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ABSTRACT 

Hugoniot equat ion of  s ta te  measurements w e r e  made on Coconino 
sandstone, Vacavi l le  b a s a l t ,  Kaibab l imestone, Mono C r a t e r  

pumice and Zelux (a polycarbonate r e s i n )  f o r  pressures  t o  
2 M b .  A s i n g l e  d a t a  po in t  w a s  obtained f o r  fused qua r t z  
a t  1.6 M b .  

I n  a d d i t i o n  to  t h e  hugoniot s t u d i e s ,  t h e  u n i a x i a l  compressive 
stress behavior of Vacavi l le  b a s a l t  and Zelux w a s  i nves t iga t ed  
a t  s t r a i n  r a t e s  from about 10m5/sec t o  10 /second. 
presented include t h e  s t r e s s - s t r a i n  r e l a t i o n s  as a func t ion  
of s t r a i n  r a t e  f o r  t hese  two ma te r i a l s .  

3 The d a t a  

i 

(Page ii i s  blank)  





c 

I t ED. 
M A N U F A C T U R I N G  D E V E L O P M E N T  0 G E N E R A L  M O T O R S  C O R P O R A T I O N  

MSL-68-9 

Section 

TABLE OF CONTENTS 

Paqe 

ABSTRACT 
TABLE OF CONTENTS 
LIST OF ILLUSTRATIONS 
LIST OF TABLES 

I INTRODUCTION 
I1 MEASUREMENT OF SHOCK WAVE PARAMETERS 

Experimental Technique 
Target System 25 Specimen Preparation 
Equation of State Measurements 
Hugoniot of Impactor Materials 
Experimental Results 

Vacaville Basalt 
Kaibab Limestone 
Coconino Sandstone 
Fused Quartz 
Mono Crater Pumice 
Zelux 

Recovery Shots 
I11 HIGH STRAIN-RATE STUDIES 

Experimental Techniques 
Experimental Results 

Vacaville Basalt 
Zelux 

IV CONCLUSIONS 
V REFERENCES 

iii 

i 
iii 
iv 
V 

1 
3 

3 

10 

1 3  

1 5  

16 

16 
20 

25 

30  

3 0  

32  

39 

4 1  

4 1  

44 

44 

50 

5 2  

5 4  



M A N U F A C T U R I N G  D E V E L O P M E N T  0 G E N E R A L  M O T O R S  C O R P O R A T I O N  

MSL-68-9 

LIST OF ILLUSTRATIONS 

Fiqure T i t l e  

1 Layout of ARLG Gun Range 4 

Wri t ing S t reak  Camera i n  Pos i t i on  5 
2 Target  Chamber Set-up, with Continuous- 

3 Top Cutaway V i e w  of  T a r g e t  Chamber 
4 X-ray Shadowgraphs of P r o j e c t i l e  

5 Equation of  S t a t e  S tudies  Target 

Before Impact 

Configuration 

6 

8 

11 
6 Hugoniot Data f o r  Vacavi l le  Basa l t  1 7  
7 Comparison of Hugoniot Data f o r  Vaca.vi1le 

8 Hugoniot Data f o r  Kaibab Limestone 24 
9 Hugoniot Data f o r  Coconino Sandstone 28 

10  Hugoniot Data f o r  S i l i c e o u s  Rocks 29 
11 Hugoniot Data f o r  Fused Quar tz  31 

Basa l t  wi th  Hugoniot Data of Other Basa l t s  2 1  

1 2  Hugoniot D a t a  f o r  Mono C r a t e r  Pumice 35 

1 3  Hugoniot Data f o r  Zelux 38 
14 Schematic of Medium Strain-Rate  Machine 42 
15 Schematic of Hopkinson Bar Device 43 
16 Uniaxial  Compressive S t r e s s -S t r a in  

17  Hopkinson Bar Photographic Setup 
18 Photo graphs o f High S t r a  in-Ra te  

19 Photomicrographs of  B a s a l t  

20 Uniaxial  Compressive S t r e s s -S t r a in  

Behavior of B a s a l t  

F rac tu re  of B a s a l t  

Behavior o f  Zelux 

45 

46 

4% 
49 

51  

i v  



h. 

4 

M A N U F A C T U R I N G  D E V E L O P M E N T  0 G E N E R A L  M O T O R S  C O R P O R A T I O N  

MS 1-6 8 - 9 

LIST O F  TABLES 

Ta.ble ----- 

I 

I1 

I11 

I V  

V 

V I  

V I  I 

V I 1 1  

I X  

X 

X I  

P H Y S I C A L  P R O P E R T I E S  O F  VACAVILLE BASALT 

HUGONIOT DATA F O R  VACAVILLE BASALT 

P H Y S I C A L  P R O P E R T I E S  O F  KAIBAB LIMESTONE 
(ALPI-IA MEMBER) DOLOMITE 

HUGONIOT DATA F O R  KAIBAB LIMESTONE 

P H Y S I C A L  P R O P E R T I E S  O F  COCONINO SANDSTONE 

HUGONIOT DATA F O R  COCONINO SANDSTONE AND 
FUSED QUARTZ 

P H Y S I C A L  P R O P E R T I E S  O F  MONO CRATER PUMICE 

HUGONIOT DATA F O R  MONO CRATER PUMICE 

P H Y S I C A L  P R O P E R T I E S  O F  ZELUX M 

HUGONIOT DATA F O R  ZELUX 

SUMMARY O F  L I N E A R  EQUATION O F  S T A T E  
PARAMETERS 

V 

( P a g e  v i  i s  blank) 

Paqe 

18 

19 

22 

23 

2 6  

27 

33  

3 4  

36  

37  

40 



f 

M A N U F A C T U R I N G  D E V E L O P M E N T  0 G E N E R A L  M O T O R S  C O R P O R A T I O N  

MSL-68-9 

SECTION I 

INTRODUCTION 

The behavior of m a t e r i a l s  under the a c t i o n  of shock wave 
loadings h a s  been under i n t e n s i v e  i n v e s t i g a t i o n  during 
t h e  p a s t  decade. Some have been concerned wi th  
geophysical ly  o r i e n t e d  i n v e s t i g a t i o n s  of c r u s t a l  rocks 
and poss ib l e  e a r t h  co re  m a t e r i a l s .  Another area of 
concentrated research  concerns t h e  e f f e c t  of hyperve loc i ty  
me teo r i t e  impact on c r u s t a l  rocks.  

In  order  t o  understand t h e  complex phenomena occurr ing i n  
and around a forming impact c r a t e r ,  i t  i s  necessary t o  
have knowledge of t h e  c h a r a c t e r i s t i c s  of t h e  m a t e r i a l  over 
a w i d e  range of stresses s i n c e  t h e  impact induced shock 

wave a t t e n u a t e s  r a p i d l y  a s  i t  propagates away from t h e  
po in t  of o r i g i n .  The shock wave may o r i g i n a l l y  have an 
amplitude of many megabars b u t  i s  a t t enua ted  by rare- 
f a c t i o n s  a r i s i n g  due t o  t h e  f i n i t e  s i z e  of t h e  impacting 
body, t h e  divergence of t h e  wave f r o n t  and by energy 
absorbing mechanisms wi th in  t h e  medium. One such 
mechanism i s  t h a t  of polymorphism of t h e  c r y s t a l l i n e  
c o n s t i t u e n t .  Another l o s s  process  occurs during t h e  
comminution of t h e  rock.  

This r e p o r t  desc r ibes  experiments i n  which d a t a  w a s  

acquired f o r  s e v e r a l  s e l e c t e d  geologica l  m a t e r i a l s  i n  t h e  
high pressure  region and t h e  e l a s t i c  t o  f r a c t u r e  region 
of stress. Hugoniot equat ions of s ta te  i n  t h e  pressure  
range 0.03 t o  2 M b  have been determined f o r  Coconino 
sandstone, Kaibab l imestone, Vacavi l le  basalt ,  and Mono 
C r a t e r  pumice. A l s o ,  a s i n g l e  hugoniot d a t a  po in t  f o r  
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fused qua r t z  w a s  obtained a t  1 . 6  M b .  T h e  h igh  i n t e n s i t y  
shock wave s t u d i e s  are descr ibed  i n  Sec t ion  11, Measure- 
ment of Shock Wave Parameters. T h e  experimental  technique 
is  descr ibed and t h e  r e s u l t s  are presented .  

The compressive behavior of basalt  i n  u n i a x i a l  stress 
over a range of s t r a i n  rates from approximately 10-~/sec 
t o  10  /sec was examined t o  provide basic d a t a  descr ib ing  
the behavior of t h i s  m a t e r i a l .  The experimental  tech- 

niques and the r e s u l t s  obtained are described i n  Sec t ion  
111, High Strain-Rate  S tud ie s .  

3 

An a d d i t i o n a l  non-geological material ,  Zelux, a stress- 
r e l i e v e d  polycarbonate r e s i n  having a h igh  impact 
s t r e n g t h ,  was s tud ied .  Both the h igh  pressure  hugoniot 
and t h e  s t r a i n - r a t e  behavior of the m a t e r i a l s  w e r e  
experimentally determined, and the r e s u l t s  are repor ted  
i n  t h e  appropr i a t e  s e c t i o n s .  

2 
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SECTION I1 

MEASUREMENT OF SHOCK WAVE PARAMETERS 

EXPERIMENTAL TECHNIQUE 

To induce multi-megabar p re s su res  i n  specimen materials, f l a t  
p l a t e s  of high shock impedance a r e  acce le ra t ed  by a l i g h t  gas 

gun t o  v e l o c i t i e s  extending above 8 km/sec. The p l a t e s  a r e  
made t o  impact an instrumented specimen and induce a shock wave 
with t h e  i n i t i a t i n g  condi t ions  accu ra t e ly  c o n t r o l l e d  and re- 
corded. Severa l  t ime-re la ted  measurements may be made of shock 
wave phenomena and then used t o  p a r t i a l l y  desc r ibe  t h e  thermo- 
dynamic s t a t e  of t h e  specimen m a t e r i a l  a t  very high pressures .  

The gun used t o  a c c e l e r a t e  t h e  impactor i s  an acce lera ted-  
r e s e r v o i r  l i g h t  gas gun ( 2 )  wi th  a launch tube bore diameter 
of e i t h e r  29 mm o r  64 mm. T h i s  type of gun maintains  a 
reasonably cons t an t  pressure  a t  t h e  base of t h e  p r o j e c t i l e  
during t h e  launch allowing the  a c c e l e r a t i o n  of a v a r i e t y  
of unshocked impactor materials t o  s tudy shock wave 
phenomena a t  h igh  p res su res .  

F igure  1 shows t h e  l ayou t  of t h e  range. The gun c o n s i s t s  
of t h e  following major components: 

1. Powder chamber. 
2 .  Pump tube,  89 mm i n t e r n a l  diameter by 1 2  m long.  
3 .  Accelerated-reservoir  high-pressure coupling. 
4 .  Launch tube,  e i t h e r  29 mm i n t e r n a l  diameter by 

8 m long o r  64 mm diameter and 8 m long.  
5 .  Instrumented t a r g e t  chamber and f l i g h t  range. 

3 
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Figure 1 Layout of ARLG Gun Range 

When t h e  gun is  loaded f o r  f i r i n g ,  gunpowder i s  placed i n  the 

powder chamber and t h e  pump tube i s  f i l l e d  wi th  hydrogen. The 
hydrogen i s  compressed by a p l a s t i c  nosed p i s ton  which has  been 
acce le ra t ed  by the b u r n t  gunpowder. In  tu rn ,  t h e  p r o j e c t i l e  i s  
acce le ra t ed  by t h e  release of  t h e  campressed hydrogen through a 
high p res su re  b u r s t  diaphragm. 

P r i o r  t o  f i r i n g ,  the f l i g h t  range and instrument chamber are 
evacuated and then f lushed  w i t h  helium t o  approximately lom6 
Torr t o  e l imina te  any spurious effects due t o  gas  build-up 
and ion iza t ion  between p r o j e c t i l e  and t a r g e t ,  The sea l ing  
l i p s  on the rear of t h e  p l a s t i c  sabot  a r e  pressed t i g h t l y  
aga ins t  t h e  s i d e s  of t h e  launch tube by the h igh  p res su re  gas  
and e f f e c t i v e l y  e l imina te  blow-by of t h e  hydrogen g a s ,  

4 
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Carefu l  a t t e n t i o n  t o  the condi t ion  of t h e  launch tube i s  neces- 
s a r y  for  success fu l  f i r i n g  i n  the h igh  v e l o c i t y  ranges. B o r e  

l i n e a r i t y  o f  better than 0.2 mm over  the f u l l  8 m length  of t h e  

launch tube  i s  maintained. The i n t e r n a l  diameter i s  maintained 
t o  wi th in  0.01 mm. Launch tubes are cleaned and honed af ter  each 
f i r i n g  and are removed every 15  t o  20 f i r i n g s  fo r  recondi t ion-  

i ng .  

Figure 2 Target Chamber Set-up, with Continuous- 
Wri t ing Streak C a m e r a  i n  Pos i t i on  

Figures  2 and 3 show t h e  instrumentat ion chamber designed fo r  
the high p res su re  s tud ie s .  This chamber i s  connected t o  t h e  
barrel of  t h e  gun through an O-ring seal t o  a l l o w  f r e e  axial  

5 
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movement of  the launch tube. The t a r g e t  chamber and t a r g e t  
are shock-mounted t o  prevent premature motion be fo re  pro jec- 
t i l e  impact. To f a c i l i t a t e  t h i s ,  s e v e r a l  s t a g e s  of mechanical 
i s o l a t i o n  have been arranged i n  the barrel ,  I - b e a m  support  
s t r u c t u r e  and concre te  foundation. 

STATION 
#1 STATION 

PHOTOMULTI PLlE 
30 NANOSECOND EXPOSURE 
FLASH X-RAY UNIT 

LASER TRIGGER SYSTEM \ 

Figure 3 Top Cutaway V i e w  of  Target  C h a m b e r  

T h e  impact chamber i s  a steel  cy l inde r  of 6 1  c m  O.D. and 
1.5 m length.  Physical  access and instrument p o r t s  a r e  pre- 
c i s e l y  machined i n  a h o r i z o n t a l  plane and i n  planes 45' above 
ho r i zon ta l .  Two s t a t i o n s  of s i x  p o r t s  each are accura t e ly  
spaced 30.5 cm a p a r t .  

Operat ional ly ,  t h e  p o r t s  are c losed  a g a i n s t  O-ring vacuum 
seals w i t h  P l ex ig l a s  o r  magnesium windows f o r  o p t i c a l  and 
x-ray access o r  w i t h  steel cover p l a t e s .  

6 
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The impactor v e l o c i t y  measuring system c o n s i s t s  of  a laser 
t r i g g e r i n g  system and two s h o r t  du ra t ion  f l a s h  x-rays. With 
t h i s  system, impactor v e l o c i t i e s  are measured accu ra t e  t o  
0.2%. The t r i g g e r i n g  system c o n s i s t s  of  a neon-helium gas 
l a s e r  aimed a t  a photo-detector a c r o s s  t h e  impact chamber 
orthogonal t o  and i n t e r s e c t i n g  t h e  l i n e  of  f l i g h t  of  t h e  pro- 
ject i le .  A photomul t ip l ie r  monitors t h e  laser l i g h t  ou tpu t  
through a set of masks and a narrow band f i l t e r .  When l i g h t  
i n t e r r u p t i o n  occurs  due to  p r o j e c t i l e  passage, a sharp change 
of vo l t age  l e v e l  i s  converted i n t o  a t r i g g e r  s i g n a l  of s u f f i -  
c i e n t  vo l tage  t o  i n i t i a t e  a F i e l d  Emission Corporation 30 nsec 
dual  f l a s h  x-ray u n i t .  The x-ray f l a s h  exposes a Polaroid 
f i l m  p l a t e  on t h e  oppos i te  s i d e  of t h e  chamber by means of 
a f luo resc ing  i n t e n s i f i e r  s c reen .  The t r i g g e r  and x-ray 
f l a s h  system is  then dupl ica ted  t o  record t h e  passage of 
t h e  p r o j e c t i l e  i n  t h e  second f i e l d  t o  view 30.5  c m  f u r t h e r  
down range. 

The spacing between t h e  two x-ray f i e l d  c e n t e r l i n e s  i s  ind ica t ed  
by f i d u c i a l  w i r e s  which a r e  measured by an o p t i c a l  comparator t o  
wi th in  0.02 mm. Measurements of t h e  impactor f ace  p o s i t i o n  r e l a -  
t i v e  t o  t h e  window f i d u c i a l s  a l low c a l c u l a t i o n  of a c t u a l  projec-  
t i l e  p o s i t i o n  and t r a v e l  over  t h e  t i m e  i n t e r v a l  measured be tween 
f l a s h  exposures. Figure 4 i s  an example of  t h e  shadowgraphs of  
t he  two x-ray s t a t i o n s  showing t h e  p r o j e c t i l e  i n  f r e e  f l i g h t  
be fo re  impact. 

A second method i s  a l s o  employed t o  measure impactor v e l o c i t y .  
The t i m e  i n t e r v a l  between t h e  f i r s t  x-ray f l a s h  and t h e  event  
of  c losu re  of a r e a r  su r face  shock v e l o c i t y  pin i s  recorded. 
The impactor and t a r g e t  p o s i t i o n s  a r e  measured from t h e  x-ray 
shadowgraphs and a v e l o c i t y  i s  ca l cu la t ed .  Var ia t ions  i n  
measurements be tween t h e  two techniques a r e  usua l ly  less than 
0.05%. 
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Impactor Target 

Station #1 Station #2 

Figure 4 X-ray Shadowgraphs of P r o j e c t i l e  Before Impact 

The target i s  loca ted  approximately 60 c m  from the launch tube 
muzzle and is  included i n  t h e  #2 x-ray f i e l d  of view. Measure- 
ments of t h e  shock wave t r a n s i t  t i m e  i n  the target are made 
using fou r  coax ia l  s e l f - sho r t ing  p i n s  as sensors .  The shor t ing  
of a p i n  r e s u l t s  i n  a sharp ly  r i s i n g  c u r r e n t  t o  ground which 
produces a s i g n a l  across the time-interval-meter i n p u t  termina- 
t i o n  resistors, The c i r c u i t  is  so designed that  each p i n  
s i g n a l  can be seen on t h r e e  ou tpu t  l i n e s  and i s  f r e e  of any 
r e f l e c t i o n s  o r  r ing ing  f o r  s e v e r a l  hundred nanoseconds. 
i nd iv idua l  c i r c u i t s  are "tuned" by the use  of trimer capaci- 
tors  so that  the rise t i m e  of each s i g n a l  i s  1.0 k 0.1 nsec t o  
1 2  v o l t s .  
e l e c t r o n i c  s i g n a l  system t o  make use  of the & 1/2 nsec reso- 
l u t i o n  of the t i m e  recording instruments.  

The 

Thus it i s  possible f o r  the combined mechanical- 

8 
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The shock wave t r a n s i t  t ime-interval-meters  a r e  Eldorado Models 
793. These counters  have a s p e c i f i e d  t i m e  r e s o l u t i o n  of 2 1/2 

nsec and may be read d i g i t a l l y  t o  the n e a r e s t  nanosecond. They 
r e q u i r e  an inpu t  s i g n a l  of 1 v o l t  w i t h  a rise t i m e  approximately 
1 nsec.  Although instrument  s t a b i l i t y  i s  s p e c i f i e d  t o  be one 
p a r t  i n  l o 4  for long term and f i v e  p a r t s  i n  l o 6  for  s h o r t  term, 
i n  a c t u a l  practice, the instruments  a r e  calibrated p r i o r  t o  
each shot  over  a per iod of  about 30 minutes. The sho t  i s  then 
f i red  wi th in  f i v e  minutes of completion of the c a l i b r a t i o n  
procedure. 

The impactor s t r i k i n g  tilt t i m e  i n t e r v a l  i s  recorded on Polaroid 
f i l m  f r o m  a Tektronix 519 osc i l l o scope  trace. The  sweep rate 
employed i s  20 nsec/cm b u t  i s  nonl inear  i n  the f i r s t  cent imeter .  
A c a l i b r a t i o n  p lo t  i s  p e r i o d i c a l l y  generated and i s  used t o  
c o r r e c t  t h e  recorded t i m e  i n t e r v a l .  

T h e  p l a n a r i t y  of the shock wave induced i n  the t a r g e t  i s  
dependent on t h e  impactor f l a t n e s s  a t  impact. T h e  

impactor s u r f a c e  i s  machine lapped and then hand pol i shed  
f l a t  t o  0 . 5  x mm. T e s t s  performed w i t h  impactors of 
Fansteel-77 and OFHC copper i n d i c a t e  the su r face  curva ture  
a f te r  launch t o  be less than 1 nsec a t  a launch v e l o c i t y  
of 7 km/sec. 

The impactor tilt r e l a t i v e  t o  the target specimen f r o n t  su r f ace  
i s  s e n s i t i v e  t o  launch tube l i n e a r i t y  and sabot  alignment as 

w e l l  as on t a r g e t  alignment even though the p r o j e c t i l e  f l i es  

free from the launch tube before impact. The c a p a b i l i t y  t o  
a d j u s t  the t a r g e t  p o s i t i o n  and pe rpend icu la r i ty  r e l a t i v e  t o  t h e  
launch tube c e n t e r l i n e  by an o p t i c a l  technique b r i n g s  the aver- 
age tilt a t  impact t o  approximately 0.03 r ad ians .  

9 
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Because of t h e  comparatively g e n t l e  a c c e l e r a t i o n  of  t h e  pro- 
jecti le t o  i t s  te rmina l  v e l o c i t y ,  the impactor plate is  n o t  
shock heated. In  add i t ion ,  free f l i g h t  i n  an evacuated range 
precludes aerodynamic hea t ing .  This  accounts f o r  the f l a t n e s s  
of t h e  impactor a f t e r  launch and s i g n i f i c a n t l y  reduces t h e  
complexity of t h e  experiment. The es t imated temperature rise 
during launch is  o f  the o rde r  of 1 O C .  

TARGET SYSTEM AND SPECLMEN PREPARATION 

The basic f e a t u r e s  o f  t h e  target  are a s  shown i n  Figure 5. 

Two p i n s  are passed by t h e  ends of t h e  specimen block even 
wi th  the specimen f r o n t  sur face .  These p i n s  are used t o  
measure impactor tilt i n  terms of the t i m e  i n t e r v a l  of t h e i r  
r e s p e c t i v e  c losu res ;  t he re fo re ,  the i r  cap f a c e s  must l i e  i n  
t h e  same plane  as t h e  target  impactor sur face .  Two m o r e  p i n s  
are sp r ing  loaded i n  place a t  t h e  rear su r face  of t h e  target 
and on a l i n e  j o i n i n g  the two tilt p i n t s .  Thus t w o  measure- 
ments of shock t r a n s i t  t i m e  are made f o r  each f i r i n g .  

The coaxial s e l f - s h o r t i n g  pins* c o n s i s t  of an o u t e r  shea th  of  
brass surrounding a t e f l o n  s l eeve  and a copper i n n e r  conductor. 

The p i n s  are connected t o  e lectr ical  cables by so ldered  j o i n t s  
and are made se l f - sho r t ing ,  i .e.,  t h e  target  specimen does n o t  
have t o  be a conductor, by the placement of  a cap over t h e  
sensing end which l eaves  a s m a l l  gap (on t h e  o r d e r  of 0.050 3~ 

.002 mm) between it and t h e  end o f  the inne r  conductor. The 
p i n  gaps are measured by x-ray shadowgraphy and t h e  measurements 
are used as c o r r e c t i o n s  i n  the shock v e l o c i t y  c a l c u l a t i o n s  a s  
p i n  c l o s u r e  t i m e s .  

* Model CA-1039, Edgerton, Germeshausen and G r i e r ,  Santa  
Barbara, C a l i f o r n i a .  

10 
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SPECIMEN BRASS MOUNTING BLOCK 

Figure 5 Equation of State Studies Target Configuration 

11 



I 

M A N U F A C T U R I N G  D E V E L O P M E N T  0 G E N E R A L  M O T O R S  C O R P O R A T I O N  

MSL-68-9 

Because r a r e f a c t i o n s  o r i g i n a t e  a t  t h e  f r e e  su r faces  of  t h e  
specimen block,  t h e  t a r g e t s  are designed so t h a t  t h e  p i n  lo- 
c a t i o n s  are i n s i d e  the unrarefac ted  region a t  t h e  target rear 
surface.  P r o j e c t i l e  and target  th ickness  a r e  so chosen t o  
i n s u r e  a g a i n s t  premature a t t e n u a t i o n  of t h e  shock wave from t h e  
r a r e f a c t i o n  waves o r i g i n a t i n g  a t  t h e  impactor rear surface.  

The t a r g e t  specimens w e r e  c u t  from t h e  pa ren t  m a t e r i a l  and 
ground t o  f i n a l  dimensions. The targets w e r e  ground under a 
high s l u i c i n g  flow t o  prevent  l o c a l  hea t ing  and chipping. The 
basalt  and dolomite t a r g e t  su r f aces ,  f r o n t  and rear, w e r e  ma-  
chine and hand lapped f l a t  and p a r a l l e l  t o  wi th in  mm. The 

procedures used f o r  sandstone and pumice d i f f e r e d  from those 
used i n  prepar ing  t h e  b a s a l t  and dolomite i n  t h a t  lapping and 
po l i sh ing  w e r e  impossib1.e due t o  t h e  high p o r o s i t y  and i r regu-  
l a r  surf  aces. 

The t a r g e t  specimen th icknesses  w e r e  measured wi th  a Z e i s s  

l i g h t - s e c t i o n  microscope, which avoids t h e  problem of  an ind i -  
c a t o r  marring t h e  specimen su r faces  and a l s o  s i m p l i f i e d  t h e  
measurement of i r r e g u l a r  su r f aces  such a s  found on t h e  porous 
ma te r i a l s .  

The porous m a t e r i a l s  requi red  s e v e r a l  changes from standard 
target cons t ruc t ion .  The h i g h e s t  p o i n t s  of  sur face ,  as m e a -  
sured wi th  t h e  microscope, w e r e  taken a s  t h e  su r face  plane.  A 

0 .1  mm t h i c k  copper shim w a s  then placed on t h e  upper su r face  of  
t he  specimens a g a i n s t  which t h e  sp r ing  loaded shor t ing  p ins  w e r e  
set. The e f f e c t  of  t h i s  t h i n  shim on t h e  measurement of t h e  
shock wave t r a n s i t  t i m e  was co r rec t ed  f o r  i n  t h e  shot ana lys i s .  

A viscous qu ick - se t t i ng  epoxy w a s  employed t o  mount t h e  porous 
specimens i n  t h e  brass mounting block,  avoiding t h e  problem of 

12 
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t h e  p o t t i n g  epoxy soaking i n t o  the specimen. 
examination showed no i n t e r g r a n u l a r  seepage of Epon 911 i n  

n e i t h e r  sandstone nor pumice even though Hysol Epoxy-Patch 
pene t r a t ed  1 mm i n  sandstone and - 4  mm i n  pumice. 

Microscopic 

The h i g h e s t  p ressure  hugoniot p o i n t s  w e r e  obtained using a 
s m a l l  t a r g e t  specimen and a small  impactor, the reduced 
weight of t h e  p r o j e c t i l e  allowing achievement of a h ighe r  
launch v e l o c i t y .  The high pressure  t a r g e t  design,  used only 
f o r  the b a s a l t ,  Coconino sandstone, fused qua r t z  and Zelux, 
w e r e  s i m i l a r  t o  t h e  t a r g e t s  descr ibed previous ly ,  except t h a t  
a 1 c m  diameter specimen w a s  used and only one shor t ing  p in  
was placed on t h e  rear su r face  i n s t e a d  of two. 

EQUATION O F  STATE MEASUREMENTS 

Consider the sudden ap ,p l ica t ion  of a high stress, such as the 

impact of  a h igh  v e l o c i t y  p l a t e ,  t o  t h e  plane su r face  of  a 
material. The d e s c r i p t i o n  of  t h e  ensuing flow condi t ions  can 
be found us ing  the conservat ion r e l a t i o n s  f o r  m a s s ,  momentum 
and energy: 

- u u  p1 - - Po s p l  

Conservation of  m a s s  (1) 

Conservation of momentum ( 2 )  

Conservation of energy ( 3 )  

w h e r e  s u b s c r i p t s  2 and 1 denote condi t ions  ahead of and behind 
the advancing shock f r o n t  r e spec t ive ly ,  The t e r m s  are: 
shock v e l o c i t y ,  u = p a r t i c l e  v e l o c i t y ,  P = shock stress, 
p = dens i ty ,  V = l / p  = s p e c i f i c  volume and E = s p e c i f i c  i n t e r n a l  
energy. A l l  v e l o c i t i e s  are determined w i t h  respect t o  a sta- 
t i o n a r y  observer .  

- 
us - 

P 
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The experimental determination of U and v = impact velocity, 
along with knowledge of the initial conditions, pot Po and Eo 
allows the calculation of the shock stress, P1; volume, 
and internal energy, El. 

S 

Each set of determinations allows the calculation of a single 
point on the locus of shock states achievable from the same 
initial material conditions. The locus of shock states then 
defines the hugoniot of the material and may be determined 
experimentally by ap,plying different incoming stresses (differ- 
ent impact velocities and/or different shock impedance impactor 
materials). 

The indirect approach generally taken for the determination of 
the particle velocity, u is referred to as an impedance 
match te~hnique!~) 
knowledge of the hugoniot of the impactor material. The shock 
impedance of a material is given by p U 
a line originating at P = 0, u- = 0). 

P' 
The impedance match technique requires 

(which is the slope of o s  
The measurement of the 

I9 
im~pactor velocity establishes the origin 
niot. The intersection of the impedance 
hugoniot of the impactor establishes the 
particle velocity. Analytically this is 

si V(COiS si v) B - d B 2  - 4pOi 2 

of the impactor hugo- 
line with the reflected 
shock stress and specimen 
given by : 

u- = 
r 

where the linear equation: 

(4) 

+ s.u - 
' s  - 'oi 1 pi 

u = (v - up) 
Pi 
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serves to describe the impactor material behavior in the Us - u 
plane. Subscripts & and g refer to impactor and target 
respectively. 
Equation (2) (Po is assumed equal to zero). 

The shock stress is found by substitution into 

HUGONIOT OF THE IMPACTOR MATERIALS 

To perform the impedance match solution described above, it is 
necessary to have previously determined the hugoniot of the 
impactor plate. Two materials were used as impactors for this 
project; OFHC copper was used for experiments in which low and 
intermediate pressures were to be induced in the specimen and 
Fansteel-77, a tungsten alloy, was used to generate the very 
high pressures. Hugoniot measurements were made on these ma- 
terials by impacting specimens of the material with impactors 
of the same material over a wide range of impact velocities. 
Measurements were made of the shock velocity of the induced 
wave and of the velocity of the impactor. Particle velocity 
behind the shock wave was calculated by assuming conditions of 
symmetrical impact, i.e., particle velocity equals one-half 
impact velocity. 

The constants thus obtained for the two materials and subse- 
quently used to analyze the experiments on geological materials 
are shown below: 

OFHC Copper: 
3 

= 3.96 + 1.497 u km/sec, po = 8.93 gm/m 
P 

Fansteel-77: (90% W, 6% Ni, 4% Cu) 
3 = 3.96 + 1.295 u km/sec, p, = 17.01 gm/cm 

P 
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EXPERIMENTAL RESULTS 

The experimental ly  determined hugoniot d a t a  f o r  Vacavi l le  
basalt,  Kaibab limestone, Coconino sandstone, fused qua r t z ,  
Mono Crater pumice and Zelux are presented  and discussed i n  
t h i s  sec t ion .  The phys ica l  p r o p e r t i e s  and experimental  d a t a  
a r e  presented i n  t a b u l a r  form and the shock wave d a t a  are 
displayed g r a p h i c a l l y  t o  f a c i l i t a t e  d i scuss ion  and comparison 
wi th  o t h e r  work. The experimental  e r r o r s  are d isp layed  only  
i n  t h e  Us-u 
Summary of r e s u l t s  i s  given i n  Table X I  a t  t h e  end of t h e  
p re sen t  s e c t i o n .  

p lane  b u t  are numerically expressed i n  t h e  tables. 
P 

Vacavi l le  Basalt 

Figure 6 d i s p l a y s  the hugoniot d a t a  determined i n  t h i s  program 
f o r  Vacavi l le  b a s a l t  over a p re s su re  range of 0.35 t o  2.05 M b .  

The d e s c r i p t i v e  phys ica l  data are presented i n  Table I. The 
composition of  Vacavi l le  basal t  i s  i d e n t i c a l  t o  t h a t  of  t h e  
m a t e r i a l  tested by Ahrens (4) except  f o r  a s l i g h t l y  h igher  
i n i t i a l  d e n s i t y  (i.e. 2.86 vs.  2.82 gm/cm ) .  The l o w e r  
p re s su re  data ,published by Ahrens i s  shown i n  F igures  7a and 

7b and suggests  a hugoniot e las t ic  l i m i t  of about 0,050 M b ,  

a t  a wave v e l o c i t y  of  5.35 km/sec. 

3 

The hugoniot d a t a  are presented i n  Table 11. One tes t  w a s  
performed w i t h  a p re s su re  i n  the double-shock wave region. 
Since the p resen t  p i n  technique records only  t h e  a r r i v a l  of  
t h e  precursor  wave, it i s  n o t  s u r p r i s i n g  t h a t  t h e  measured 
shock v e l o c i t y  w a s  5.34 k 0.06 km/sec - v i r t u a l l y  t h e  e las t ic  
wave v e l o c i t y ,  This  sho t  i s  included i n  F igure  6 i n  paren- 
t h e s e s  s i n c e  the t r u e  p a r t i c l e  v e l o c i t y  associated wi th  the 

wave cannot be determined. The o t h e r  experiments presented  
h e r e  are a l l  a t  p re s su res  h ighe r  than t h e  l i m i t  of  the 0.3 Mb 
double wave reg ion  as determined by Ahrens, a l lowing t h e  
impedence match method t o  be app l i ed  f o r  the determinat ion 

16 
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TABLE I 

PHYSICAL PROPERTIES OF 
VACAVILLE BASALT* 

Mineral Composition Chemical Composition 

53% Plagioc lase  Fe ldspar  
31% Augite 
9% Magnetite & I lmeni te  
5% Celadoni te  ** 
2% Apat i te  

Grain S i z e  

S i02  50.3% 

A1203 13.8% 

Fe 2'3 3.5% 

FeO 9.1% 
M g O  4.4% 

CaO 7.7% 
N a 2 0  3.3% 

K2° 1.6% 

H20- 

H20+ 

Modal Grain S i z e  = 0.08 mm 
Range Grain S i z e  = 0.3 - 0.003 mm 

3 Densi ty  = 2.89 gm/cm 
T i 0  

'2'5 

1.0% 

1.5% 

2.4% 

1.2% 

MnO .24% 

c02 .05% 

S t r e n s t h  

Average Compressive S t r eng th  = 2.56 x l o 9  dynes/cm 2 

Range i n  Compressive S t r eng th  = 1.56 x l o 9  - 3.69 x 10 9 dynes/cm 2 

Average Shear S t r eng th  (calc) = 8.6 x lo8  dynes/cm 2 

Average Tens i le  S t r eng th  = 1.42 x lo8 dynes/cm 2 

Range i n  Tens i le  S t r eng th  = 0.90 x lo8 - 2.32 x 10  8 dynes/cm 2 

(block s i z e  2.2 x 2 .2  x 4.5 cm)  

(rod s ize  1.1 x 1.1 x 1.5 e m )  

* The tables of phys i ca l  p r o p e r t i e s  w e r e  provided by D. E. 
Gaul t ,  p r i v a t e  communication. 

** Microscopic examination. 

18 
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TABLE I1 

HUGONIOT DATA FOR VACAVILLE BASALT 

= 2.86 p / c m  3 
PO 

US 
Shock V e l o c i t y  

( k m / s e c )  

5.34 f .06 

5.88 f .15 

6,77 C .28 

7.59 rt .05 

8.31 zk .06 

9.19 f .05 

9.01 f .18 

9.91 f .07 

10.60 f .27 

10.63' 

12.04' 

UP 
Particle V e l o c i t y  

( k m / s e c )  

(1.59) 

2.10 

2.76 

3.24 

3.94 -I .12* 

4.25 

4.33 zk .12* 

4.64 

5.01 

5.20 

5.94 

x Impedence match method not applicable 

* E s t i m a t e d  Impact V e l o c i t y  

-I- Sing le  P i n  V a l u e  

P v/v, 
P r e s  sure  R e  l a  t i v e  
( M e q a b a r  ) V o l u m e  

.353 f -009 

.534 C .022 

.703 C .005 

.936 f .035 

1.117 C .006 

1.116 rt .052 

1.315 f .009 

1.519 f .039 

1.581 

2.046 

.643 f 

.592 C 

.573 f 

.526 C 

.538 rt 

.520 f 

.532 f 

,529 k 

.511 

.507 

009 

.017 

.003 

.018 

.002 

.022 

.003 

.010 
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of  par t ic le  v e l o c i t y  and pressure.  
a t  nea r ly  t h e  same i m p a c t  v e l o c i t y  t o  check tes t  reproduci- 
b i l i t y .  The scatter i n  t h e  ind iv idua l  d a t a  p o i n t s  i s  s o m e -  
what l a r g e r  than expected f o r  such a f ine-grained,  homogeneous 
material, and may i n  p a r t  be a t t r i b u t a b l e  t o  t h e  d i f f i c u l t i e s  
experienced i n  c a l i b r a t i n g  t h e  t i m e  i n t e r v a l  counters  used 
f o r  measurement of  shock wave v e l o c i t y  during t h i s  e a r l y  par t  
of t h e  program. The l i n e a r  f i t  through t h e  hugoniot state 
p o i n t s  i n  t h e  Us - u 

Severa l  s h o t s  w e r e  f i r e d  

plane i s  given by: 
P 

= 2.31 + 1.615 u km/sec 
P 

Sigma Us = k 0.20 km/sec 

(6) The lower pressure  d a t a  of Ahrens, (4)  Bass, 
a r e  included i n  Figure 7 t o  i l l u s t r a t e  t h e  s imi l a r i t i e s  i n  
t h e  basalts t e s t e d .  The Vacavi l le  b a s a l t  of Ahrens exh ib i t ed  
a two-wave s t r u c t u r e ,  a s  witnessed by o p t i c a l  techniques up 
t o  t h e  h i g h e s t  p ressure  obta ined  by h i m ,  i.e. - 0 . 2  M b .  Un- 
f o r t u n a t e l y ,  t h e r e  i s  no ove r l ap  with t h e  p r e s e n t  w o r k  which 
would al low d i r e c t  comparison. I t  i s  seen t h a t  t h e  d a t a  of 
Bass and L.R.L. f o r  t h e  Nevada T e s t  S i t e  basalt  agrees wi th in  
experimental  accuracy with the p r e s e n t  as w e l l  as Ahrens' 
da t a ,  d e s p i t e  t h e  l o w e r  d e n s i t y  of t h e i r  basalt  (2.67 gm/cm ) .  

and L.R.L. 

3 

K a i b a b  Limestone 

The hugoniot f o r  K a i b a b  l imestone, which i s  an alpha m e m b e r  
dolomite, w a s  determined over  a pressure  range of 0.3 t o  
1.13 M b .  The appox ima te  mineral  a n a l y s i s  and phys ica l  des- 
c r i p t i o n  given i n  Table I11 shows t h e  l imestone t o  be approxi- 
mately 75% dolomite, 20% qua r t z  and 5% c a l c i t e ,  f e ldspa r ,  etc. 
Poros i ty  i s  20 - 24%. The hugoniot r e s u l t s  are l i s t e d  i n  
Table I V  and are shown i n  Figure 8. 
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TABLE I11 

PHYSICAL PROPERTIES O F  
KAIBAB LIMESTONE (ALPHA MEMBER) DOLOMITE 

Mineral  Analys is  

75% D o l o m i t e  
20% Quar tz  

5% C a l c i t e ,  Feldspar, C l a y  Minerals, H e m a t i t e ,  
Goethite,  Heavy Minerals 

D e n s i t y  

3 B u l k  D e n s i t y  - 2.12 - 2 .22  gm/cm 
G r a i n  Density = 2.79  gm/cm 3 

P o r o s i t y  

20 .3  - 23.8% 

Acoust ic  V e l o c i t y  

2 .845 km/sec 

S t renqth  

Unconfined C r u s h i n g  S t r e n g t h  
( b l o c k  s ize  2 .2  x 2 .2  x 4.5 c m  = 3.50 - 4.30 x 10 8 dynes/cm 2 ) 

22 
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TABLE I V  

HUGONIOT DATA FOR KAIBAB LIMESTONE 

3 = 2.22 gm/cm 
PO 

US 

(km/s ec 1 
Shock V e l o c i t y  Particle V e l o c i t y  

( km/ sec ) 

5.69 f .05 2.35 

6.96 f .15 3.20 

8.65 f .15 4.23 

9.22 k .06 4.69 

10.10 f .17 5.05 f .24* 

* E s t i m a t e d  I m p a c t  V e l o c i t y  

23  

P 
Pressure 
( M e q a b a r )  

.297 f .003 

.494 f ,011 

.812 f .014 

.961 f .011 

1.131 f .055 

V/VO 
R e  l a  t i v e  

V o l u m e  

.587 f .004 

.541 f .009 

.511 f .008 

.491 f .004 

.500 f ,033 
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The l i n e a r  f i t  t o  t h e  experimental ly  determined hugoniot 
p o i n t s  i s  given by 

= 1.89 f 1.597 u km/sec 
P 

Sigma Us = k 0.13 km/sec 

Coconino Sandstone 

The Coconino sandstone, a h igh ly  pure p o l y c r y s t a l l i n e  qua r t z  
weakly cemented with s i l i ca ,  w a s  tested over  t h e  pressure  
range of  0.2 t o  1 . 2  M b .  The phys ica l  p r o p e r t i e s  are shown i n  
Table V. Figure 9 p r e s e n t s  t h e  hugoniot d a t a  g raph ica l ly  and 
Table V I  l i s t s  t h e  numerical va lues  obta ined  by these  tests. 
The p o r o s i t y  of  t h e  Coconino sandstone caused some target  
p repa ra t ion  and assembly problems, although t h e  d a t a  obtained 
from each test  showed s u r p r i s i n g l y  l i t t l e  scatter. 

Included i n  F igure  9 i s  t h e  l i n e a r  f i t  r epor t ed  by Ahrens for  
d a t a  obtained by him fo r  p re s su res  t o  0.2 M b .  A better means 
f o r  making comparison i s  shown i n  t h e  ,pressure specific volume 
p l o t  i n  Figure 10. The hugoniot f o r  t h e  Coconino sandstone 
can be convenient ly  divided i n t o  f i v e  regions.  The i n i t i a l  
region (no t  shown in' Figure 10)  i s  t h e  e l a s t i c  region.  The 
second reg ion  i s  p r imar i ly  t h e  crushing of t h e  sandstone 
t o  t h e  volume of  t h e  s i n g l e - c r y s t a l  qua r t z  which i s  seen 
t o  be achieved a t  approximately 0.025 M b .  I n  region th ree ,  
from 0.025 M b  t o  around 0.07 M b ,  t h e  hugoniot follows 
c l o s e l y  t h e  hugoniot of  s o l i d  qua r t z .  Above t h i s  pressure  
it can be seen t h a t  t h e  s p e c i f i c  volumes achieved by t h e  
shocked sandstone a r e  less than those achieved by qua r t z  
upon isothermal  compression. For t h i s  reason we  conclude 
t h a t  t h e  qua r t z  has  been transformed i n t o  a h igher  d e n s i t y  
form of s i l i ca .  This  i n  t u r n  i s  followed by another  phase 

25  
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TABLE V 

PHYSICAL PROPERTIES OF 
COCONINO SANDSTONE 

Mineral Composition 

97% Quar tz  

Trace Clay and Heavy Minerals  
3% Feldspar  

Grain S i z e  

Average and Modal Grain S i z e  = 0.117 - 0.149 mm 
Range wi th  Gra in  Thickness 0.062 - 0.71mm 

Den s i  t y  

3 Bulk Density = 1.98 gm/cm 
Grain Densi ty  = 2.67 gm/Cm 

Poros i ty  (calc) 

25.8% 

S t r e n s t h  

Unconfined Crushing St rength  normal t o  bedding 
2 8 3.14 x l o 8  dynes/cm dry ,  3.64 x 10 

(block s i z e  2.2 x 2.2 x 5 c m )  
dynes/cm2 s a t u r a t e d  H20 

Descr ip t ion  

Sandstone i s  weakly t o  moderately w e l l  cemented wi th  
s i l i ca ,  i n  t h e  form of quar t z  overgrowths on t h e  g ra ins .  
Subpara l l e l  laminae 5.0 t o  17 .5  mm t h i c k  are separa ted  
by t h i n  laminae 0.5 mm t h i c k  conta in ing  more than 
average amounts of s i l t  and c l a y  s i z e d  g ra ins .  

26 
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TABLE V I  

HUGONIOT DATA FOR COCONINO SANDSTONE 
AND FUZED QUARTZ 

C o c o n i n o  Sandstone p = 1.98 gm/cm 3 
0 

U P P v/vo 
Shock V e l o c i t y  Par t ic le  V e l o c i t y  Pressure R e  l a  t i v e  

(km/  sec ) ( k m / s e c )  ( M e g a b a r  ) V o l u m e  

3.674 k ,001 
. 4.10+ 

4.49 C .10 
4.84 -t- .02 
5.66 C .01 
5.79 C .04 
7.57 2 .03 
7.79 C .14 
8.82 C .03 
10.09+ 
11.20+ 

Fused Q u a r t z  

11.42+ 

1.33 
1.63 
2.18 
2.57 
3.12 
3.25 
4.30 
4.43 
5.07 
5.94 
6.43 

3 = 2.204 gm/cm PO 

6.34 

* E s t i m a t e d  I m p a c t  V e l o c i t y  

+ Sing le  P i n  V a l u e  

27 

.097 .637 C 

.132 .602 

.194 -t- .004 .514 C 

.256 C .001 ,468 C 

.349 +. .001 .449 -t- 

.373 C .002 .438 -t 

.644 C .003 .432 -t- 

,684 C .011 .431 C 
.886 C .003 .425 C 

1.186 .411 
1.426 .426 

1.596 .445 

.001 

.011 

.002 
* 001 
.005 
.002 
.010 
.003 
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H U G O N I O T S  FOR S I L I C E O U S  R O C K S  

C R Y S T A L L I N E  Q U A R T Z  
C O C O N I N O  S A N D S T O N E  

A S R I  ( S A M P L E  D A T A  S H O W N )  
0 G . M .  

C O C O N I N O  S A N D S T O N E  

0 

S t i s  h o v i  te 

C O C O N  I N 0  S A N D S T O N E  
( F I T  TO S R I  D A T A )  - 

\. - 
C o c o n i n o  S a n d s t o n e  

I I I ,  a xi ---- ''%*+ C o e s i t e  Q u a r t z  A 4 

0 . 2 0  0.25 0. 30 0. 35 0.40  0. 45 0 .50  0 . 5 5  

S P E C I F I C  VOLUME 1 ~ ~ ~ 1 ~ ~ )  

Figure 10 Hugoniot Data for S i l i c e o u s  Rocks 
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change (region fou r )  i n  t h e  p re s su re  range 0.15 M b  t o  
0.35 M b .  Based on t h e  observed t r a n s i t i o n  p res su res  and 

volume changes, it would appear that  these t w o  phase changes 
correspond t o  t h e  t r a n s i t i o n  of quar tz  t o  c o e s i t e  and c o e s i t e  
t o  s t i s h o v i t e  r e s p e c t i v e l y .  T h e  second t r a n s i t i o n  t o  s t i s h o v i t e  
is i n  good agreement wi th  the observed t ransformation i n  so l id  
qua r t z ,  which is assumed t o  be t h e  q u a r t z - s t i s h o v i t e  phase 
change observed by Wackerle. There is  dev ia t ion  a t  h ighe r  
pressures  which i s  assumed t o  be t h e  r e s u l t  of h ighe r  tempera- 
t u r e  achieved by t h e  i n i t i a l l y  porous sandstone,  Above t h i s  
t r a n s i t i o n  ( t h e  f i f t h  region) t h e  l i n e a r  f i t  t o  t h e  experimental ly  
determined hugoniot p o i n t s  i s  given by 

Us = 0.36 + 1.67  up km/sec 

Note t h a t  t h e  d a t a  i n  F igures  9 and 10 show that  s i n g l e  shocks 
ex is t  i n  t h e  c o e s i t e - s t i s h o v i t e  mixed-phase region,  i n d i c a t i n g  
that  the t r a n s i t i o n  i s  n e i t h e r  complete nor  sha rp  i n  t h e  
a v a i l a b l e  t i m e  span. 

Fused Quartz 

F igure  11 presen t s  t h e  s i n g l e  hugoniot p o i n t  obtained f o r  fused 

The l a r g e  ex t r apo la t ion  of Wackerle 's  l i n e a r  f i t  i n  the s t i sho -  
v i t e  phase of qua r t z  r e s u l t s  i n  only a very s m a l l  d i f f e r e n c e  
( -  1 .PA i n  shock ve loc i ty )  . This sugges ts ,  on the basis of a 
s i n g l e  p o i n t  (and this  must be emphasized), that  no f u r t h e r  
phase change occurs  i n  t h e  fused qua r t z  between 0.8 and 1.6 Mb. 

quar t z ,  t oge the r  w i t h  t h e  lower pressure  data of Wackerle. (7) 

Mono C r a t e r  Pumice 

I n  t h e  precursor  s tudy of Mono Crater pumice presented h e r e ,  
fou r  hugoniot data p o i n t s  w e r e  measured f o r  p re s su res  from 
0.03 t o  0.3 M b .  Due t o  the extreme p o r o s i t y  of this material 

30 
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( -  78%) very h igh  compressions are a t t a i n e d  ( -  86% a t  0.056 M b )  

and t h e  maximum compression is a t  a much lower p re s su re  than 
i n  t h e  sandstone,  The accuracy of the d a t a  obtained is  somewhat 
open t o  ques t ion ,  even though t h e  ind iv idua l  d a t a  po in t s  do n o t  
show l a r g e  scatter,  For materials of l a r g e  d i s t e n s i o n s ,  such as 
the pumice, t h e  behavior of the induced shock wave i s  complex. 
Non-linear shock propagation has  been found i n  o t h e r  porous 
ma te r i a l s (8 )  which, f o r  samples of the s i z e  t e s t e d  he re ,  may 
appear a s  decreas ing  shock v e l o c i t y  with inc reas ing  d i s t a n c e  
i n t o  t h e  specimen. Since t h e  measurement technique used y i e l d s  
only  the average shock v e l o c i t y  through t h e  specimen, t h e  
measurements are s u b j e c t  t o  ques t ion .  

Tables VI1 and VI11 l i s t  t h e  phys ica l  p r o p e r t i e s  and hugoniot 
d a t a  r e spec t ive ly .  Figure 1 2  d i s p l a y s  t h e  hugoniot d a t a  f o r  
shock t r a v e l  of 5.87 mm. 

Z e  l ux  

Zelux i s  Westlake Plast ics  Company's trade name f o r  stress 
r e l i e v e d  polycarbonate shapes produced f r o m  Lexan ( r e g i s t e r e d  
trademark of t h e  General Electric Company). The "M" desig- 
na t ion  sometimes attached t o  Zelux i n d i c a t e s  a p a r t i c u l a r  r e s i n  
type.  However, polycarbonate r e s i n s  produce e s s e n t i a l l y  iden- 
t i c a l  Zelux, therefore, des igna t ion  between the  r e s i n s  has 

l i t t l e  meaning. A l l  Zelux produced from extruded rod o r  ex- 
t ruded and compression molded heavy s h e e t  i s  annealed. 

Tables IX and X l i s t  the phys ica l  p r o p e r t i e s  and hugoniot d a t a  
r e spec t ive ly .  Figure 13  d i s p l a y s  the hugoniot d a t a  graph- 
i c a l l y .  A change of s ta te  apparent ly  occurs  a t  - 0.35 M b .  

What the state of Zelux i s  beyond the phase change i s  a t  
p r e s e n t  n o t  understood. 
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TABLE VI1 

PHYSICAL PROPERTIES OF 
MONO CRATER PUMICE 

Chemical Composition Source - U.S. Pumice Mine, 
Lee Vining, California 

S i 0 2  75.7% 

A1203 13.0% 

Na20 4.0% 

K2° 4.5% 

H20+ 0.71% 

Fe203 0.626% 

FeO 0.44% 

Density 
0.48 gm/cm3 - 0.76 gm/cm 3 

Porosity (calc) 

78% 

Grain Density (calc) 

2.54 gm/cm 3 

Vesicle Size = 1.5 x 1.5 x 4 mm to 0-02 x 0.02 x 0.27 mm 

Vesicles are aligned parallel to the banding in the rock. 
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TABLE V I 1 1  

HUGONIOT DATA FOR MONO CRATER PUMICE 

3 po = 0 55 gm/cm 

P V/VO 
P r e s  s u r e  R e  l a  t i v e  

us 
Shock V e l o c i t y  Particle V e l o c i t y  

( k m / s e c  1 (km/ s e c ( M e q a b a r )  V o l u m e  

2.77 C .02 2.32 .035 C .0002 .166 k .003 

3.45 k .18 2.96 .056 k .003 .144 k ,041 

6.59 C .I6 5.31 .192 k .005 .195 k .018 

7.81 -1: .06 6.19 C .20* .266 C .011 ,208 k .033 

* E s t i m a t e d  I m p a c C  V e l o c i t y  
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TABLE I X  

PHYSICAL PROPERTIES OF ZELUX M 

MECHANICAL PROPERTIES 

5.52 - 6.55 
7.59 

8 2 Tens i le  Strenqth,  10 d y n e s / c m  

C o m p r e s s i v e  Strenqth,  10 dynes/cm 8 2 

I m p a c t  S t rens th ,  

Izod F t  l b s / in  - N o t c h  

E l o n q a t i o n ,  % 

PHYSICAL PROPERTIES 

D e n s i t y ,  gm/cm 

Specific V o l u m e ,  c m  / gm 

Machinability 

3 

3 

\ 

12 - 16 
80 - 100 

1.20 

0.83 

exce 1 l e n t  
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TABLE X 

HUGONIOT DATA FOR ZELUX 
3 po = 1.20 gm/cm 

P 
Pressure 

US UP 
Shock Velocity Particle Velocity 

(km/s ec 1 (km/sec) (Meqabar ) 

5.82 f. .15 

6.39 f .005 

6.96 f .03 

8.44 f .05 

9.83 C .12 

12.05+ 

2.22 .155 1 .044 

2.81 .216 t .001 

3.65 .305 C -001 

4.72 .478 f .003 

5.61 C .20* -662 C .032 

6-92 C .OS* 1.001 f .007 

* Estimated Impact Velocity 
+ Single Pin Value 

37 

V/VO 
Relative 
Volume 

,619 C .009 

.560 C .004 

.476 C .002 

.440 f .004 

,430 C .028 

.426 C .004 
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The l i n e a r  fit t o  t h e  d a t a  i n  t h e  Us - u 
two segments of t h e  form: 

p l ane  c o n s i s t s  of 
P 

Usl = 4.11 + 0.789 u 

Sigma uSl = k 0.09 km/sec 

km/sec f o r  2.0 < u 
P P 

< 4.05 km/sec 

and 

Us2 = 0.65 + 1.645 u km/sec f o r  4.05 < u 
P P 

< 7.0 km/sec 

Sigma Us2 = k 0.06 km/sec 

Recovery Shots 

The p o s s i b i l i t y  of  d e t e c t i n g  a metastable phase of  o l i v i n e  
gave rise t o  t h e  idea of recovering shocked d e b r i s  of 
Vacavi l le  b a s a l t .  Two pre l iminary  experiments w e r e  conducted 
f o r  shock wave p res su re  of -0 .7  M b .  I t  became evident  t h a t  
a success fu l  program would r ep resen t  a formidable p a r t  o f  t h e  
p re sen t  c o n t r a c t  because of the problem of safeguarding t h e  
recovery m a t e r i a l  and ca t che r  from damage by the  h igh  p res su re  
hydrogen used t o  a c c e l e r a t e  t he  p r o j e c t i l e .  For t h i s  reason, 
the  recovery experiments w e r e  terminated. 
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TABLE X I  

SUMMARY OF LINEAR EQUATION OF STATE PARAMETERS 

PO 

p / c m  3 

V a c a v i l l e  B a s a l t  2.86 

Kaibab L i m e s t o n e  2.22 

C o c o n i n o  S a n d s t o n e  1.98 

Mono C r a t e r  P u m i c e  0.55 

Zelux 1.20 

P r e s s u r e  
R a n g e  
Mb 

0.3 - 2.1 

0.3 - 1.1 

0.07 - 0.2 

-0.3 - 1.5 

0.03 - 0.27 

0.16 - .30 

0.30 - 1.0 

co 
( k m / s e c  ) 

2.306 

1.891 

1.43 

0.36 

4.107 

0.648 

S P o r o s i t y  

% - 
1.615 < 2  

1.597 20.3 - 23.8 
1.56 ( A h r e n s )  25.8 

1.67 

7a 

0.789 - 
1.645 - 
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SECTION I11 

HIGH STRAIN-RATE STUDIES 

EXPERIMENTAL TECHNIQUES 

The low and medium s t r a i n  rates w e r e  ob ta ined  using an 
Ins t ron  s c r e w  dr iven  t e s t i n g  machine and the General 
Motors developed Medium Strain-Rate  Machine. The Medium 
Strain-Rate  Machine shown i n  Figure 14 i s  s i m i l a r  i n  
p r i n c i p l e  t o  those used by Clark and Wood ( ’  

Campbell and Marsh. ( ‘ O )  This  machine i s  a completely 
gas-operated device with a l igh tweight  movable p i s t o n  
capable of t r a v e l i n g  i n  one d i r e c t i o n  f o r  compression 
t e s t i n g  and i n  t h e  o t h e r  d i r e c t i o n  f o r  tens ion  t e s t i n g .  
The p i s t o n  ve loc i ty ,  and hence the rate  of loading i s  
c o n t r o l l e d  by t h e  s i z e  of the discharge o r i f i c e  (see 

Figure 14), t h e  gas used, t h e  pressure  i n  t h e  r e s e r v o i r s ,  
and t o  some ex ten t ,  t h e  t e s t  specimen. B y  proper 
s e l e c t i o n  of gas ,  p ressure ,  and o r i f i c e  s i z e ,  t h e  d e s i r e d  
cons tan t  ra te  can be obtained f o r  any specimen. The 
upper ra te  of t h e  machine i s  n o t  f i xed ,  b u t  depends on 
the  accuracy requi red  and t h e  specimen m a t e r i a l  and 
geometry. An upper l i m i t  based on stress wave propagation 
might be a s  low as 10-20/second. 

and 

The load  app l i ed  t o  the specimen is  measured by s t r a i n  
gages mounted on an e las t ic  load  bar d i r e c t l y  above the 

specimen. Specimen s t r a i n  i s  obtained by measuring 
p i s t o n  displacement, by us ing  s t r a i n  gages mounted on t h e  
specimen, o r  by use of an o p t i c a l  extensometer which 
t r a c k s  marks placed on t h e  specimen. The b r i t t l e  n a t u r e  
of t h e  b a s a l t  under atmospheric condi t ions  precluded the 

p o s s i b i l i t y  of ob ta in ing  s t r a i n  by measuring p i s t o n  
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displacement because t h e  t e s t i n g  machine s o f t n e s s  i s  of 
t h e  s a m e  o rder  as t h e  specimen s t r a i n .  S t r a i n  f o r  t h e  
more d u c t i l e  Zelux was obtained w i t h  t h e  o p t i c a l  extenso- 
m e t e r .  A more complete d e s c r i p t i o n  of t h e  Medium S t r a i n -  
Rate Machine i s  found i n  Reference 11. 

T h e  very high r a t e  tests w e r e  performed on a s p l i t  
Hopkinson b a r  appara tus .  T h i s  device has  been used f o r  
high ra te  t e s t i n g  of metals  by Kolsky (12), Campbell (13) 

and o t h e r s .  (lLk-l9) 

Figure 15. An elast ic  d r i v e r  bar i s  acce le ra t ed  down a 

launch tube by compressed a i r  t o  impact an e l a s t i c  
weighbar, r e s u l t i n g  i n  a stress wave passing down the 
weighbar. P a r t  of the wave i s  reflected i n  the specimen- 

weighbar i n t e r f a c e  and p a r t  i s  t r ansmi t t ed  through t h e  
specimen i n t o  t h e  a n v i l  b a r ,  S t r a i n  gages mounted on t h e  
weighbar and a n v i l  b a r  record the stress waves, w h i c h  a r e  
analyzed t o  ob ta in  a dynamic stress s t r a i n  curve f o r  t h e  

t e s t  m a t e r i a l .  The a n a l y s i s  r equ i r e s  t h a t  t h e  theory of 
one-dimensional wave propagation ho lds .  Reference 20 

g ives  a complete d e s c r i p t i o n  of the device as w e l l  as t h e  
d a t a  reduct ion methods, 

T h e  device i s  shown schematical ly  i n  

ANVIL BAR TEST SPECIMEN DRIVER BAR 

STRAIN GAGES WEIGHBAR LAUNCH TUBE 

Figure 15 Schematic of  Hopkinson Bar Device 
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EXPERIMENTAL RESULTS 

Vacavi l le  Basa l t  

The r e s u l t s  obtained from u n i a x i a l  compressive stress tests 
conducted a t  cons tan t  s t r a i n  rates from t o  10  /second 
a r e  shown i n  Figure 16. B a s a l t  behaved i n  an elastic- 
b r i t t l e  manner exh ib i t i ng  increased  f r a c t u r e  stress w i t h  

increas ing  s t r a i n  r a t e s ,  s t i f f n e s s  is  independent of 
s t r a i n  ra te .  

3 

The s t r e s s - s t r a i n  curve f o r  basal t  i s  composed of t h r e e  
d i s t i n c t  p a r t s .  The f i rs t  is  a non-linear region of 
increas ing  s t i f f n e s s  a t t r i b u t a b l e  t o  the f i l l i n g  of pores  
and microcracks as t h e  i n i t i a l  stress i s  app l i ed .  Second, 
a f t e r  the pores and microcracks have been f i l l e d ,  the 

approximately l i n e a r  s t r e s s - s t r a i n  r e l a t i o n  ref lects  t h e  
r e a c t i o n s  of t h e  bulk rock support ing the load .  Third,  
a s  t h e  stress approaches t h e  f r a c t u r e  stress of t h e  
material ,  the basalt  exhibits increased  non-l inear  
behavior r e s u l t i n g  from t h e  nuc lea t ion  of c r a c k s ,  

The f a i l u r e  mechanism of t h e  b a s a l t  rock under very high 
s t r a i n - r a t e  compressive loading  w a s  i n v e s t i g a t e d  macro- 
scopic ly  through photographic techniques.  P i c t u r e s  of 
basalt  specimens under load i n  t h e  s p l i t  Hopkinson bar 
w e r e  obtained wi th  a Polaroid camera us ing  a very s h o r t  
dura t ion  (less than one microsecond) s t r o b e  l i g h t  t o  
provide i l l umina t ion  of the specimen a s  w e l l  as t h e  s h u t t e r  
a c t i o n  of t h e  camera. A photograph of t h e  experimental  
arrangement i s  shown i n  F igure  17  T h e  s t r o b e  l i g h t  w a s  
synchronized t o  t h e  t es t  through t h e  t i m e  delay c i r c u i t  
of the d a t a  recording osc i l l o scope .  The coupling of the 
s t r o b e  l i g h t  t r i g g e r  t o  t h e  osc i l l o scope  made it poss ib l e  
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Figure 16 Uniaxial  Compressive Stress- 
S t r a i n  Behavior of B a s a l t  
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Figure  17 Hopkinson B a r  Photographic Setup 
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t o  ob ta in  p i c t u r e s  of  the specimen a t  any t i m e  during the 
t e s t ,  Figure 18 con ta ins  a series of p i c t u r e s  of the 

basal t  under l o a d ,  Each of the photographs w a s  obtained 
during an ind iv idua l  t es t  then compiled t o  form a series 

r ep resen ta t ive  of one specimen during an average t e s t .  

Following the p i c t u r e s  i n  Figure 18, the specimen i n  the 

photograph l abe led  "Specimen Loaded t o  98% of F rac tu re  
S t r e s s "  does no t  show any cracks. The f i r s t  v i s i b l e  
cracks i n  the specimens appear as the f r a c t u r e  stress is 

obtained.  I n  the p i c t u r e  l abe led  "Specimen About 2 Msec 

A f t e r  F rac tu re , "  a long i tud ina l  crack may be seen i n  the 

cen te r  of the specimen. T h e  remainder of the photographs 
i n  F igure  18 show specimens a t  var ious t i m e s  a f t e r  f r a c t u r e .  
(The l i g h t  co lored  areas seen a t  the faces of t h e  test  
specimen are sprays of l u b r i c a t i n g  o i l  from t h e  specimen- 
bar i n t e r f a c e s  .) T h e  p i c t u r e s  i n d i c a t e  t ha t  h igh  s t r a i n -  
r a t e  f r a c t u r e  i s  the r e s u l t  of nuc lea t ion  and propagation 
of l ong i tud ina l  cracks followed by outward s labbing  of 
t h e  d i s loca t ion  fragments.  T h e  l ong i tud ina l  cracks r e s u l t  
from shear f a i l u r e  of  the m a t e r i a l ,  i . e . ,  shear cones are 
formed a t  ei ther end of the specimen w h i c h  when f u r t h e r  
compressed i n t o  the material  produce the long i tud ina l  
cracks v i s i b l e  i n  the photographs. 

Figure 19 shows photomicrographs of t y p i c a l  specimens of 
t h e  basal t  rock tested here. T h e  l i g h t  co lored  "patches"  
i n  the photomicrographs are g r a i n s  w h i l e  the dark areas, 
which appear t o  be o u t  of focus,  are voids .  T h e  very 
s m a l l  dark s p o t s  are inc lus ions .  Ca re fu l  h igh  magnifi- 
ca t ion  examination of tes t  specimens be fo re  loading 
revea led  only a f e w  microcracks and no l a r g e  c racks .  From 
these  photographs, the g ra in  diameter v a r i e s  from about 
0 . 0 1  t o  0.10 mm. 
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- 
DIRECTION OF STRESS WAVE 

Specimen Loaded To 

Specimen About 2 p s e c  
After Fracture 

Specimen Deformation 
At Long Times After 
F r a c t ~ r e  

Specimen About 8 F s e c  
Af te r F rac t u re 

Figure 18 Photographs of High Strain-Rate  
F rac tu re  of B a s a l t  

48 



b 

M A N U F A C T U R I N G  D E V E L O P M E N T  @ G E N E R A L  M O T O R S  C O R P O R A T I O N  

MSL-68-9 

100 x 

500 X 

Figure 19 Photomicrographs of Basalt 
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Zelux 

Resul t s  of t h e  u n i a x i a l  stress i n v e s t i g a t i o n  of Zelux as 
a funct ion of s t r a i n  r a t e  are shown i n  F igure  20 .  Zelux 
exhibits a v i s c o e l a s t i c  behavior over s t r a i n - r a t e s  f r o m  
l o v 4  t o  1 0  /second, 
a t  t h e  low s t r a i n - r a t e s ,  t h e  polymer side qroups have 
t i m e  t o  re -ad jus t  and r e l a x  t h e  stress; a t  t h e  h igher  
s t r a i n - r a t e s ,  however, the s i d e  groups do no t  have t i m e  
t o  re -ad jus t ,  consequently r equ i r ing  a h ighe r  stress f o r  
a given s t r a i n .  Yie ld  stress occurred a t  approximately 
8% s t r a i n  independent of t h e  s t r a i n  r a t e ,  Zelux deforms 
d u c t i l y  t o  l a r g e  s t r a i n s  a t  a l l  s t r a i n  r a t e s ,  A d e t a i l e d  
d iscuss ion  of t h e  s t r a i n - r a t e  s e n s i t i v i t y  of var ious 
polymers may be found i n  Reference 21 .  

3 This  behavior i s  explained i n  t h a t ,  
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SECTION IV 

CONCLUSIONS 

The experimental determinations of the hugoniot equations 
of state for Vacaville basalt, Kaibab limestone, Coconino 
sandstone and Mono Crater pumice are presented in this 
report. 
data : 

1. 

2. 

3. 

The following conclusions may be drawn from these 

The hugoniots of Vaca.ville basalt and Kaibab 
limestone appear well-behaved, i.e. within 
the limits of experimental error there are 
no ,phase change discontinuities observed 
over the range of pressures achieved. 

The hugoniot for Coconino sandstone exhibits 
two phase changes which are assumed to be 
the quartz-coesite and coesite-stishovite 
transition. 

The single data point on the hugoniot of 
fused quartz suggests that no further phase 
changes take place between 0.80 and 1.6 Mb. 

No conclusion is presented for the Mono Crater pumice be- 
cause unsufficient experimental data has been gathered. 

The additional testing of the polycarbonate‘ resin, Zelux, 
resulted in the determination of its hugoniot equation of 
state. 

4. The hugoniot of Zelux was found to exhibit a 
phase change at - 0 . 3 5  Mb. 

5 2  



4 

M A N U F A C T U R I N G  D E V E L O P M E N T  0 G E N E R A L  M O T O R S  C O R P O R A T I O N  
MSL-68-9 

The h igh  s t r a i n - r a t e  experimental  r e s u l t s  are summarized 

by the following conclusions: 

1. Vacavi l le  basalt under u n i a x i a l  compressive 
stress w a s  found t o  e x h i b i t  i nc reas ing  f r a c t u r e  
stress w i t h  s t r a i n  rates inc reas ing  from 

behavior of t h i s  material w a s  elastic-brit t le 
with f a i l u r e  occurr ing through shea r .  

lOw5/sec t o  10 3 /sec. The s t r e s s - s t r a i n  

2. Zelux d isp layed  v i s c o e l a s t i c  behavior when 
t e s t e d  i n  u n i a x i a l  compressive stress a t  
var ious s t r a i n  rates, The y i e l d  stress of 

t h i s  m a t e r i a l  occurred a t  approximately 8% 

s t r a i n  independent of the s t r a i n  ra te .  

d u c t i l e  compression was poss ib l e  even a t  t h e  
h i g h e s t  s t r a i n  r a t e s .  

Large 
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