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Localized h igh- tempera ture  regions ("hot  spo t s" )  exert  a decisive effect on the stimulation of chemical  
decomposit ion in high-densi ty heterogeneous explosives. It follows from the general  laws of the dynamics of 
deformation of porous media that their  deformation charac te r i s t i c s  are  determined by the competition of two 
distort ion mechanisms:  the production of c racks  (or slip bands),  and pore deformation (collapse) [1]. Conse- 
quently, the formation of localized hot spots during shock tr iggering of heterogeneous explosives may involve 
pore deformation, shear  f racture ,  and the slip rat io of the par t ic les  of the explosive. The present  ar t ic le  is 
devoted to a considerat ion of the general  laws of pore deformation in a plastic material ,  and the heating of its 
surface during its collapse. The fundamental equation of a porous mater ia l  which is being compressed  was 
proposed in [2]. A porous mater ia l  was regarded as an ideal homogeneous continuum with an additional kine- 
matic variable o~, defined as the ratio of the specific volume of the porous mater ia l  to the specific volume of 
the matr ix material .  A s imi la r  approach was used in [3] in investigating the deformation of granular  mater i -  
als. This permi ts  the t rea tment  of the deformation of a porous mater ia l  within the f ramework of a continuous 
medium model. Theoret ical  papers  [4, 5] have been devoted to a descr ipt ion of the behavior of the pa rame te r  
~. The problem reduces to the considerat ion of the collapse of a hollow sphere under the action of p ressu re  
applied to the outer surface,  where the ratio of the inside and outside radii determines  the poros i ty  of the 
given mater ia l .  The resul ts  obtained showed that the compress ib i l i ty  of the mater ia l  and the shear  modulus 
G determining the elastic and e l a s t i c - p l a s t i c  phases of the pore collapse do not have a significant effect. A 
change of poros i ty  occurs  when all the mater ia l  goes over  into a state of plastic flow. Thus, for load intensi- 
ties an o rde r  of magnitude l a rge r  than the yield strength Y of the material ,  it is accurate  enough to employ a 
r ig id-plas t ic  model of the medium. 

Let us consider  the deformation of a pore in a plast ic mater ia l  under the action of a p ressu re  p uni- 
formly distributed over  the outer surface.  Let  a0 and a be, respect ively,  the initial and present  values of the 
pore radius,  b 0 and b the initial and present  values of the radius of the sphere. We charac ter ize  the initial 
poros i ty  m 0 of the mater ia l  by the ratio of the specific volume of the pores  to the volume of the continuous 
material .  Then 

mo ~ (ao/bo) ~. ( :I ) 

We assume that the mater ia l  is homogeneous, isotropie, and incompressible ,  with a density o, and that 
it sat isf ies the M i s e s - H e n c k y  or  the T r e s c a - S t .  Venant yield condition with a constant yield strength Y. 

Using the assumption of the incompressibi l i ty  of the mater ia l  (D = const) ,  we determine the integral of 
the equation of continuity 

Op/Ot + O(pv)/Or + 2pv/r = 0: 

in the form 
. v = a ( a / r ) 2 ,  ' (2) 

where r is an Eulerian coordinate; v, radial  velocity; and ~ = da /d t ,  velocity of the pore boundary. 

Substituting the las t  express ion and the derivat ives 0v / a t  and 0v /a r  into Eu le r ' s  equation for the case of 
central  s y m m e t r y  
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p(Ov/Ot + rOy~Or) = Oar~Or -~ (2/r)(% -- a0),~ 

and us ing  the p l a s t i c i t y  cond i t ion  in the c o m p r e s s i o n  cond i t ions  

t~ r - - %  -~- Y,.~ 

we obta in  

_ -O{~'lOr = - - 2 Y / r  -t- p((a2a ~-  2aa~)/r  2 - -  2a4a~/rS), 

ary. 

(3) 

(4) 

Here  a r  and ~0 = a~2 a r e  the p r i n c i p a l  s t r e s s e s ,  and "a = d2a /d t  2 i s  the a c c e l e r a t i o n  of the  p o r e  bound-  

The s t r e s s e s  in the  r a n g e  a _< r <- b s a t i s f y  the fo l lowing  b o u n d a r y  c o n d i t i o n s :  

at  r = a (~r =7 --pg,: at r ---- b a r = - - p .  ( 5 )  

We take  the law of p r e s s u r e  v a r i a t i o n  in the a d i a b a t i c  c o m p r e s s i o n  of  the  g a s  in the p o r e  in the  f o r m  

Pg .  = Pgo(ao/a)3"~ (6) 

w h e r e  Pg0 is the i n i t i a l  p r e s s u r e  of  the g a s  in the p o r e ,  and y i s  the p o l y t r o p i c  exponent .  

The i n t e g r a t i o n  of  Eq. (4) ,  u s ing  the b o u n d a r y  cond i t ions  (5) and the i n c o m p r e s s i b i l i t y  cond i t ion  

b3 ~ a3 ~ '3 3 . b o -  ao ' ( 7 )  

l e a d s  to a s e c o n d - o r d e r  n o n l i n e a r  d i f f e r e n t i a l  equa t ion  fo r  a :  
no .- 
a = A a  ~' + B ~  ( 8 )  

w h e r e  

A = %xL(l + z) (1 + P) - - 2  ; 2  B= ,  aoPX (i --  z) [ - -  T 111 Z " I - T  ~ - -11 '  Z = T =  1+32:-3 -~o ; :c=--.ao 

Since a t  t i m e  t = 0, when a = a0(x  = 1), the v e l o c i t y  of the p o r e  b o u n d a r y  is  a (0) = 0, and the a c c e l e r a -  
t ion i s  5 (0) <-- 0, we ob ta in  the cond i t ion  

p >/. p~ = --(2/3)Y la  (m0) + Pg0,~ 

w h e r e  PT is  the e f f ec t ive  y i e l d  s t r e n g t h  of  the p l a s t i c  m a t e r i a l  u n d e r  h y d r o s t a t i c  p r e s s u r e .  Th i s  cond i t ion  fo r  
Pg0 = 0 fo l lows  a l s o  f r o m  the so lu t ion  of  the  e l a s t i c - p l a s t i c  p r o b l e m  [4, 5]. F o r  Y = 0 Eq.  (8) d e s c r i b e s  the 
d e f o r m a t i o n  ( c o l l a p s e )  of a p o r e  in an  idea l  i n c o m p r e s s i b l e  l iquid .  

I t  should  be noted  tha t  Eq. (8) is  va l id  only d u r i n g  a c o m p r e s s i o n ,  s i n c e  in c o n s i d e r i n g  the e x p a n s i o n  of 
a p o r e  i t  is  n e c e s s a r y  to t ake  accoun t  of the e l a s t i c  p r o p e r t i e s  of the m a t e r i a l  [5] .  

The p r o b l e m  of  the  c o l l a p s e  of a p o r e  in a p l a s t i c  m a t e r i a l  u n d e r  the a c t i o n  of  a c o n s t a n t  p r e s s u r e  can  
be  so lved  a n a l y t i c a l l y  by  us ing  the law of c o n s e r v a t i o n  of  e n e r g y ,  if  the p o r e  r a d i u s  a i s  t aken  a s  the  a r g u -  
ment .  A s i m i l a r  a p p r o a c h  was used  i t / [ 6 ]  to s tudy  the b e h a v i o r  of a r i g i d - p l a s t i c  c y l i n d r i c a l  she l l  u n d e r  the 

a c t i o n  of i n t e r n a l  p r e s s u r e .  

We w r i t e  the law of  c o n s e r v a t i o n  of e n e r g y  in the f o r m  

Oo § Eo. = �9 + E + W . +  Er 

o r ,  r e l a t i v e  to O0, the  i n i t i a l  w o r k  done b y  the e x t e r n a l  f o r c e s ,  

o r ,  r e l a t i v e  to @ is  the p r e s e n t  va lue  of the w o r k  done by  the e x t e r n a l  f o r c e s ,  E 0 and E a r e  r e s p e c t i v e l y  the 
i n i t i a l  and p r e s e n t  v a l u e s  of the e n e r g y  of the ga s ,  W is  the k ine t i c  e n e r g y  of the m a t e r i a l  of  the s p h e r e ,  and 
E @ i s  the w o r k  of  p l a s t i c  d e f o r m a t i o n .  We n e g l e c t  the k ine t i c  e n e r g y  of  the  g a s  in the  p o r e .  

L e t  us  c o n s i d e r  e ach  of  the  t e r m s  in Eq. (9) in m o r e  de t a i l .  

1. F o r  an i d e a l  g a s  the i n t e r n a l  e n e r g y  i s  E = pgV/ (  T - 1), w h e r e  V is the  vo lume  of  the ga s .  

Us ing  (6) and the fac t  tha t  V = (4/3)~ra 3, we ob ta in  

E - -  E o = [ 4 n a g p ~ / 3  (~ - -  t)] [(ao/a) a{'~-') - -  i ] .  

S ince  ~0 = (4/3)~ra0 3p, 
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if' - -  Eo == ( E - -  Eo)/Oo =(pgo/p(7 -- t)) [(aola)*{v-l) -- 1 I. 

2. The  k ine t i c  e n e r g y  of the s p h e r e  m a t e r i a l  i s  d e t e r m i n e d  by  the e x p r e s s i o n  

W :-= ,I (v2/2) dm,, where din== 47[pr2dr. 

(10) 

Us ing  Eq. (2) ,  we ob ta in  
W = 2gpaaa2(t - -  a/b), 

W = W/Co -- (3pa~/2p)(l - -  a/b)(a/ao) a. 
11) 

3. The  work  of p l a s t i c  d e f o r m a t i o n  i s  
8 I 

T 

e |  = . (ApeV; Ap .= .I 
U o 

12) 

w h e r e  a~: and e~ a r e ,  r e s p e c t i v e l y ,  the s t r e s s  and s t r a i n  i n t e n s i t i e s ,  and U is  the vo lume  of the s p h e r e .  

Us ing  the p l a s t i c i t y  cond i t ion  (3) ,  and n e g l e c t i n g  e l a s t i c  d e f o r m a t i o n s ,  we ob ta in  
b 

Eo :: 4~Y s 8~r2dr. 
a 

The t angen t i a l  l o g a r i t h m i c  s t r a i n  i s  d e t e r m i n e d  by  the e x p r e s s i o n  

8o ' in (1 - -  u/r) == (1/3) in (f - -  (a 3 - -  a])/ra),. 

w h e r e  u is  the r a d i a l  v a r i a b l e .  

(13) 

Us ing  the f ac t  tha t  in the p r e s e n t  c a s e  e r  = - 2 6 0 ,  we ob ta in  

e ,  = (2/3) In ( i  - -  (a s - -  a])/r3). 

Subs t i tu t ing  e} into Eq. (13) and i n t e g r a t i n g ,  we ob ta in  

Ea, = - -  (8/3) gY [a s in  (b/a) -}- b a In (b/bo) --  a] In (b/ao)]~ 

E,r, = Eq, lr = --2YC/p, ,  

w h e r e  C = ( a / a o )  3 in ( b / a )  + (bo/ao) 3 in  (b/bo) 3 -  In ( b / a o ) .  

4. The work done by the external forces is given by the expression 

(14) 

(15) 

�9 = (4/3)na3p 

o r  

~} = o / o o  = (a/ao) ~. (16)  

Subs t i tu t ing  (10),  (11) ,  (15) ,  and (16) into Eq. (9) ,  u s ing  Eq. (1) ,  and m a k i n g  s o m e  t r a n s f o r m a t i o n s ,  we 
ob ta in  

�9 { t--xS-4.-pgD[xa(l-')--l]/[p(T--t)]q-2YG/p} 11~ 
a = - - '  p (3/2)  pz  a ( i  - -  z) ~': ( 1 7 )  

w h e r e  C = - -  x ~ In z -~ (l/m0) In (xm~o/a/z) --  In (x/z) ; x and z a r e  d e t e r m i n e d  �9 (8) .  The  i n i t i a l  cond i t ions  a r e  
a = a 0 ( x =  1) and h = 0 .  

U s i n g  Eqs .  (17) and (2) and the i n c o m p r e s s i b i l i t y  cond i t ion  (7) ,  we can  p lo t  a c u r v e  fo r  the  v e l o c i t y  o v e r  
the t h i c k n e s s  of  the s p h e r e  a s  a funct ion  of  the p o s i t i o n  of the  p o r e  bounda ry .  

By us ing  Eqs .  (8) and (17) ,  the a c c e l e r a t i o n  of the b o u n d a r y  can  be  d e t e r m i n e d :  

: P. 1 2 [  ( t+z)~ l+z2)  _ 2 ] [ f _ x s  + Pgo[P(1- ' ) - i l  - ~ - ]  "2Y IBz-4- P~~ (18) 
a aoPx ( i - - z )  [3x  a [ P (7 - -  t ) .  ~- - - - P - - -  P .  " 

Values  c a l c u l a t e d  f r o m  Eqs .  (17) and (18) and those  f r o m  a n u m e r i c a l  so lu t i on  of  the d i f f e r e n t i a l  e q u a -  
t ion (8) a g r e e d  wi thin  the a c c u r a c y  of  the n u m e r i c a l  a p p r o x i m a t i o n .  

The v e l o c i t y  of the p o r e  b o u n d a r y  a s  a funct ion  of  x is  shown in Fig .  1. C a l c u l a t i o n s  w e r e  p e r f o r m e d  fo r  
i n i t i a l  p r e s s u r e s  of the gas  in the p o r e  pg0/p = 0 ( cu rve  4) ,  pg0/p  = 0.001 ( c u r v e s  1, 2, 5), and pg0/p = 0.01 
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( curve  3) fo r  in i t i a l  p o r o s i t i e s  0.01 ( cu rve  5) and 0.05 ( c u r v e s  1 -4 ) .  The  p o l y t r o p i c  exponen t  y was  taken 
equal  to 1.4. The  r eg ion  of c o m p l e t e l y  p l a s t i c  flow of the l a y e r  is  bounded by the va lue  Y/PT ~ 0.326 fo r  
m 0 = 0.01, and Y / p T  = 0.501 fo r  m 0 = 0.05. The condi t ion  Y/p  = 0 ( cu rve  1) c o r r e s p o n d s  to p o r e  c o l l a p s e  in 
an idea l  i n c o m p r e s s i b l e  l iquid .  The va lues  Y/p  = 0.1 ( c u r v e s  2 and 5) and Y/p = 0.3 ( c u r v e s  3 and 4) w e r e  
used  in the c a l c u l a t i o n s .  

The  r e s u l t s  ob ta ined  show that  the in i t i a l  p r e s s u r e  of  the g a s  in the p o r e  ( c u r v e s  3 and 4) has  no s i g n i f -  
i c a n t  e f f ec t  on the p r o c e s s  of  i t s  d e f o r m a t i o n ,  and i t  is  a c c u r a t e  enough to take  Pg0 = 0 in p e r f o r m i n g  c a l c u l a -  
t ions .  The va lue  of  the in i t i a l  p o r o s i t y  a l s o  has  l i t t l e  e f f ec t  on the p o r e  d e f o r m a t i o n  in h i g h - d e n s i t y  m a t e r i a l s  
( c u r v e s  2 and 5).  A change  in m 0 by a f a c t o r  of  5 l e a d s  to c ha nge s  in the v e l o c i t y  of l e s s  than 10%. 

To d e t e r m i n e  the change  in t e m p e r a t u r e  of the p o r e  s u r f a c e  d u r i n g  i t s  d e f o r m a t i o n  we w r i t e  the  e x p r e s -  
s ion  fo r  the s p e c i f i c  i n t e r n a l  e n e r g y  of  the m a t e r i a l  in the f o r m  

ET -~ Ap /p~  

where  Ap is d e t e r m i n e d  f rom (12).  Us ing  the p l a s t i c i t y  cond i t ion  {3) and the r e l a t i o n  for  the s t r a i n  i n t e n s i t y  
(14) ,  we obta in  

E ,  =- (2Y/3p)ln '( t  - -  (a s ~- a ~ ) / r S ) .  (19) 

The l a s t  equa t ion  does  not  t ake  accoun t  of  e l a s t i c  d e f o r m a t i o n s ;  i . e . ,  i t  i s  a s s u m e d  that  p o r e  c o l l a p s e  
o c c u r s  in the p l a s t i c  flow s t a g e  of  the m a t e r i a l .  

Us ing  Eq. (19),  the t e m p e r a t u r e  change  o v e r  the t h i c k n e s s  of the l a y e r  can  be d e t e r m i n e d  a s  a funct ion 
of  the p o s i t i o n  of the p o r e  bounda ry :  

A T  = ET/cp = ( 2 Y / 3 p c p )  In [1 - -  (r /ao)-~(x  3 - -  t)] , :  (20) 

w h e r e  Cp i s  the s p e c i f i c  hea t  a t  c o n s t a n t  p r e s s u r e ,  and r is  the E u l e r i a n  c o o r d i n a t e  d e t e r m i n e d  f r o m  the in -  
c o m p r e s s i b i l i t y  cond i t ion  

r/ao = [(ro/ao) a -]- ~ - -  t ]l/s. 

In p a r t i c u l a r ,  the t e m p e r a t u r e  change  a t  the b o r e  b o u n d a r y  r = a is  

A T  ~- - -  ( 2 Y / p c p )  In x. (21) 

Equa t ions  (20) and (21) d e t e r m i n e  the m a x i m u m  hea t ing  of the p o r e  s u r f a c e  d u r i n g  i t s  c o l l a p s e  as  a r e -  
su l t  of p l a s t i c  d e f o r m a t i o n  of  the m a t e r i a l .  

We e s t i m a t e  the m a x i m u m  hea t ing  by us ing  the va lues  Y = 0.12 GPa  fo r  the d y n a m i c  y i e l d  s t r e n g t h ,  and 
m 0 = 0.05 fo r  the i n i t i a l  p o r o s i t y  found e x p e r i m e n t a l l y  for  the d y n a m i c  load ing  of  TNT [7] .  The  d e n s i t y  of  the 
m a t e r i a l  p was t aken  equa l  to 1.66 x 10 a k g / m  3, and the s p e c i f i c  hea t  e r = 1.26 • 103 J / k g .  deg.  The  c u r v e s  
in F ig .  2 show the t e m p e r a t u r e  d i s t r i b u t i o n  o v e r  the t h i c k n e s s  of  the l a y e r  a t  v a r i o u s  s t a g e s  of  the p o r e  d e f o r -  
m a t i o n  p r o c e s s .  The  n u m b e r s  1-3 c o r r e s p o n d  to x = 0.8, 0.4, and 0.2 r e s p e c t i v e l y .  The r e s u l t s  ob ta ined  show 
that  only l oca l  hea t ing  of  the m a t e r i a l  r e s u l t s  f r o m  i t s  p l a s t i c  d e f o r m a t i o n ,  and does  not e x c e e d  200~ fo r  the 
s u r f a c e  l a y e r s  of  a p o r e .  The  t yp i ca l  t h i c k n e s s  of  the  bea ted  s p h e r i c a l  l a y e r  i s  ( 0 .70 -0 .85 )a  0. H e r e  the i n -  
c r e a s e  in t e m p e r a t u r e  of  the s u r f a c e  of  the p o r e  a s  a r e s u l t  of  a d i a b a t i c  hea t ing  of the g a s  c o m p r e s s e d  in i t  is  
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not taken into account, but this is quite admissible  for pores  up to severa l  tens of microns  in diameter  be- 
cause of the substantial difference between the coefficients of thermal  activi ty of the gaseous and solid phases 
of the mater ia l  [8].  

The analysis has been limited to the special case of pore collapse in a plast ical ly deforming material .  
The resul ts  obtained give a qualitatively co r r ec t  descript ion of the functional trends of the tempera ture  d is t r i -  
bution over  the thickness of the layer.  The quantitative resul ts  correspond to the phenomenology of the process ,  
except for a spherical  layer  in the vicinity of the pore, where the effects of viscous flow play an important  
role.  
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CALCULATION OF AN INHOMOGENEOUS ELASTIC 

HALF SPACE AND A PLATE PLACED ON IT 

G. P .  K o v a l e n k o  UDC 539.8 

In many problems solved within the f ramework of the model of the l inear  theory of elast ici ty of isotropic 
media,  it is n e c e s s a r y  to take into account the variat ion of the proper t ies  of the medium as functions of the co- 
ordinates,  par t icu la r ly  the coordinate z, the depth of a half space. Such problems a r i se  in geophysics,  se i s -  
mology, and s t ruc tura l  mechanics .  Since the equations of motion of an elast ic medium are  interrelated,  an ef-  
fective analytic solution of boundary-value problems for any inhomogeneity is very  difficult to obtain. How- 
ever,  as is shown in [ 1], the Lam~ vector  equation of motion permi ts  separat ion into independent equations for 
an infinite set  of inhomogeneous media. Assuming weak inhomogeneity of these media does not de t rac t  in p rac -  
tice f rom the general i ty  of the resul ts  and, at the same time, permi t s  effective solution of boundary-value 
problems by approximate methods. Real media can be approximated with sufficient accuracy  of the resul ts  by 
media which belong to the above-mentioned set  [2].  In the presen t  study we obtain a solution for  a problem in 
the vibrations of an infinite c lass ica l  plate on an inhomogeneous half space when a vibrating load moves at 
constant velocity over  the plate. We consider  in more  detail special  cases  of the problem which are  obtained 
f rom the previous solution by a passage to the limit with respec t  to severa l  pa ramete r s .  When the medium be-  
comes homogeneous, the functional relat ionships found become the resul ts  known for homogeneous media. 

1. We consider  an isotropic elast ic half space in a Cartesian coordinate sys tem with the positive d i rec -  
tion of the axis OZ pointing downward. The equation of motion of the medium is taken in the form [1] 

Sumy. Translated f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 1, pp. 132-140, January -  
February ,  1983. Original ar t ic le  submitted December  29, 1981. 
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