
R E S P O N S E  O F  C L A Y  AND C L A Y  S H A L E  T O  

H E A V Y  D Y N A M I C  L O A D I N G  

L .  V .  A l ' t s h u l e r  a n d  M.  N .  P a v l o v s k i i  

Resul ts  a re  p re sen ted  on the dynamic  c o m p r e s s i b i l i t y  of s eve ra l  types of rock .  Shock compres s ion  
curves  have been r eco rded  up to 500 kba r  for  four  types  of c lay and a shale ,  toge ther  with the initial pa r t s  
of the expansion i s en t ropes .  The cu rves  have fea tu res  re la ted  to phase t rans i t ions ,  and conclusions a re  
drawn on the appl icabi l i ty  of adiabat ic  addition to these  s y s t e m s .  

1. Shock Compress ib i l i t y .  We examined:  A) nea r ly  white su r face  c lays  with two dif ferent  wa te r  con" 
tents ;  B) g reen  deep- ly ing  c lay  with the s a m e  wa te r  contents ;  C) c lay sha le .  Elementa l  and x - r a y  s t r u c t u r -  
al ana lyses  showed that  the main  component  in each  case  was s i l ica ,  which in the g reen  c lay  and shale  was 
accompanied  by m i n e r a l s  of kaolini te  type.  A 4 and B 4 denote wa te r  contents W of 4% by weight, while A~0 
and B~0 denote 20%, e tc .  

The shock c o m p r e s s i b i l i t y  was m e a s u r e d  by ref lec t ion [1, 2]. The wave veloci ty  was m e a s u r e d  by an 
e l ec t r i c a l  contact  method [1]. The spec imens  had th icknesses  of 4-6 ram.  We used  dynamic adiabatic c o m -  
p r e s s ion  cu rves  fo r  i ron  and a lumimun [3] in making the n e c e s s a r y  cons t ruc t ions  in the plot of p r e s s u r e  
against  m a s s  veloci ty .  The expansion i sen t ropes  for  the s c r eens  adjoining the spec imen  were  identified [2] 
with m i r r o r  images  of shock adiabat ics .  

Table  1 g ives  the r e s u l t s ,  where  the symbols  a re  as follows: P0 is  the initial  densi ty  (g/cm3);  U s is 
the m a s s  veloci ty  ( k m / s e c )  of the shield m a t e r i a l  (usually aluminum) (U s is p r imed  when the m a t e r i a l  was 
copper) ;  D is  the wave veloci ty  ( k m / s e c ) ;  U is  the m a s s  veloci ty  ( k m / s e c )  behind the shock front  in the 
spec imen;  P (kbar) is  the shock p r e s s u r e ;  p is  the densi ty  ( g / c m  3) of the c o m p r e s s e d  m a t e r i a l ;  and V 
(cm3/g) is  the speci f ic  vo lume.  

F igure  1 shows the r e s u l t s  of Table  1 in D and U coord ina tes ,  where  cu rves  1 and 2 a re  for  A20 and 
At, while 3 and 4 are  for  B20 and B4, and 5 is for  the shale .  

The following equations desc r ibe  sa t i s fac to r i ly  the observa t ions  fo r  the c lays :  

D (A',o) = 3.05 q- t.23 U, D (Ai) = 2.78 -~- t.2t U 
D(B~o ) =2.20-~t.50 U, D(B4)= t.60:~ t.47 U 
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TABL]~ 

Material 

A2o ' 

Ai 

B~ 

2.03 
2.03 
.).06 
.).23 
2.24 
~..27 
L24 
2.02 
2.04 
2.02 
2.00 
2.02 

2.15 

2.7~ 

k m  k m ,  D's-~ km 
~r,s- ~ -  p, kbat 

76.5 
i42.5 
47t 

77 
i45 
2i5 
485 
68 

139 
194 
458 
770 
32,8 
66 

179 
457 
i i l  
191 
243 
268 
3O4 
332 
424 
462 
59O 

PI 

i. 284 
t .428 
1.868 
1.307 
i.475 
i. 556 
1.933 
i.364 
I. 466 
t. 594 
i.892 
2.010 
1.316 
i.429 
t.763 
2.075 
I. t50 
1.280 
1.352 
t. 369 
t. 427 
t,486 
I. 589 
1.570 
i. 6 6 4  

2.62 
2.9i 
3.85 
2.91 
3.30 
3.54 
4.33 
2.76 
2.99 
3.22 
3.79 
4.06 
2.83 
3.07 
3.80 
4.46 
3.19 
3.55 
3.75 
3.79 
3.95 
4.12 
4.40 
4.35 
4.62 

V, - -  

3 
c m  

g 

0.382 
0.344 
0.260 
0.34& 
0.3O2 
0.283 
0.231 
0.362 
0.335 
0.3it 
O. 26& 
0.245 
O. 353 
0.326 
O. 263 
O. 224- 
0.313 
0.282 
0.267 
0.26& 
0.25~ 
0,243 
O. 227 
O. 23@ 
0.2t7 

F o r  A20 we  a l so  d e t e r m i n e d  the e f f ec t s  of R (d is tance  f r o m  the cen t e r )  on the s p e e d  of the d i v e r g e n t  
shock wave  p r o d u c e d  by a s m a l l  s p h e r i c a l  e x p l o s i v e  c h a r g e  ( d i a m e t e r  50 ram) c o m p o s e d  of a T N T - h e x o -  
gene  m i x t u r e  (F ig .  2). 

The  s h o c k - w a v e  s p e e d  and path  w e r e  d e t e r m i n e d  v i a  s e t s  of  con t ac t s  wi th in  the  c l a y  at v a r i o u s  d i s -  
t a n c e s  f r o m  the c h a r g e .  We found tha t  the s p e e d  of  the  d e g e n e r a t e  shock  w a v e  in m o i s t  c l a y  was  a l m o s t  
equal  to that  of sound in w a t e r .  

F i g u r e  2 p r o v i d e d  an a p p r o x i m a t e  f o r m  fo r  the in i t i a l  p a r t  of  the  D - U  r e l a t i o n  fo r  A20. An ana logous  
in i t i a l  p a r t  was  a s s u m e d  f o r  B20. The  sha le  d i f f e r e d  in  tha t  the s h o c k - c o m p r e s s i o n  c u r v e  c o n s i s t e d  of 
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s eve ra l  pa r t s ,  which were  c l ea r l y  seen  in the D - U  re la t ion  (Fig. 1). 
The f i r s t  pa r t  is a s l ight ly sloping line that  r e s e m b l e s  the initial D - U  
re la t ion  for  graphi te  in t rans i t ion  to diamond [4]. The re  is  a shor t  
range  n e a r  280 kba r  where  the wave speeds  inc rease  rapidly,  which 
is  followed by a hor izontal  pa r t  r ep resen t ing  a f i r s t - o r d e r  phase  
t rans i t ion .  The upper  b ranch  r e l a t e s  to the h i g h - p r e s s u r e  phase .  I t  
is  convenient to i n t e rp re t  the r e su l t s  in P - V  coord ina tes ,  and Fig.  3 
shows the r e su l t s  fo r  the shale and the four  clay spec imens .  

The obse rved  shock adiabat ics  a re  the solid l ines 1 and 2. The 
adiabatic  fo r  shale has two branches ,  which re l a t e  to the low-  and h igh-  
p r e s s u r e  phases .  The cu rves  fo r  the c lays  a re  monotonic and a re  
nea r l y  pa ra l l e l  above 100 kba r .  

2. S t ruc ture  of the Rarefac t ion  Waves.  A shale  or  clay is a 
compos i t e  mine ra l  s y s t e m  that  may  have many  phase  t rans i t ions .  If 
the t rans i t ion  t imes  are  finite and comparab le  with the r ecord ing  t ime,  
the s h o c k - c o m p r e s s i o n  cu rves  r e p r e s e n t  a se t  of nonequi l ibr ium 
s ta t e s  with va r i ab le  phase  compos i t ions .  The obse rved  cu rves  may  
r e m a i n  monotonic and m a y  dif fer  l i t t le  in shape  f rom the adiabat ics  
for  homogeneous s table  m e d i a  (Fig. 4a). The actual s ta te  can be de -  
duced f rom observa t ions  on r a r e fac t ion  waves .  The m a x i m u m  speed  
C of such a wave is r e l a t ed  to the s lope of the i sen t ropic  expansion 
cu rve  by 

v~ lOP ~ = C~ (2.1) 
\'OV / s 

If  there  are  no phase  t r an s fo rma t ions  (curve 01234 is  the ad ia -  
batic for  a homogeneous medium),  the slope of the i sen t rope  will be 
l e s s  than that  of the dynamic adiabatic  (expansion along line 2-5).  If  
the medium contains cons iderab le  amounts  of the dense r  phase  along 
with the initial phase ,  the expansion will occur  along 2 -5 ' .  Additional 
evidence for  phase  t r ans fo rma t ions  comes  f rom ra re fac t ion  shock 
waves  [5-7], with a s tepwise r e tu rn  to the initial  phase  (6-0' t r a n s i -  
tion) at the f ront .  

The s t rength  m a y  affect  the in te rpre ta t ion  of the r e su l t s  [1, 8]. 
A med ium with an apprec iab le  yield point has  e las t ic  deformat ion  du r -  
ing the initial  expansion,  and the e l a s t i c -expans ion  wave has  C e > C. 
In the genera l  case  it is  ve ry  difficult to distInguish an e las top las t ic  
expansion curve  f r o m  the r e c o v e r y  curve  fo r  a he terogeneous  medium.  

A magnet ic  method [1, 7, 9] was used  to r e c o r d  the shapes  of 
the c o m p r e s s i o n  and expansion shock waves .  F igure  4b shows the r e -  
sul ts ,  while Fig.  5 shows typical  o s c i l l o g r a m s  (a for  clay,  b for  shale) .  
The ~ - shaped  t r a n s d u c e r s  4 were  made of aluminum foil and were  
p laced at a depth L ~ 6 m m  in the spec imen  3 (1 is  the explosive  and 
2 is  the shield).  

The f i r s t  deflection co r r e sponds  to a r r i va l  of the p r e s s u r e  wave 
at the t r a n s d u c e r .  After  this wave has  r eached  the f r ee  su r face  (knm 
is the path taken by the sur face) ,  a cen te red  tension wave propaga tes  
within the spec imen  ( x - t  d i a g r a m  in Fig.  6). The second kick c o r -  
responds  to a r r i v a l  of this wave at the t r a n s d u c e r  a f te r  t ime  T~ 
(abcde is  the path taken by the t r ansduce r ) ,  while T 2 co r r e sponds  to 
the d i spe r s ion  of the tens ion wave.  Then T1, UI, and the known L and 
D give the m a x i m u m  veloc i t ies  behind the shock-wave  f ront .  The x - t  
d i ag ram of Fig.  6 shows that  
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TABLE 2 

I 
~: Material 

Bz  ~ 

Ar 

C 

~o, - g - -  
a m  3 

2.15 

2.'03 

2.25 

2.77 

p, kbar 

99 
178 
107 
188.5 
146.6 
227 
276 

D, km , km 

3,51 1.31 
4.38 1.89 
4.t6 1.27 
5.02 1.85 
4.52 1.44 
5.14 1.96 
6.00 1.64 

P p, g 

1.5941 3.43 
1.7601 3.79 
1.440[ 2.92 
1.5831 3.21 
1.470/ 3.30 
1.6161 3.64 
1.378| 3.82 

c m  ~ 

O. 292 
O. 264 
O.343 
0.3tt 
O. 303 
O. 275 
O. 262 

km 
C , - -  

sec  

7.17 
6.79 
5.61 
7.60 
4.90 
4.87 
6.3 

TABLE 3 

v,cm z/g 

Dry Dry Hygro- Hygro- 
p, kbar H~O fraction fraction scopic scopic 

measured of clay A, of clay B. clay A 4, clay B 4, 
calc. calc. cal~. calc. 

0 
30 
60 

t00 
t50 
200 
250 
300 
350 
400 
450 
500 

1.OOO 
O. 724 
O. 658 
0.6OO 
O. 557 
O. 525 
0.500 
0.482 
0.467 
0.455 
0.445 
0.436 

O. 363 
0.344 
0.327 
O. 307 
O. 286 
O. 269 
O. 256 
O. 246 
O. 236 
0.227 
O. 220 
O. 215 

0.369 
0.329 
0.304 
0.281 
0. 264 
0. 254 
0.245 
0.238 
0. 233 
0.229 
0. 225 
0. 222 

0.388 
0:359 
0.340 
0.3i8 
0. 297 
0.279 
0.266 
0. 255 
0. 245 
0. 237 
O. 230 
O. 223 

O. 394 
O. 345 
O. 318 
O. 294 
O. 276 
0.264 
O. 255 
0.248 
0.243 
O. 238 
O. 234 

�9 O. 231 

L - -  U1T1 
C = U1 ~ ' T - 1 - - L / D  (2.2) 

Tab le  2 g ives  the r e s u l t s  fo r  the n e g a t i v e - p r e s s u r e  waves  for  m a t e r i a l s  C, B4, ]320 , and A 4. The a r -  
rows  in  the o s c i l l o g r a m s  ind ica t e  the ca l cu l a t ed  i n s t a n t s  for  i n i t i a t i on  of the t e n s i o n  waves  when the shock 
waves  r e a c h  the f r ee  s u r f a c e ,  which  a re  s e p a r a t e d  by T = L / D  f r o m  the i n s t a n t  of the f i r s t  k ick .  

A r r o w s  4 in  F ig .  3 show the m o s t  l ike ly  pos i t ions  for  the in i t i a l  p a r t s  of the i s e n t r o p e s .  D r y  white  
c lay  (A in  F ig .  3) had an i s e n t r o p e  s lope  c lose  to tha t  of the s h o c k - c o m p r e s s i o n  ad iaba t ic ,  which  i m p l i e s  
that  t he re  were  no n o n e q u i l i b r i u m  h e t e r o g e n e o u s  s t a t e s ,  at l e a s t  in  the r ange  c ove r e d  (100-230 kbar ) ,  and 
a lso  that  s t r e n g t h  effects  w e r e  neg l ig ib l e .  

The g r e e n  c lay  (dry o r  mois t )  showed a d i f fe ren t  p i c tu re  (Fig.  3B), as the n e g a t i v e - p r e s s u r e  c u r v e s  
a re  m u c h  s t e e p e r  than  the shock ad iaba t i c s ,  and t he i r  pos i t ion  ind ica te s  that  t he r e  w e r e  d e n s e r  and l e s s  
c o m p r e s s i b l e  c o m p o n e n t s .  

F i g u r e  5b and m a n y  s i m i l a r  r e s u l t s  show that  sha le  g ives  a compl i ca t ed  s t r u c t u r e  in  the n e g a t i v e -  
p r e s s u r e  waves ,  which  con ta in  s h o c k - r a r e f a c t i o n  waves  at the end of the expans ion .  F i g u r e  3C shows 
qua l i t a t ive ly  the c o r r e s p o n d i n g  shape  of the expans ion  c u r ve  in  the 1 ) - V  d i a g r a m .  This  c u r ve  has  a s t e e p -  
ly  fa l l ing  sec t ion  {do t -and-dash  cu rve  2) r e p r e s e n t i n g  the c o m p r e s s i b i l i t y  of the dense  phases  and a t r a n s i -  
t ion  (do t - and -dash  l ine  3) a r i s i n g  when these  decompose .  T h e r e  is  a p ronounced  h y s t e r e s i s  loop in  the 
l oad ing -un load ing  cyc le .  

3. D i s c u s s i o n .  Each  c lay  con ta ined  a so l id  phase  and a l iqu id  one.  We neg lec t  the inhomogene i ty  of 
the so l id  phase  and c o n s i d e r  the c l ay  as a tw o- c ompone n t  s y s t e m  (water  plus  a d r y  componen t ) .  

The addi t ive  app rox ima t ion  [10] g ives  the vo lume of the s h o c k - c o m p r e s s e d  m i x t u r e  as the s u m  of the 
v o l u m e s  of the componen t s  as a t ta ined  by ind iv idua l  c o m p r e s s i o n  in  the mono l i t h i c  s t a te .  

Let ce be the p r o p o r t i o n  of w a t e r  by weight ,  V~ the spec i f i c  vo lume  of w a t e r  at p r e s s u r e  P ,  and V c 
the spec i f ic  vo lume  of the d ry  f r ac t ion ;  then  the vo lume of the m i x t u r e  i s  
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v (P) = a v ~ (P) ~- (t -- a) vo (P) (3.1) 

The shock-wave  adiabatic  for  wa te r  is known [11, 12] and the second column in Table  3 gives the spe -  
cific volume as a function of p r e s s u r e .  The next column gives V c as deduced f rom the shock adiabat ics  
for  A20 and wa te r  via  (3.1). This equation was also used to der ive  the shock adiabatic  for  A 4 (curve 3 in 
Fig .  3A), which shows good ag reemen t  between the obse rved  and additive adiabat ics  at p r e s s u r e s  above 120 
kba r  but an apprec iable  d i sc repancy  that  i nc rea se s  toward  lower  P,  which we asc r ibe  to poros i ty  in the dry  
c lay.  Quite high p r e s s u r e s  a re  needed to close the m i c r o p o r e s  comple te ly ,  s ince the volume of these is 
st i l l  2.5% of the total  volume even at 100 kbar .  

F igure  3B (green clay) gives s i m i l a r  r e su l t s ,  though he re  the p r e s s u r e  for  ze ro  poros i ty  is about 60 
kbar .  The m o s t  impor tan t  r e su l t  for  shale  is  that there  a re  c l ea r ly  phase  t rans i t ions  at the p r e s s u r e s  r e p -  
resent ing  the f i r s t  pa r t  of the shock-wave adiabat ic .  

F igure  7 c o m p a r e s  the r e su l t s  for  the shale and dry  c lays .  At about 200 kbar  the compres s ib i l i t y  of 
g reen  c lay (curve 2) substant ia l ly  exceeds  that of white (curve 1) on account of phase  t rans i t ions ,  but the 
two cu rves  come toge ther  at higher  p r e s s u r e s .  Curve  3 is for  shale ,  which is highly porous  in the initial 
s ta te ,  and it  approaches  the cu rve  fo r  white c lay at about 140 kba r .  The phase  t rans i t ion  at 280 kbar  makes  
the shale curve  a lmos t  the same  as the g r e e n - c l a y  one. The th ree  cu rves  a re  v i r tua l ly  indist inguishable 
above 500 kbar ,  which r e f l ec t s  the common  t rend  in the c o m p r e s s i o n  of s i l i ca tes  and a luminos i l ica tes ,  
which at high p r e s s u r e s  give c lo se -packed  a r r a y s  of oxygen ions that a re  v e r y  s i m i l a r  in compres s ib i l i t y  
and specif ic  volume.  
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