12) 

In the dimensionless form the equation of compress ib i l i ty  of a 
multicomponent medium is 

,0" ( P" 1 - ' "  r - 

aa  [ "Ta (p~ - p~~ l ] - l / x ,  
L k,~'8~ ~ 4- 

(1.13) 

The charac te r i s t i c  equations a re  

alP~ + d u ~  for d x =  /- p--7- d~ 
knP %O ~ - -  , 

(1.14) 

The problem was solved for a t ro ty l - type  EM, five wate r - sa tura ted  soils  with different contents of the 
gaseous component and water. The computed cha rac te r i s t i c s  of the EM and the media are  given in Table 1 
for kn=3 , k 0 =1.25, Pn=96,000 kg /cm 2, Pn= l .6  g / c m  3, Q=1000 ca l /g .  

The porosi ty  of the soils was identical, n=0.4,  Pl =12" 10 -4 g / c m  3, P2 = 1 g / c m  3, P3 =2.65 g / c m  3, c 1 = 
330 m / s e c ,  c 2 =1500 m / s e e ,  c 3 =4500 m / s e c ,  71 =1.4, 72 =7, Y3 =4. Here n= ~1+~2. 

In the investigated problem the plane x~- contains three types of points (at each of these the p a r a m -  
e ters  are  computed according to separate  algori thms):  at the shock wave front S, in the medium between 
S and the contact discontinuity T, and at the contact discontinuity T. 

The step Ax along the spatial coordinate was taken constant. The magnitude of the step depends on 
the required accuracy  of the computation. The step in t ime va r ies  f rom layer  to layer  in accordance with 
the scheme [8]. 

We consider  the sequence of the computation of the pa rame te r s  at the front S. Let points A and B lie 
on a single t ime layer .  The pa rame te r s  at these points are  unknown. Points B and K lie in the shock front.  
The pa rame te r s  at K are  determined.  For  s tar t ing the computation the pa rame te r s  p~ and u ~ of point B are  
c a r r i ed  over  to point K. Then the charac te r i s t i c  is drawn f rom K to the preceding t ime layer.  We denote 
the point of its in tersect ion with line AB by L. The coordinate of this point is 

_ [ epo l ?l ~ + Az 
xT. - - - -  x x  L po ~ \ x ] KL A T ,  I :~K  ~ = X K = 

The index KL indicates that the quantities in the brackets  take average values between K and L. In 
the f i rs t  computation they coincide at point K. The quantities pL ~ UL ~ RL ~ are  determined f rom the co -  
ordinate x L by interpolation over  the pa r ame te r s  at points A and B. Here 0 ~ = 0  ~ (PL), eL ~ =c~ (aLL 

The refined values u ~ p~ D ~ and p~ at point K a re  obtained f rom pL 0, UL ~ RL ~ using the equations 
at the shock wave front and the condition satisfied at the charac te r i s t i c  

p x  ~ - -  pc ~ = k,~Oo~176 ~ (OK ~ - -  0o ~ D K  ~ = pK~ ~ 

[l "/ kng~176 L (pK ~ - -  pL ~ + (UK ~ - -  UL ~ --  [~r176176 / R~ AT .~ 0 

Together with (1.13) we obtain a sys tem of four equations for  the four unknowns. 

The computation was repeated a given number of t imes  for  refining the resul ts .  

The computation at the other types of points is done in a s imi lar  way, s tar t ing f rom the c h a r a c t e r i s -  
tic equations in the medium and Eqs. (1.8) and (1.11) at the contact  discontinuity. 
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2. Results  of Computation. Let us cons ider  the p a r a m -  
e te rs  at the shock front.  The graphs of the dimensionless  
quantities~ i .e . ,  the p r e s su re  and the veloci ty  of the front, 
a re  shown in Figs.  1-2. Here  and below the numbering of 
the curves  cor responds  to the sequence of the media in Table 
1. The computed graphs a re  shown by continuous lines, the 
experimental  by dashes.  It follows f rom a compar i son  of the 
cu rves  in Fig. 1 that the rate of decay of the maximum p r e s -  
sure  with the distance increases  substantially with the in- 
c r e a s e  in the content of the gaseous component in the soil. 
Fo r  ~l =0.04 the p r e s s u r e  at a sufficient distance f rom the 
point of explosion is a lmost  two o rders  of magnitude smal le r  
than for a 1 =0. In water  (graph 6) the p re s su re  decays more  
rapidly than in the soil with ~l =0, but considerably  less  
rapidly than in media containing air .  

The dependence of the veloci ty  of the wave front D ~ on 
the distance is shown in Fig. 2. The rate of decrease  of the 
veloci ty  increases  cons iderably  with the increase  in the a i r  
content: the most intense change in D ~ in all media occurs  
c lose  to the point of explosion. Later  the decrease  of the 
veloci ty  slows down considerably  and its dimensional  value 
gradual ly approaches  the speed of sound c given by the equa- 
tion that follows f rom (1.1) 

c~ = 7 ~ n~, " - ' -~  + ~ + P-~V7 (2.1) 

For  n=0.4 and ~l respec t ive ly  equal to 0, 0.005, 0.01, 0.02, 0.04 the values of c o are  1620, 355, 85, 58, 
and 41 m/see .  For  ~l =0 the veloci ty  D differs f rom c o by severa l  percents  even at a distance x ~ 30; 
for  oq =0.04 the difference s ta r t s  at l a rge r  d is tances  (x ~ 100). 

The computat ions show that the rate of dec rease  of the par t ic le  veloci ty  u ~ does not increase  mono-  
tonically with ~i, as  in the case  of D ~ At small  d is tances  u ~ dec reases  with increas ing ~i,  but la ter  the 
curves  u ~ (Y0 cor responding  to different a i r  content may intersect .  Thus, for  x=10 u ~ is l a rge r  in the 
medium with cq =0.01 than in the medium with ~i =0.04; for x > 10 the r eve r se  situation is observed.  
For  x< 86 the veloci ty in the medium with ~l =0.0005 is g rea te r  than in the medium with ~i =0.04; for  
x > 86 the dependence becomes  reve r se .  In water  the veloci ty of par t ic les  is l a rge r  than in other media. 
A s imi lar  nature of var ia t ion  of u ~ is observed also in the case  of plane waves [3]. 

Let us cons ider  the var ia t ion  of the p a r a m e t e r s  with t ime at fixed points of the medium. The graphs 
of p~ (7) and u ~ (7) at points with coordinates  x equal to 11.1 and 37 are  shown in Figs. 3 and 4. It follows 
f rom the graphs that with the increase  in ~i the p r e s s u r e  dec reases  not only at the wave front but also be-  
hind the front. Thus, for example, in media with c~ 1 =0.01 and 0.04 the p re s su re  at the front c lose to the 
point of explosion differs by a fac tor  of 10, while for  ~- > 200 it differs only by a few percent.  

For  a compar i son  of the ra tes  of decay of the p r e s s u r e  behind the front in different media we in t ro-  
duce a quantity 0. which is equal to the time in which the p re s su re  at a fixed point dec reases  by a fac tor  e; 
the cor responding  dimensionless  quantity is 0, ~ = 0nCn/r0. In all media 0.  ~ increases  with the distance 
f rom the point of explosion. The rate of increase  of 0.  ~ with the increase  in the air  content also increases .  
For  ~1 =0 and x=7.64,  19.11, 50, and 300 the values of 0,  ~ are  4.9, 7.9, 11.4, and 19.5 respect ively.  For  
cq =0.01 and x=8.25,  10, 20, 30, 50 0. ~ =5.5, 6.7, 9 .3 ,280,  and 1000 respect ively.  For  ~i =0.04 and x=4 ,  
7.69, 17.6, and 30 0 ,~  =3, 18.5,206, 820. The dependence 0. ~ (x) is shown in Fig. 5. Graphs 6 is con-  
s t ructed f rom the experimental  data for water  [9]. The computed graph for water  is not shown, since it 
p rac t ica l ly  coincides with 6. (For x=4,  10, 21, 26.9, 120, and 300 the obtained values are  0,  ~ = 2.4, 4.8, 8, 
12.5, 19.1.) 

The increase  in the content of the gaseous component leads to a significant decrease  of the rate of 
p r e s su re  decrease  behind the wave front and to an increase  of 0.  ~ The values of 0.  ~ pract ica l ly  coincide 
in water  and a two-component  medium. 
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The veloci ty of par t ic les  behind the wave front (Figs. 3 and 4) at points located at small  distances 
(x= 11.1) at f i rs t  dec reases  with the passage of t ime and then slightly increases .  For  x =37 this dependence 
is retained in the case  ~1 =0 and 0.005, but in media with large a i r  content the increase  of the veloci ty be-  
gins immediately behind the front. With t ime the velocit ies of the par t ic les  in all media become equal. 

In an explosion a flux appears  propagating f rom the gas chamber .  Its veloci ty  dec reases  with d is -  
tance in all media, but at fixed points it may both increase  and decrease  with the time. La ter  on the veloc-  
ity of the flux begins to decrease  as a resul t  of decrease  of the dimensions of the gas chamber .  

In the investigated media the change of p re s su re  behind the wave front can be approximately de- 
scr ibed by the equations 

pC = pmOe_~/e.o for ~ 0 " ~  (2.2) 
pO=pmoO,O/ev for ~/>0. ~ 

where ~ is the t ime reckoned f rom the instant of a r r iva l  of the front at the investigated point and pm ~ is 
the p ressu re  at the wave front. 

The graphs constructed f rom these equations pract ical ly  coincide with the computed graphs in all 
media with a l  -< 0.005. The difference in the curves  increases  with increas ing al .  

A compar i son  of the wave pa rame te r s  in water and in a two-component  medium (quarts) shows that 
the presence  of solid par t ic les  in water causes  an increase  in the p re s su re  and the velocity of the wave 
front, and a decrease  of the veloci ty  of the par t ic les .  Physica l ly  this is explained by the decrease  of c o m -  
press ibi l i ty  of the medium and the increase  of its density. 

The inclusion of the gaseous component does not significantly reduce the density but increases  the 
compress ib i l i ty  significantly. This resul ts  in an increase  of the curvature  of the compress ion  d iagram and 
an increase  of the losses  in the shock front. 

3. Comparison of Computational and Experimental  Results.  The p rocess  of dynamic deformation of 
a medium consist ing of a solid frame,  whose pores  are  filled with liquid and fine gas bubbles, is complex. 
In the investigation model it is assumed that the propagation of the blast waves is p r imar i ly  determined by 
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the percent  content of the components  and their  compress ib i l i ty .  Fur the rmore ,  it is possible to cons ider  
the difference in the veloci t ies  of displacement  of the components and the s t r e s se s  in them, the percent  
content of gas bubbles of different radius,  the surface tension, the compress ib i l i ty  of the f rame,  the p r e s -  
ence of tangential s t r e s s e s  in the f rame,  the phase t ransi t ions  in the solid component, the change of t e m -  
pera ture  during the shock compress ion ,  and so forth. The effect of some of these fac tors  is investigated 
in [10-14]. Their  inclusion leads to an extreme complicat ion of the model, which does not enable one to 
solve the explosion problem in these p remises .  

The purpose of the compar i son  of the computational  and experimental  resul ts  is to determine the 
applicability of the investigated model to wa te r - sa tu ra ted  soils, where the content of the gaseous component 
is small  and usually does not exceed 4-5% of the total volume. 

The graphs of the dependence of the p re s su re  in the wave front on the distance are  shown in Fig. 6. 
The continuous lines pertain to computations and the dashes to experimental  data. The exper iments  [2] 
were conducted for camouflet  explosions of concentrated t rotyl  charges  with 1.6, 5, and 40 kg weight in 
wa te r - sa tu ra t ed  sandy soils (curves i, 2, 3, 5) and of charges  with 5 and 25 kg weight in wa te r - sa tu ra ted  
clay soils (curve 4). The poros i ty  of the sandy soils was n ~0.4,  of c lay  n~0 .2 .  The media were finely 
dispersed;  the radius of the gas bubbles ranged f rom 0 to 0.05 cm. 

The content of t rapped a i r  in the same test  a r ea s  was not identical. The deviations reached 50% of 
the mean value. The values of GI for  the computations were taken f rom the mean values.  

There  is a good agreement  between the behavior of the experimental  and computational curves .  The 
divergence of graphs 3 and 4 is somewhat l a rge r  than in other media, which should be explained by the 
possible exceedance of the t rue values as compared  to the values used in the computations.  For  the soil 
with GI =0.02 the value of n taken in the computations is n =0.4. Actually the soil was denser  (n =0.2). 
This also must resul t  in a difference in the graphs.  The divergence of the experimental  and computed 
graphs in soils containing air  inc reases  with the distance f rom the point of explosion. In all cases  the ex-  
per imenta l  resul ts  are  higher than the computations.  

The dependence of the veloci ty  of the wave front on the distance is shown in Fig. 2. As in the case  of 
the p r e s s u r e  the computed and experimental  curves  a re  in agreement .  The computed values of D tend to 
the computed value of the speed of sound with increasing distance. For  (~I >- 0.01 the experimental  values 
of D do not go below 150-200 m/ see ,  which co r responds  to the veloci ty  determined by the compress ib i l i ty  
of the f rame of the soil. 

A compar i son  of the computed and experimental  values of shows that there is a good agreement  in 
soils with GI -< 0.0005. As GI increases  the experimental  values of 0.  ~ increase  but to a smal le r  extent 
than the computed values.  The difference Increases  with the distance f rom the point of explosion. For  the 
la rges t  value G I =0.04 at a distance x=20 the computed value is 290, while the experimental  value is ~200; 
at x=30 the computed value is 820, while the experimental  value is ~ 380. 

According to the computations the wave remains  a shock wave in all media at all distances.  In the 
exper iments  in media with ~I ~ 0.01 the shock wave turns  into a continuous compress ion  wave as the d is -  
tance f rom the point of explosion increases .  For  C =5 kg a noticeable smear ing of the jump is observed in 
medium with (~i=0.01 at a distance x=45,  and in the medium with G 1 =0.04 at x=20.  
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It follows f rom the compar i son  of the computed and exper imental  resu l t s  that the investigated model 
re f lec ts  the basic physical  cha rac t e r i s t i c s  of deformation of multicomponent media that a re  important  for  
the propagation of blast waves. In a two-component medium (solid p a r t i c l e s - w a t e r )  and in a t h r e e - c o m -  
ponent medium with ~1 -< 0.0005 the computed and exper imenta l  values of the p a r a m e t e r s  prac t ica l ly  co in-  
cide. A significant change in the p re s su re ,  the f ront  velocity,  and the veloci ty  of the pa r t i c les  is observed  
(by one-two o r de r s  of magnitude) in the computations as well as in the exper iments  on increasing the con-  
tent of the gaseous component.  The dec rease  of the front  veloci ty to 150-200 m / s e c  observed  in the expe r i -  
ments with ~1 -< 0.01 and also the smal le r  dec rease  of the duration of the wave than in the computations a re  
explained by the fact that at small  p r e s su re s  the total compress ib i l i ty  of the components  in these media be-  
gins to exceed the compress ib i l i ty  of the f rame.  

As shown in [15], the smear ing of the jump at the front  and the convers ion  of the shock wave into a 
continuous compress ion  wave a re  caused by the bulk v iscos i ty  of the medium; it follows f rom the model 
taking account of the viscous proper t ies .  In mult icomponent media containing gas bubbles the viscous  
p roper t i e s  a re  p r imar i l y  re la ted  to noninstantaneous compress ion  of the bubbles under the action of the 
load, whose effect is par t icu la r ly  noticeable in the range of small  pressures~  
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