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Fig. 1. (a) Schematic diagram of a gas gun experiment . The shock-wave due to 
impact t rave ls through the target and is reflected al the free surface as an 
unloading wave. The la te ra l dimensions of the target a re l a r g e r than the 
project i le and the target is thin compared to the projecti le d iameter to insure 
unperturbed recording until after the unloading has been completed at the gages, 
(b) Diagram i l lustrat ing the effective length L of the b r a s s foil used in the 
par t ic le-veloci ty gage. The value as determined in four exper iments is 
0.899 cm ± 1%. The gage thickness is about 0.0025 cm. 

interpreta t ion. A second repor t (Par t II) will 
cover the gas-gun data in detail , and will 
include a development of constitutive r e 
lat ionships. 

In the gas-gun technique, flat-faced 
project i les were accelerated with expand
ing helium gas and allowed to impact a 
target made up of plates! of the test 
mater ia l (see Fig. 1). The shock wave 

produced by the impact loaded the target 
uniaxially while rarefact ion from the 
free surface unloaded the mater ia l , also 
uniaxially. The gages sandwiched between 
the plates moved with the surrounding 
mater ia l . 

The HE exper iments employed a smal l 
(either 1.9 X l o " 2 m or 9.5 X 1 0 " 3 m 
radius) sphere of LX04 HE as the energy 
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source. The charge was emplaced be
tween plates of test material as indicated 
in Fig. 2. The diagnostic gages were 
placed between plates to give readings at 
various radial distances from the source. 

The gages used were of two types: 
the first were thin {2.5 X 10" 5 m) metal 
foils which moved perpendicular to the 
field produced by a large external e lectro
magnet and provided particle velocity 
history; and the second were thin (1.8 
X 10 m) piezoresistive ytterbium gages 
which provided s t re s s history. 

The particle velocity gage technique 
used in these experiments is ideal for 
studies in non-conductors. The gage 
element "rings" up to the material veloc
ity in nanoseconds and follows the motion 
of the material as loading and unloading 
occur, [n uniaxial flow, the gage 
element L does not change in length as 
motion occurs through the constant mag-

Electromognet 

Fig. 2. Schematic of an HE experiment 
showing the gage elements em-
placed radially > o m the HE 
source. 

netic field E, Therefore, the psrticle 
velocity history U (t) is proportion.! to 
the recorded wnf, as described by the 
expression 

V"'-^ (1) 

where c(t) is the time history of the emf. 
During the radial flow that occurs in the 
HE experiments, the gage element L is 
stretched. A correction for this effect 
is easily made, but in practice is small 
(the maximum value 0.5%) and was ignored. 
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Fig. 3. (a) Schematic of a ytterbium gage 
which is sandwiched in k apt on or 
fiberglass. The total package 
thickness is about 0.018 cm. 
(b) Stress-time history recorded 
with a ytterbium s tress gage. 
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The piezores is t ive ytterbium gage 
technique was developed at Stanford Re
sea rch Institute, * and the p i ezo re s i s -
tive response has been related to s t r e s s 

S .9 
by Ginsberg and Spataro / L nfortunately 
yt terbium follows different paths during 
loading and unloading for s t r e s s levels 
above approximately 0,15 GPa. This leads 
to an offset la the recorded signal and 
r equ i r e s a separa te set of cal ibrat ions 
for unloading. Because of the inherently 
l a rge r s ca t t e r in s t r e s s gage data and 

additional uncertainties in defining the 
unloading path, these gages were not used 
in the uniaxial exper iments . However, 
in radial flow valuable additional data 
describing the s t r e s s deviator and the 
mater ia l moduli a re available if both 
s t r e s s and part ic le-veloci ty his tor ies 
a re measured simultaneously, Conse 
quently, both gage types were used on 
most HK exper iments . Figure 3 shows 
the s t r e s s gage design along with a record 
from an HE experiment. 

IV. Experimental Results 

GAS-GUN EXPERIMENTS 

The gas-gun technique was used to ob
tain uniaxial flow-data on all thir teen 
ma te r i a l s l is ted in Section II. The ac 
quired data were in the form of par t ic le 
velocity h i s tor ies . To convert these 
r e c o r d s (for example see those shown 
in Fig. 4) to equation-of-state data r e 
qui res express ions relat ing par t ic le 
velocity history to the mater ia l p rop
e r t i e s of in teres t . The desired re la t ion
ships can be obtained from express ions 
for the conservation of mass and l inear 
momentum. For uniaxial flow, the con
servat ion equations a r e 

.©•da-
(2) 

(3) 

where p is the density, a the s t r e s s in 
the direction of compress ion, V the 
par t ic le velocity, x the Euler ian coordi
nate, h the Lagrangian coordinate and t 
the t ime . Since the par t ic le velocity is 

nu-ariurod at a constant Ligrangian coor
dinate, the Eulerian coordinate is e l im
inated from thrse express ions by using 
thf.' identity for uniaxial flow. 

(If), "" "'"0 
where p., is the initial or reference 
density, '-'sing this substitution and the 
identities 

% ( ^ ) h ^ V c ^ ) h ( ^ ) t s ' 

where 

wi; obtain 

(4) 

(5) 

where V = 1/p is the specific volume. 
For steady loading waves (i, e,, a shock 
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front), Ca - Cu = U (a constant) and 
Eqs. (4) and (5) can be integrated a c r o s s 
the steady wave to give the so called 
"jump condit ions" 

(6) 
V - v o U P 

v o U s 

a - ° o s ? o u 

P s 
(7) 

In these equations, U s is the steady wave 
velocity or shock velocity. For genera l 
non-steady flow, C and CJJ a r e functions 

of U ; thus Eqs. (4) and (5) must be inte
grated numerically using recorded data 
(both s t r e s s and par t ic le velocity) at two 
or more Lagrangian points. For s imple 
waves ,* C^ and C L ; a r e equal and FJqs. 
(4) and (5) can be integrated numerical ly 
using only par t ic le velocity h i s to r ies . 
Fu r the rmore , the initial value of Cn on 

U P 
A simple wave is a flow pat tern in 

which the cha rac te r i s t i c s a r e s traight 
l ines in the x, t plane and the thermody
namic var iables a re a function of par t ic le 
velocity alone. 

1.4 

1 . 2 -

1.0 

0 .8 

0 .6 

0 . 4 -

0.2 

r 
-Gage 1 -Gage 2 Goge 3 •« Gage 4 

V, Free-surface gage 

Time — \is 

Fig. 4. Par t ic le -ve loc i ty time profiles observed in dry Mt. ^len tuff. The gages 
were approximately 3 mm apart , with Gage 1 at the . jact surface and Gage 4 
at the free surface. 



the unloading cycle is re la ted to the 
longitudinal sound speed C at that com
press ion by the following equation: 

c o y = cL, (up)p0v. (8) 
For a detailed discussion of this gage 
analyses, see Refs. 10 and 11. 

Data based upon this analysis and a s 
suming simple waves are presented in 
the following pa rag raphs . 

PMMA 
PMMA, polymethylmethacrylate, a l 

though not an ea r th mater ia l , was selected 
for study because it is well cha rac te r -

i2 13 ized, * is readily available, and i s 
t ransparen t . These proper t ies have a l 
lowed a calibration of the gage techniques 
and the use of optics to es tabl ish the 
spherici ty of the high-explosive source . 
The PMMA chosen was manufactured bv 

6.4 

° Schuler's Hugoniot states 
& Barker's Hugoniot states 
x ILL Hugoniot states 

Stephens hydrostat 

——— Dynamic unloading parhes 

O 

. e 3 . 2 

0.2 

V 
Fig. 5. A comparison of shock-wave and quasihydrostat ic compress ion data for PMMA. 
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Rohm and H a a s / and has an initial density 
of 1.18 M c / m 3 . 

F igure 5 shows available Hugoniot 
s t a t e s , s eve ra l loading-unloading paths 
and a curve derived from hydrostat ic and 

* Reference to a compnay or product 
name does not imply approval o r r e c o m 
mendation of the product by the Universi ty 
of California or the U. S. Energy Re* 
sean -h and Development Administrat ion 
to the exclusion of o thers that may be 
sui table . 

14 quasihydrostat ic loading. The behavior 
is characterist ic- cf a s t r a i n - r a t e -
sensi t ive e las t ic -p las t ic material which 
yields at s t r e s s levels above approxi-

12 13 mately 7 GPa. * Figure 6 compares 
longitudinal sound speed derived using 
Eq. (8) with those determined acoustical ly. 
Goou agreement in speeds, indicated by 
the dotted line, r e su l t s from adjusting the 
specific volumes of the acoustic data to 

5.0 

4 .5 

I 4.0 

3.5 

3 .0 

2 .5 
0.72 

1 1 

Apparent speeds derived from shock-wave data. 

o Present research 
a Barker and Nollenback 

-Speed measured at 1 MHz under hydro
static loads using elasticaily derived 
specific volumes 

Speeds vs specific volumes where 
volumes were taken from the hydrostat 
using the pressures applied in the 
acoustic tests. 

0.76 0.80 0.84 

Specific volume — m / M g 

Fig. 6. Comparison of longitudinal sound speed derived using Eq. (8) with those 
determined acoustically. 
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Kig. 7. Par t ic le-veloci ty time profiles for Blair dolomite. Both the loading and un
loading waves spread out as they propagate. 

agree with hydrostatic tests ra ther than 
using elast ical ly derived values, 

Figure 5 shows a reparat ion of ahout 
0.3 GPa between the hydrostal and the 
Hugontol up lo s t r e s s of approximately 
3 OPa. Beyond 3 CiPa, the two sets of 
data seem to merge . If this separat ion 
is interpreted as a measure of shear 
strength, the data suggests a loss of 
s t rength at shock s ta tes above approxi
mately 4 GPa. 

Blair Dolomite 
Blair dolomite is a fine-grained (70-

80'Vc <J0 {j. and 20-30% averaging '0,5 mm) 
dolomite [Ca Mg (CO„) 2 | from Berkeley 
Co., ttest Virginia. The measured bulk 
density is 2,84 Mg/m and the porosity 
is l e ss than 1% based on the x - ray density 
of dolomite. 

Uniaxial gas-gun experiments were 
conducted using the design shown in 
Kig. 1 with PMA1A projecti le inser t s for 
tht lower tour s t r e s s levels and dolomite 
inser t s for the higher two s t r e s s levels , 
Kaeh target assembly consisted of three 
dulomite plates with a part icle velocity 
a ge at each interface. A typical set of 
r ecords is shown in Kig. 7. Both loading 
and unloading waves are unsteady ( i .e . , 
they spread a? they propogate). The 
wave shapes ar .• s imi la r to PMMA, and 
indicate that dolomite is s t r a in - r a t e sen
si t ive. Figure 8 shows a typical loading-
unloading .cycle and the various exper i 
mental Hugoniot s la tes . The measured 
hydrostat for Blair dolomite is included 
for comparison. Figure 8 al-o shows 
the /u corresponding to crystal density y. ,. 
It appears that the dynamic unloading 
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p 1 1 1 
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K- 0.02 0.04 0.06 
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Fig. 8. A comparison of shock-wave and 
quasihydrostatic compression 
data for Blair dolomite. 

8.0 

7.0 

' 6 . 0 

5.0 

/-
x Shock-wave 

—— Ultrasonic 

2.84 2.89 

P — Mg/t 

2.94 

3 

2.99 

Fig. 9. Comparison of shock-wave-
derived sound speeds with the 
longitudinal sound speeds meas
ured ultrasonic ally in Blair 
dolomite. 

states are approaching crystal density as 
the leading stress is increased. This 
suggests that the hysteresis might be as
sociated with pore collapse. 

The separation between the hydrostat 
and the Hugoniot states give shear 
strengths that agree with quasi-static 
triaxial data. In Fig. 9 sound speeds 
derived from the shock data are com
pared with ultrasonic measurements. 
These data are also in good agree
ment. 

Westerly Granite 
The Westerly granite used was of the 

blue variety from the Bonner Monument 
Co., Westerly, Rhode Island, The bulk 

q 
density is 2.65 Mg/m with a porosity of 

The experiments were designed in a 
manner similar to the dolomite experi

ments. As Fig. 10 shows, the loading 
wave profile is steady. This leads to a 
straight line loading in the a-/j plane and 
as Fig. 11 shows, the unloading is es
sentially along this same line. Thus 
granite is, to a first approximation, 
elastic over the stress interval of these 
uniaxial compression experiments (i. e. 
to at least 4.2 GPa). The variation in 
loading wave shock velocity as a function 
of stress implies some deviation from 
elastic behavior. This is probably as
sociated with closing of microcracks and 
grain boundary effects. The hydrostat 
for Westerly granite is plotted in Fig. 11 
, 17 
for comparison. 

Figure 12 gives a comparison of 
longitudinal sound speed determined from 
ultrasonic measurements and those 
determined from the shock-wave data 
using Eq. (8), 
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Fig. 10. Par t ic le -ve loc i ty t ime profiles in Wester ly grani te . 

Nugget and Wagon Wheel Sandstone 
Two sandstones were studied under 

uniaxial flow: Nugget sandstone from 
Utah and Wagon Wheel sandstone from 
Sublette Co., Wyoming. Only one, Nugget, 
was used in the HE exper iments . The 
Nugget is nominally 90% quartz with an 
average bulk density of 2.55 Mg/m and 
porosi ty of approximately 3%. The 
Wagon Wheel is a graywacke with an 
average density of 2,38 Mg/m and ap
proximately 10% porosity. 

Fig. I I . A comparison of shock-wave 
anil quasihydrostat ic compress ion 
data for Westerly grani te . 

4.8 

0 0.016 0,032 0.048 0.064 0.080 
y. = P/PQ - 1 
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Several gas-gun experiments were 
carried out on each sandstone. For the 
Nugget, the Loading wave profiles were 
essentially steady for all stress levels. 
However, the Wagon Wheel profiles were 
non-steady once the 0.6-0.8 GPa stress 
le-.^l •. as reached. Since the Wagon 
Wheel has 10% porosity, the non-steady 

7.2 

6 . 6 -
E 
| 6 . 0 -

o 
5.4 

4 .8 

i — r 

x Shock-wave 

-•— Ultrasonic 
I 

2.62 2.65 2.68 2.71 2.74 2.77 2.80 

p — Mg/m 

Fig. 12. A comparison of shock-wave-
derived sound speeds with 
acoustic values in Westerly 
granite. 

flow is associated with collapse of pores 
and the 0.6-0.3 GPa stress level is as
sociated with the threshold for matrix 
failure. Figure 13 shows the wave pro
files for one experiment in Nugget sand
stone. Figure 14 gives a comparison of 
shock states for both materials while 
Figure 15 gives the shook wave data on 
Nugget sandstone compared with the 
hydrostat. Figure 16 compares longi
tudinal sound spereds determined from 
Eq. (8) to those measured acoustically. 

From Fig. 13, it appears that the 
Nugget sandstone loses very little of its 
porosity upon compression to 1.6 GPa, 
although the data suggests that some micro-
cracks are closed at low stress. However, 
the unloading data show that the Wagon Wheel 
sandstone has a definite loss of porosity 
once the 0.6-0.8 GPa level is exceeded. 

The disagreement between sound speed 
at higher compressions shown in Fig. 16 
is surprising. 

0.5 

0.4 

0.3 
E 

I 

0.1 

Reflections from PMMA 
projectile insert 

-Unloading wave 

J

Loading wove 

1 L 
4 6 

Time — us 
10 

Fig. 13. Particle-velocity time histories in Nugget sandstone under uniaxial strain 
conditions. 
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Fig. 14. A comparison of shock-wave 
Hugoniot data lor Wagon Wheel 
and Nugget sandstones . 

Salt 
Fine-grained Les l ie salt was p ressed 

isostat ical ly for 1 hr at 120°C using 
0.14 GPa of p r e s s u r e . This procedure 
produced large cylindrical samples 
(0.4 m d iameter by 0.6 m high) of density 
2.13 Mg/m . Since c rys ta l density for 

o 

sodium chloride is 2.165 Mg/m , this 
indicates a porosity of 1.6%. 

Three gas-gun experiments were con
ducted using samples machined I rom the 
l a rge cyl inders . The par t ic le velocity 
r e c o r d s show twc loading waves. The 
f irst wave is probably associated with 
mechanical yielding. The following wave 
shows a slight non-steady behavior, in
dicating some s t r a in - r a t e dependence. 
Figure 17 gives the complete loading-

Fig. 15. A comparison of shock-wave and 
quasihydrostat ic compress ion 
data for Nugget sandstone. 

unloading cycle determined from analysis 
of the data. Figure 17 also shows the ti 
corresponding to crys ta l density, u^. 
From the path of the unloading it appears 
that all of the porosi ty was eliminated in 
the loading p r o c e s s to 1.0 GPa. Subse
quent tes t s to lower final loading s ta tes 
will be used to establ ish a relat ionship 
between pore elimination and s t r e s s . 

Dry and Water-Saturated Mt. Helen Tuff 
Mt. Helen tuff i s a f ine-grained, 

highly porous rock found nea r Mt. Helen 
in southern Nevada. The d ry rock has 

erage measured density of 1.46 
Mg, i n J and a porosity of 38%. The grain 
density is 2.32 Mg/m and the average 

o 
measured saturated density is 1.64 Mg/m . 
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4 .6 
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o Shock-wave data 

~~Sound speeds measured at 1 MHz under hydrostatic loading 
using elastically derived densities. 

— — Sound speeds vs density with the densities taken from Fig. 15 
using the pressure applied in the acous:ic tests. 

2.60 2.65 
p — Mg/m 

Fig. 16. A comparison of shock-wave and acoustically-derived sound speeds for 
Nugget sandstone. 

These data imply that all pores are open 
and access ible to water saturation. 

Uniaxial shock-wave loading experi
ments were conducted using both mate
rials . The saturated samples were con
tained in a special vacuum-sealed target 
holder shown in Fig. 18. Figures 19 and 
20 show the resulting compression data, 

19 
the hydrostat, and some ultra-high 20 s tress states obtained by SRI. 

Fig. 17. Shock-wave data for polycrys-
talline salt. 

0.06 
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North pole 

To oscilloscopes 

Vacuum plate 

Gun barrel 

PMMA insert 

South pole 

Fig, 18, Schematic of the setup for the dynamic equation-of-state experiments with 
water-saturated samples. The PMMA buffer plate and vacuum plate are 
used to isolate the sample from the gas-gun vacuum. The foil at the PMMA-
sample interface records the input particle velocity. The other gages record 
the particle-velocity history when the sample is first loaded and then unloaded 
as the shock waves rarefy at the free surface. 

The saturated data are consistent with 
a material that is both insensitive to 
strain rate anil has very little shear 
strength. The absence of Mlrain- rale 
effects i s suggested by the steady-wave 
loading profile* thai propagate through 
the sample):. The xmall shear strength 
i t suggested by the clone proximity of the 
uniaxial loading data and the liytlroslal, 
xince the reparation of these curves 
lu-yoiii! the rtaslic limit, assuming an 

isotropic solid, is given by 

a - H_ m 3 1 (9) 

where 7 is the resolved shear s tress and 
P is the mean pressure. 

The behavior of dry porous tuff is very 
different from saturated luff in that there 
appear* to be lutle correlation between 
dynamic and hydrostatic data. The high 
strain-rate criasial loaning is noa-steady 
a* Kig. 1 .ihow.-;, ant) thv crossing of the 
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two loading curves in F igs . 19 and 20 
near 1.3 GPa suggests extensive shea r -
induced compaction with uniaxial loading. 

Dry and Saturated Indiana Limestone 
Indiana l imestone was obtained from 

the Indiana Limestone Co. of Bedford, 

<t.O 

Unloading states 

u = P/PQ - 1 

Fig. 19. A comparison of shock-wave and quasihydrostat ic data for dry Mt. Helen 
tuff. 
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Indiana. It is a calcite cemented stone 
formed of shells and shell f ragments . 
The rock is >90% CaCO,, having an average 

3 dry bulk density of 2.28 Mg/m and an 
3 

average saturated density of 2.46 Mg/m . 
The measured porosi ty is 18% which im
plies that within measurement e r r o r s all 
pores a re connected. 

The gas-gun exper iments on saturated 
samples were car r ied out using the scheme 
shown in Fig. 18. However, the re la t ive 
velocit ies of the two waves propagating in 
the dry l imestone samples required the 
use of a thin projecti le inser t of PMMA 
backed by low-density foam as the source 
of unloading in o rde r to complete the 
loading before unloading reached the 
downstream gage. Figure 21 gives some 
typical wave profiles for dry samples . 
The p r e c u r s o r wave is believed to be 
associated with failure while the r e l a 
tively slow buildup to the Hugoniot s ta te 
is thought to be due to rate-dependent 
pore col lapse. The subsequent drop in 
par t ic le velocity i s due to rarefact ion 
from the projecti le s ide. Figure 22 
gives comparisons of Hugoniot s t a tes 

21 and the hydrostat . Some unloading 
paths a re also included. Figure 23 gives 
this same comparison for saturated l i m e 
stone and Fig. 24 includes the Hugoniot 
s ta tes measured by SRI. 

The r e su l t s for both dry and saturated 
Indiana l imestone a re quite different 
from those for dry and sa tura ted Mt. 
Helen tuff. The dry l imestone shock-
loading paths r ema in above the hydrostat 
for all s t r e s s levels (see Fig. 24). This 
suggests the absence of s . .ear-enhanced 
compaction or the p resence of some 
competing effect. The two saturated 
ma te r i a l s a r e a lso somewhat different 

in behavior. The saturated l imestone 
produi.es non-steady wave profiles which, 
as Fig. 23 shows, give r i s e to loading 
paths that l ie above the hydrostat at low 
s t r e s s e s . However, the higher s t r e s s 
data seem to lie along the hydrostat . 

Frozen Mater ia ls 
The frozen mate r ia l s studied, except 

lor polycrysfalline ice, were obtained 
from the L'. S. Army Cold Regions Re
sea rch and Engineering Laboratory 
(CRREL), Hanover, New Hampshire . 

32 I I I -

° Saturated (U.I and SRI) 

28 _ * Dry (LLL and SRI) 

o 

24 - Hugoniot - ^ ^ / _ 

A 
° / \ / 20 
/ \ / 
/ \ * / 

li / X " 
12 

' I ' 8 

1 ~^>r'~'Hydroftot 
4 " JTU^ 
0 £*>*^ i i , 

0.4 0.8 
H = P/f>0 - 1 

1.2 1.6 

Fig. 20. A comparison of shock-wave and 
quasihydrostat ic data for both dry 
and sa tura ted Mt. Helen tuff. 
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Fig. 21. Particle-velocity time histories in dry Indiana limestone. 

10 

The poly crystalline samples were made 
from large blocks of commercial ice. 
The single-crystal samples, both a- and 
c-axts oriented, were obtained from 
Dr. Itagaki of CRREL. The frozen soils 
were frozen directionally to maintain 
soil-grain contact. One, West Lebanon 
glacial till, had a dry density of 1.86 Mg/ro 
and an expected saturation density of 
2.21 Mg/m . The average sample density 
was 2.08 M g / m 3 . The second, Ottawa 
banding sand, had a dry density of 1.65 
M g / m 3 . a saturated density of 2.03 Mg/m , 
and an average sample density of 2.03 
Mfj/m 3 . Porosity in both materials was 
about 35%. 

Experiments on single-cry j .al samples 
were conducted to measure the effect of 
orientat'on ( i . e . , shear strength) on the 
behavior. Figure 25 shows the experi
mental configuration and Fig. 26 gives 
wave profiles measured in one such ex
periment. The first wave is interpreted 
as due to the onset of melting, and the 
non-steady flow that follows is attributed 
to strain-rate effects associated with 
transformation kinetics. Figure 27 shows 
results from analysis of single-crystal 
data along with a quasi-static -10°C i so -

2*> therm. " No orientation effects consistent 
with experimental uncertainty were de
tected. For more detail, see Ref. 23. 
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Figure ?8 gives typical wave profiles 
observed in samples of frozen soil . The 
p r ecu r so r wave is associated with the 
onset of melting of the interst i t ia l ice. 

The non- steady behavior of the second 
wave is associated with transformation 
kinet ics . The separation between the 
hydroslat and the Hugoniot s ta tes is 

4.0 
o Hugoniot states 

— Hydrosfat 

3.2 

O 

e 2.4 
o 

E 

1.6 

0 .8 

Unloading stotes-

(i = f>/P0 - 1 

Fig. 22. Comparison of dynamic and quasihydrostat ic data for dry Indiana l imestone. 
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0.06 0.12 0.18 
li = P/P0 - 1 

Fig. 23. Comparison of dynamic and 
quasihydrostatic data for sat
urated Indiana limestone. 

o 20 
O 
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E 1 6 

12 

" I 1 

= Saturated | 
o Dry 

LLL and SRI °-

Hydros tat 

Sn I 
0.1 0.2 0.3 0.4 O.S 

V. = P/I>0 - 1 

Fig. 24. Comparison of shocK-wave and 
quasihydrostatic data for dry and 
saturated Indiana limestone. 

probably due lo strain-rate effects as
sociated with the transformation rather 
than to shear stress. Figures 29-33 
give the stress-volume data for poly-
crystalline ice, and for the frozen soils. 

Comparison of figs. 26 and 28 show 
the major difference between the frozen 
soil and ice profiles to be the dispersion 
in the precursor wave. This difference 
is probably associated with different 
transformation kinetics which result from 
complex thermodynamics caused by two-
component interactions in the frozen soils. 

SMALL-SCALE HE EXPERIMENTS 

Data from the various HE experiments 
and the gas-gun experiments described 
earlier were converted to particle-velocity 
and stress-time histories using GANDALF, 
our interactive version of the SRI Lagrange-

24 Gage Code. The stress-time histories 
were corrected for hysteresis in unload
ing using the experimental results of 
Ginsberg and algorithms developed by 
Hears t . 2 5 

PMMA 
The experimental results for PMMA 

are given in Table 1 and in Figs. 34-36. 
No stress-time histories were measured 
in PMMA, but Fig. 34 gives represent
ative particle-velocity-time histories at 
various distances from the source. The 
flattening of these particle-velocity 
records at late times for R/R f l> 10 (Rn 

is the radius of the HE source and R is 
the distance from the center of the HE to 
the gage prior to detonation) indicates 
that the gages were in free-flight. At 
post-shot time, the plate these gages were 
attached to was recovered undamaged 
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North pole 

Gun barrel 

PMMA insert 
PMMA 

buffer p la te-

To oscilloscopes 

Vacuum plate 

Free surface 

Thermocouple 

Cooling coil 

South pole 

Fig, 25. Schematic of the setup for the dynamic equation-of-state exper iments with 
ice samples . The tempera ture is maintained at -10 ± 1°C by the controlled 
circulation of cold N2 vapors through the cooling coil . The Flexiglas buffer 
plate and vacuum plate a r e used to insulate the ice sur faces . The foil at the 
PMMA ice interface r eco rds the input par t ic le velocity. The other two gages 
record the part icle-velocity history when the ice is f i rs t loaded and then un
loaded as the shock waves rarefy at the free surface. 

whilf plates on ei ther side were broken. 
This suggests spalling of the plate at 
the interface due to tensi le fai lure 
of the epoxy bonds holding the plates to
gether . Figure 34 gives the decay of peak 
part ic le-veloci ty as a function of scaled 
distance. These data indicate a decay 
proportional to R ' for s t r e s s e s above 
approximately 0.7 GPa and R * D below. 
In Fig. 36, t ime-of -a r r iva l measurement s 

a re used to calculate average shock 
velocit ies between gages . These a r e 
corre la ted with expected shock velocities 

13 
based on Ba rke r ' s measured shock-
velocity — par t ic le velocity r e su l t s . 

Blair Dolomite 
Thehigh-explosive data for Bla i r dolo

mite is shown in Table 2 and Figs . 37 and 38. 
Figure 37 shows the particle-velocity-time 
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Fig. 26. Particle-velocity time histories in single-crystal ice. The loading was along 
the B-axis. 
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Fig. 27. A comparison of typical shock-wave data in single-crystal ice with the -10a 

isotherm. 
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Fig. 28. Par t ic le -ve loc i ty time h is tor ies in frozen West Lebanon glacial ti l l . 
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Fig. 29. A comparison of the -10°C isotherm and the Hugoniot s ta tes for polycrystai -
line ice. 
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histories with the onset of the tensile 
part of the wave evident for R/R_> 8. 
The compressive part of the wave 
appears to be spreading with prop
agation. The records at R/R n of 3.4 and 
6.05 show evidence of rate effects cr pre
cursor development. However, the rec
ords for R/ RQ > 8 show no such evidence 
which is somewhat inconsistent with gas-
gun data. The decay of the peak particle 
velocity with radius goes as approximately 
R " . The value of particle-velocity and 
stress at R/R n = 1 (i.e., the rock-HE 
interface) were determined by H. C. 
Rodean. The details are presented in the 
Appendix. 

Westerly Granite 
Table 3 gives a summary of the high-

explosive data obtained on Westerly gran
ite. Typical profiles are shown in Fig. 
39. These profiles show little spreading 
with distance. The onset of the tensile 
wave is shown by the stress record at 
R/RQ = 5.17. The peak values as a func
tion of radius are given in Figs. 40 and 
41. The similarity in shape and slope of 
the decay of peak stress and peak particle 
velocity in encouraging in that it indicates 
a consistency between the two measure
ment techniques. The rate of decay of 
peak values in Westerly granite goes as 

-1.5 This decay rate is somewhat 

1.2 

° Final shock-loading states 

Unloading paths 

0.16 

Fig. 30. Shock-loading and unloading states for water-saturated frozen West Lebanon 
till. The path to the Ice I —liquid transition point is the average for the five 
experiments. 
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Fig. 3 1 . A comparison of the -10°C i sotherm and Hugoniot s ta tes for water -sa tura ted 
frozen West Lebanon glacial ti l l . 
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l a r g e r than expected, considering near-e las t ic 
behavior in the gas-gun exper iments . 

Nugget Sandstone 
Data from the HE exper iments on 

Nugget sandstone a re given in Table 4 and 
in F ig s . 42-44. The resu l t s at R / R 0 of 
3.4 and 6.1 on two different exper iments 
d i s ag ree . The conclusion is that a s y s 
temat ic e r r o r occurred in one of these 
exper iments , and an additional exper i 
ment is planned a s a check. Figure 44 
shows some of the par t ic le-veloci ty t ime 
h i s to r i e s . The loading wave shows l i t t le 
spreading with distance. 

F igs . 45-47. If all of the pa r t i c l e -
velocity data a re fit with a single line 

-2 0 the decay is as R " , but if a line is fit 
to the two exper iments separa te ly the 
decay in each is R" ' , A fit to the four 

-1 7 
s t r e s s points gives R * . Additional 
exper iments will be conducted to resolve 
this inconsistency. 

For R / R Q > 6, the r eco rds show a 
p r e c u r s o r developing and for R / R 0 > 8, 
the initial part of the tensi le wave is 
evident. The las t tliree r eco rds (at 
R / R Q * 8.02, 10.69 and 14.70) show a 
wave which appears to propagate with a 
constant width. 

Polycrysta l l ine Salt 
The HE exper iments on polycrystal l ine 

sal t a r e summar ized in Table 5 and 

Mt. Helen Tuff 
The data on dry Mt. Helen Tuff a re 

given in Table 6 and in Figs . 48 and 49. 

1.4 

1.2 

1 1 1 1 1 1 r 

— o Final loading states 

1 , i , | — i — i — i — | — i — i — T 

<X/ " 
1.0 ^S^/ — 

Loading paths-K ^ 1 " 
S. °-8 / 

— 

1 / 
b 0.6 — S\s^ / — 

/ " 
0.4 / 

\ 
-

y 
^Unloading path 

0.2 ~ j^^r Ice I — liquid 
jgy^ -— transition - ~ " 

0 V i i i 1 i i t 1 i i i • i i 1 i i , 
0.04 0.08 0.12 0.16 

V. = P/PQ - 1 

0.20 

Fig. 32. Shock-wave loading and unloading s ta tes for wa te r - sa tu ra ted frozen Ottawa 
banding sand. 
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0.30 0.36 0.42 

Fig. 33 . A comparison of the -10°C isotherm and Hugoniot s tates for wa te r - sa tu ra ted 
frozen Ottawa banding sand. 
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Table 1. Peak values of particle iclut-ny 
(L'D) and times of arrival (ToA) 
fof I'M MA. 

KxporiiUc: 
numli f i -

., «p»»fc> 

.-•>< U . l 1 
. - ' • * O.^'iJ U . J 1 

c . . t . l - • i . J D 
e . I * ' . :M 
o.lvv 1 -.' 
<I.:HJ 3 . ! , , 

e . o *0 . ' » .0 
A.l>* » 2t i . t 
t \ o \ i ; . ' t O 
<M'-»* • ^ . f 
0 . 0 * I S 

e . tMJ 

JT . J 

0 .03d 3 T.J 

..<'.• C'/»30 *:.• « f i Peak ^atur* of p.i»!iilc vetocity 
f«r t'MMA a» incajiui-ctS In stir 
umait-iiraic fit-: ••*$><-«-«»»•«!,•». 

^ 400 

I 
>- 400-

L ^ " 2 ' ^ V ' 3 . W 

0 20 

—r |R/RO = ^ . o _ 1 • " 

-
\ 

V j % " 1 2 - 7 

...j 

\ 
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\ iVv _ 
i \ | \ j5.3? 
Is h Y~ 30 40 50 

Time — (is 
60 

f ig . 35. Particle-velocity time profiles 
for l'MMA. 

, 2 . 8 km/.)-
(3 .0km/ i ) -

(2.9 km/,) • 
( 3 .1km/ i ) - , \Z*y A* 

Fig. 36. Measured average shock veloc
ities compared to values based 
on Harker'sl3 data. 
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TaMr 2. IVafe-partietr -.*r|m-tt;«-* »«•* 
!*:««•» of arrival it>v Mists-
.tt.>t«f!iH<-. 

*-&jj*T *«**«« 
**o * « * ^ *% •er 

*S i.ws ; .e ; i . ; » 
<" 

MS * , " > * J .W o.ss* n.»i. 1 
1 :s 5. "SO i . « ».«** 

S5 ;.*** «.w P.olJ **.o 3 
Vj t.MS • ! . « ».«: 

».«! 5S o.&fe 2.01 sas :e,s 

*r c . > i icO* e . t r j f t 
0.OJ2 

?«.« 

»* &.VJ. : * . ts e.eiM 
C.OS* 

;o.e 

The sample* t« these csprHmenu, î tJMtc-
ihe gas-gun *»s«pl«-*, were net ».m«!cr 
vscttnttt d«ri«£ she «-spej'imrsit». There
fore, shr average .iestStty, 1,42 Mg'o* , 
ref lects the muisture ptrke<5 lip 5reS« the 
ajBi««ptsrr«-, Stress-Ussu- hislurie* s e r e 
recorded »« Sntsr £3£es, ssd the peak 
values are shown i« i>'i£. i s , $»»riic(e-
velocity time ttfstarsr* are sites-is in P'ig. 
SO, and pe»fc vaUtes are plotted a* a 
f m e l i u s of Sealcii distance in t 'ig. i 9 . 
The apparent ti^t-ay in pruporti-iftal to 
15 "" icsrtit a s l r c t s oi approfcssnately 
0,03 OI*» is reached where the rate stcitw 
Co sios* considerably, ttcl«<fc this s tress 
level, one would expect aear-ciast ic 
behavior of the matrix material. " In 
l'i«. SO, gage* at ft /K 0 '• 8 show a neg
ative particle velocity or a change in 
direction or particle motion, This is 
associated with the arrival of the tensile 
part of the outgoing shock wave. Com
parison of these waves for K i l n * a '"" 
dicate that the compressive pari of 
the wave spreads in time as it atten
uates. 

t'ifi. 2*. *'e»H particle velocities for the 
smal l - sca le ttH experiments t» 
tilair dolomite. 

Taiiir ". assd 1'igs. •«£>, -JW am! S3 (jive 
the <Sa;a jiiita<nc<i s«i samples of saturated 
Mi. !lrl«-st tuff. These samples were 
vaeHum-safurateti and submerged in 
stater Jar the experiment. The various 
plates ari'r planed one on top of another 
with «a««r rather than cposy used in the 
interfaces. Hie peak particle 1'clocitv, 

-1 n 
snow;* t:\ t-'ift. 36, decays as H * . 

Indiana Limestone 
The Hi: experiments on Indiana l ime

stone were carried out in the same way 
as for Ml. Helen tuff, fables 8 and 9 and 
t'igs. 52 and i;* give the peak values for 
alt experiments. K.presentative profiles 
are given in Figs. 51 and 55. These data 
are similar to the Mt. Helen tuff except 
for the precursor in the saturated l ime
stone shown in Tig. SS. 

The dry limestone, like the dry tuff, 
shows a change in rate of decay. The 
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Fig. 38. Particle-velocity time profiles for Blair dolomite. 
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Fig. 39. Particle-velocity and stress-time histories for Westerly granite. 

Table 3. Peak particle velocities and 
peak stresses for Westerly 
granite. 

Experiment 
number R„ (cm) R'H„ 

U (peak) 
(krn/s) 

n (peak) 
(GPa) 

2 1.90 2.03 0.418 v " 
4 1.90 2.03 0.454 % 
4 1.90 3.42 0.149 2.503 1 
2 1.90 3.43 0.167 2.201 { 

4 1.90 6.12 0.091 1.314 
2 1.90 6.13 0.084 

0.082 
1.278 

1 0.95 7.99 0.05 0.750 
3 0.95 8.02 0.672 
1 0.95 10.79 0.438 
3 0.95 10.82 0.032 0.435 
1 0.95 14.86 0.019 0.273 
3 0.95 15.11 0.020 0.250 
5 1.90 2.01 0.455 
5 1.90 3.03 0.213 2.62 
5 1.90 3.83 0.148 1.97 * l g . 
5 1.90 5.17 0.110 1.53 

10 

10 

40. 

I I I I I Mil 

10 
R/R„ 

* . i 1 1 j 11 

10* 

Peak particle velocities for 
Westerly granite from the small-
scale HE experiments. 



-'* 4 initial ra te is H * , but ai approximately 
0.1 CPu the rati- changes u. II * . 
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10' 

Fig. 4 1 . Peak s t r e s s e s for Westerly 
grani te from the sma l l - s ca l e 
HE exper iments . 

The saturau ' t ! data appear to lil a decay 
law between U '*'' and it ' , lull incon
sistent data at H |{„ l! haxc made ad
ditional exper iments neci-ssary. 

Frozen Mater ia l s 
The data from the KK exper iments on 

polycrystal l inc ice and the two frozen 
soi ls a re e,iven in Tables 10-12 and r'igs. 

Cable 4. IVak par t ic le veloci t ies , peak 
s t r e s s e s , and t imes of a r r iva l 
for Xtigget sandstone. 

e ipr=m 

numlivr "o , C B " " ' % (km, «1 ICl'al 
i peak TOA 

l l h 1.90 2 . 0 4 Q.-CJJ 3 . 6 6 

l i b 1.90 3 , - i ! 0 . 2 0 ? 1. I t . r f .96 

l t « 1.90 S . U o.ost; 
O.CiB 

1.05 l i t . OH 

100 1.00 3 .4 5 0 . 1 6 0 
0 . 1 5 3 

3.ti7 

I OB l .b t / 6 . 1 3 0 . 0 6 9 0 . 9 1 U . 7 2 

107 0 , 9 : . ti.OS 0.0-10 7 . 1 " 

10? Q.'J .T 10.fi 1 o.o:*7i 0.3(> 13 . . I5 

107 0 . ! ) j H.HT 0 . 0 I J A 0 . 1 7 . ' 3 . 3 0 

Fig. 42. Peak par t ic le velocities for 
Nugget sandstone from the 
sma l l - sca l e Hi, exper iments . 
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Fig. 43 . Peak s t r e s s e s for Nugget sand
stone from the sma l l - s ca l e HE 
exper iments . 
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Particle-velocity time histories for Nugget sandstone. 

56-59. Figure 56 compares the peak 
particle velocity at various scaled radii 

Table 5. Peak particle velocities, peak 
stresses, and times of arrival 
for polycrystalline salt. 

Experiment 
/lumber R 0 (cm) R / R 0 

V <peak> 
<km/s> 

a (peak) 
(GPa) 

TOA 

116 1.00 2.03 0.606 a. 37 
3.36 0.254 1.839 8.20 
6.06 0.0945 20.10 
£.06 0.0B15 19.9 b 

117 0.95 8.02 0.0365 
0.0373 

0.352 18.25 

10,69 0.0208 
0.0204 

0.210 25.35 

14.70 0.0116 
0.0113 

0.156 33.35 

while Figs. 57-59 give typical particle-
velocity time histories at various points 
within the material. These experiments 
were conducted at -10 ± 2°C. 

From Fig. 56, the soils indicate a 
-2 0 

decay rate as R • . However, poly-
crystalline ice decays as R " . This 
difference is at first glance unexpected, 
in view of the similar loading and un
loading behavior in the gas-gun experi
ments. However, Figs. 57, 58 and 59 
all clearly show the precursor-wave 
and main-wave broadening attributed 
to phase transformation kinetics. A 
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Fig. 45. Peak particle velocities for salt 
from small-scale HE experi
ments. 

comparison of ice and soil profiles shows 
the soil waves to be much broader. 
This broadening appears to occur in both 
the loading and unloading parts of the 
waves. Undoubtedly, this greater broad-

O 
I 

Fig. 46. Peak stresses in polycrystalline 
salt from small-scale HE ex
periments. 

ening is due to the two-component system 
which affects the flow through dispersion 
and through altering the kinetics of tl:e 
phase transformation. 
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Fig. 47. Particle-velocity time profiles for polycrystalline salt. 
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Table 6. Peak particle velocities, peak 
stresses, and times of arrival 
for the small-scale HE experi
ments on dry Mt. Helen tuff. 

£xper ta« i ! „ . . _ , „ ' V e a M a (peakI TOA 
number K 0 < c n w " ' K 0 I tmfs ) (GPal ( „s l 

Ti.bl. 7, jv-ak particle velocities, peak 
r^sseb, and times of arrival in 

small-scale HE experiments 
on saturated Mt. Heler tuff. 

Experiment 
number 

V (peak) 
R / H 0 <km/s) 

o (f ak l 
(G)'a) 

TOA 

84 1.90 2.00 0.405 0.P3 8.75 1.™ 2.04 0.527 5.2 
84 1.90 3.31 0.132 0.385 18.00 1.90 3.39 0.195 0.70 14.4 
75 1.90 4.57 0.050 
75 1.90 5.94 0.025 38.00 1.90 6.07 0.065 0.250 35.6 
84 1.90 5.98 0.0285 37.00 0.05 8.06 O.0294 19.9 
85 0.95 8.21 0.0132 18.00 0.95 8.06 0.0284 19.8 
BS 0.95 10.94 0.0083 0.022 38.0 0.95 10.80 0.022 30.1 
85 0.95 14.87 0.0063 0.016 52.0 0.95 

0.95 
10.80 
14.85 

0.020 
0.014 

29.8 0.95 
0.95 

10.80 
14.85 

0.020 
0.014 45.0 
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Fig. 48. Peak stresses from the small-
scale experiments in Mt. Helen 
tuff. 

Fig. 49. Peak pai .icle velocities from 
the small-scale HE experiments 
in Mt. Helen tuff. 
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Table 8, Peak particle velocities, peak 
stresses, and times of arrival 
for dry Indiana limestone. 

l p ' P " 1 " o (p-akl TOA 
(km/a) (GPal (us) fln (cm) H/R n 

2.C2 0.283 
0.297 

3.76 

3.39 0.106 
0.104 

10.00 

6,07 0.022 
0.023 

18.51 

8.02 0.011 0.100 12.28 
10.82 0.0069 0.059 18.15 
14.87 0.0041 0.036 26.44 

Table 9, Peak particle velocities, peak 
stresses, and times of arrival 
for saturated Indiana limestone. 

E x p e r i m e n t 
n u m b e r R/R„ 

V (peak) 
I k m / s l 

a (peak) 
(CPa) 

113 1.90 2.01 0.406 
104 1.90 2.03 0.387 

0.378 
113 1.90 3.38 0.165 
104 1.90 3.40 0.160 

0.160 
113 1.90 6.07 0.052 

0.051 
0.3S0 

104 1.90 6.07 0.280 
105 0.95 8.03 0.016(7) 0.153 
114 0.95 8.03 0.018 0.183 
105 0.95 10.77 0.0115 0.126 
114 0.95 10.74 0.0138 
105 0.95 14.83 0.0090 
114 0.95 14.79 0.0098 

10 

0 
I 

10 -' 

10 ,-2 

1 1 I I Mil) 1 1 I I I II 
A Water-saturated 

°Dry 

10 
R/Rn 

10' 

I ii i i i i — i j i i i 11 i i — r 

i io-' 
i 

Q. 

io-2£ 

4 Saturated 

°Dry 

oW 

o 

10 

Fig. 52. Peak stresses from small-scale 
HE experiments on Indiana lime
stone. 

Fig. 53. Peak particle velocities from 
small-scale HE experiments on 
Indiana limestone. 
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Fig. 55. Particle-velocity time histories for saturated Indiana limestone. 
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Table 10. Pt ak par t ic le velocity for the 
sma l l - s ca l e KC experiments 
in pe-lyervstalline ice. 

Kxperiment 
number KQ d m ) R/n 0 

I (peak) 
P ' 
I k m ' s ) 

87 1.90 2.05 0.583 
0.582 

71 1.90 2.65 0.22 
0.21 

67 1.90 3.39 0.226 
0.231 

74 1.90 •*.63 2 10.335 
peaks(0.37 

74 1.90 5.26 0.12 
0.11 

87 1.90 6.04 0.104 
0.103 

6 8 0.95 6.06 0.062 
0.062 

0.95 10.59 0.040 
0.040 

0.95 14.44 0.026 
0.027 

Table 11. Peak par t ic le velocit ies for the 
s m a l l - s c a l e exper iments in 
frozen Ottawa banding sand. 

Kxperiment 
number KQ (cm) R/R„ 

V. (peak) 
(km/s t 

78 1.90 4.02 0.109 
0.111 

80 1.90 4.02 0.117 
0.108 

78 1.90 5.40 0.066 
0.0S6 

80 1.30 5.40 0.06B 
0.066 

Table 12. Peak partieW- velocities from 
the smal l - sea le II): exper i 
ments on I 'n^en West Lebanon 
glaeial ti l l . 

Experiment „ , , , , , . , <- (peak) 
number rt0 ( * m » " ' " o (km/s) 

83 

83 

81 
81 

81 

1.90 3.41 

1.90 4.82 

0.95 8.07 
0.95 10.92 

0.95 13.73 

1.61 
1.61 
0.080 
0.078 
0.027 
0.016 
0.014 
0.0088 
0.0077 

10 

10 

o\rr 

: * , -ST 

•ows 
1 -; 

0 
o 

•_ 

-
•1 B8 0 -

o -
* 8 ' 

2 & 
i o ; 

R/R„ 
10' 

Fig. 56. Peak par t ic le velocit ies for the 
frozen ma te r i a l s . 
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Fig. 57. Particle-velocity time histories in polycrystalline ice. 
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Fig. 58. Particle-velocity time histories in frozen Ottawa banding sand. 
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V. Conclusions 

The details of relative coupling will 
have to wait upon constitutive model de
velopment and calculation. However, a 
number of preliminary conclusions can 
be drawn through comparison of data 
for the various materials. 

All of the dynamic data on HMMA -
acoustic, gas-gun and spherical HK — 
appear to be consistent. This agreement 
for the test material provides the desired 
confidence in the techniques. The ap-

- 1 '3rt parent limiting decay (i. e„ R ' ' ) is 
considerably higher than the expected 
K for a spherical steady elastic wave 
in the farfield. However, the data only 
extends to approximately 0.1 GPa. This, 
coupled with the visco-elastic behavior 
of PMMA, make the observed decay 
reasonable. 

The gas-gun data indicate that the 
Nugget sandstone and Westerly granite 
behave to a first approximation as simple 
elastic solids. In the HE experiments, 
the loading wave shows no apparent dis
persion and the entire compressive part 
of the wave appears to be steady. How
ever, the relatively high decay rate, 

-1 5 R ' , suggests dispersion perhaps due 
to microcracks and non-elastic matrix 
material, and may represent a lower 
limit for rocks. 

Blair dolomite, although about the 
same porosity as Westerly granite and 
only one-third the porosity of Nugget 
sandstone, acts quite differently. The 
wave prof i ts are dispersive and show 
strain-rate sensitivity. Whether this 
behavior is associated with porosity or 
some other material property is not 
completely clear, but It appears that the 

weaker cementing inherent in carbonate 
rocks may account for this behavior. 
When considering field experience, the 
decay rate of peak particle velocity as 
R * is less than expected when com
pared to granite. However, since dolo
mite seems to lose porosity at lower 
stress levels, a small increase In poros
ity in the field situation could cause a 
significant increase in decay rate. 

Although the study of polycrystalline 
salt is incomplete, the gas-gun results 
indicate elimination of porosity at low 
stress levels. This elimination of poros
ity would attenuate the shock wave in the 
HE experiments and explain a decay rate 
of Ft " . In a salt dome with low poros
ities, a completely different decay law 
would be expected. 

The behavior of the two dry porous 
materials, Mt, Helen tuff and Indiana 
limestone, in the HE experiments is 
similar. Both decay as approximately 
R * until a stress equivalent to matrix 
failure is reached.. The data beyond this 
radius suggest a rate of R~ to R • . 
The rapid decay at the higher stresses is 
associated with the irreversible compac
tion of pores. This strain-rate-sensitive 
process also accounts for the non-steady 
waves seen in the radial flow. The spread
ing of the waves at larger R/RQ is probably 
associated with non-elastic grain bound
aries or microcracks. 

An examination of all these data on dry 
rock suggests a limiting or elastic decay 
rate for rocks of R * . This relatively 
high rate is somewhat surprising, but in 
all cases is probably associated with 
dispersion due to microcracks and/or 
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plastic yielding within grain boundaries. 
These data also suggest that the strength 
of the matrix (i. e., the strength of ce
menting) is an extremely important pa
rameter in determining relative coupling 
in porous materials. This is most dra
matically illustrated in the comparison 
of gas-gun data on the Nugget and Wagon 
Wheel sandstones. 

Porous materials saturated with water 
behaved similarly in the HE experiments 
with both showing peak particle-velocity 

- 1 9 decay as R • . This rate in saturated 
rocks indicates a strong attenuation due 
to two-component interactions. These 
data also suggest that, since rocks lose 
most of their strength once saturated, 
saturated rocks lose their dependence on 
two key parameters, strength and poros
ity. 

The frozen materials provide an ex
tremely interesting special case. Ice, 
which is very weak, would be expected 
to couple like water except for the ice-
water phase transformation at approxi-
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determining the effective elastic radium 
for a spherical source and thus the rel
ative coupling. They suggest that two-
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coupling model. 
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Appendix 

Conditions at the HE-Test Material Interface 

No measu remen t s were made at the interface between the high-explosivp and t'.e 
test ma te r i a l , but it i s possible to calculate values for the peak radial s t r e s s and peak 
par t ic le velocity at this location. There is general ly an impedance mismatch Lietween 
the detonating HE and the test mater ia l so the detonation wave p a r a m e t e r of radia l 
s t r e s s and par t ic le velocity a r e usually modified at the interface. A shock wave is 
always t ransmit ted into the test ma te r i a l , but the s t r e s s wave reflected into the HE 
may be ei ther a shock or a rarefac t ion wave. The solution of this problem is outlined 

A~l A~2 A~3 A-4 
in two books, '" and is presented in more detail in two papers . J 

The equations for m a s s and momentum conservation a c r o s s the detonation wave 
in the HE a r e 

' / x A l P x l - P 0 - ( A " 2 ) 

The re la t ions for the conditions immediately behind the detonation wave a r e 

D x l ' U x l + C x l ' ( A - 3 ) 

" x l C

X l = ; f x l P x l . ( A " 4 ) 

1 A-5 

where y is the effective sentropic exponent 

y ~- 01nP/ai .Tp) s = (6H/8E) S . (A-5) 

From Eqs. (A-1MA-4) with P j » P f l , 
C x l = ^ x l - ( A ' 6 > 

The m a s s and momentu.a conservation equations for the shock wave t ransmit ted into 
A-the test mater ia l are 

' m O D a l = ' B l , D m r l ' n . l ' l < A " 7 ) 

, . (A-8) 

The boundary conditions for the t ransmit ted shock wave in the test ma te r i a l and the 
reflected wave in the Hi: a re 

U = V , , (A-9) 
xz m l ' 

P = P , . (A-lOj 
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Assuming a shock wave is reflected into tile HE, the equations for conservation 
of m a s s and momentum are A-3.A-4 

' x l ^ ^ ' x l ^ ' W ^ ^ ' ' 

" x l ( D x 2 + U x l ) ( l ' x l x2 xl 

(A- I l ) 

(A-12) 

It follows from Eqs. (A-2), (A-8)-(A-10) and (A-12) that P . > P , if p n D , > p . 0 , . 
ml xl mu ml xU xl 

F r o m the definition of the ra t io of the enthalpy change to the internal energy change 
u i A - 6 

a c r o s s a shock wave, 
< H , , - H V , ) / < E - (A-13) L 'x2 " x l ' 

and the Hugoniot re la t ions for enthalpy and internal energy, the following relation may 
be der ived: 

" x 2 . 

1*1 
P x l 

J. 
7 + 1 (A-14) 

"xlU + l/ 
The following re la t ion is obtained . . o m Eqs . ( A - l l ) , (A-12) and ( A - 1 4 ) A " 4 : 

fe)a-fehc^)(^)J(-y]*-(^)(^f)(-a-
For a rarefact ion wave reflected into the high explosive, A-3.A-4 

(A-i5) 

and 

r " x l 
xz x l I 

"x2 

P x / P x l = ( ' X / * x l > * 

C dp „ /p„ (A-16) 

(A-17) 

which is the integral of Eq. (A-5) assuming y is constant. Equations (A-4), (A-6), 
(A-16) and (A-17) a re combined to give 

.= 1 +-
" x l y - l fe) V 2 7 

(A-18) 

It follows from Eqs . (A-2), (A-B)-(A-IO) and (A-18) that P x l > P x 2 if P x 0

D

x l > P m n D

m i -
F r o m Eqs, (A-2), A-8) and the l inea r relat ion between shock and par t ic le veloc-

A-l A-2 i t ies in condensed mate r ia l s , * 

D = a + b U , (A-19) 
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the following is obtained: 

m l ^ m l 
xl * x l 0 Pv xO xl xl xl 

-'ml 
L ' x l 

(A-20) 

Equations (A-15) and (A-18) define the reflected shock and reflected rarefac t ion 
wave conditions, respect ively, on the HE side of the interface. The t ransmit ted shock-
wave conditions on the test mater ia l s ide of the interface a r e defined by Eq. (A-20). 
The in tersect ion of the curve defined by Eq. (A-20) with e i ther the curve defined by 
Eq. (A-15) or that by Eq. (A-18) gives the desired solution. The soVjtions for the test 
ma te r i a l s which are i l lustrated in Fig. A-1 and l is ted in Table A-3 were obtained by 
means of these three equations and the data given in Tables A-1 and A-2. 

10 1 1 1 1—I I—r-TT 

Eq. (15) for reflected shock in HE 

1 1 1 — I — I — r — T T 

-Eq. (18) for reflected rarefaction in HE 

-Sat. limestone 

Granite, sandstone, dry lime
stone, salt 

OWS 

Sat. tuff 

•Dry tuff 

10 
U , / U , or U , / U , x2 x l ml x l 

Fig. A - 1 . Solutions for HE-tes t interface conditions. 

- 5 2 -



Tabic A-1 . P r o p e r t i e s of the explosive LX-04. 

From Kef. A-7: p x 0 = 1.86 Mg/m" 

1x1 

• 8.4G k m / s 
• 33 GPa (calculated) and 35 GPa (measured) 
• 2.936 

F rom Eq. (A-2) with P x l » P Q and using P x l = ̂ (3 .3 + 3.5) 10 GPa: 
U x l =2.16 k m / s 

F r o m Eq. (A- i ) : p x l = 2.5 M g / m 3 

F r o m Eq. (A-3): C . = 6.30 k m / s 
+ F r o m Eq. (A-4): y . - 2,918, which Ls approximately equal to the value given in 

Ref. A-7. 

Table A-2. P r o p e r t i e s of tes t m a t e r i a l s . 

Mater ia l PmO < M g / m > a (km/s) 

Ice 
West Lebanon glacial t i l l 
Ottawa banding sand 
Salt 
Wester ly grani te 
Nugget sandstone 
Mt. Helen tuff 

Dry 
Saturated 

Indiana l imestone 
Dry 
Saturated 

Blair dolomite 

0.917 
2.10 
2.00 
2.13 
2.65 
2.55 

1.47 
1.84 

2.28 
2.48 
2.84 

0.85 
2.32 
2.43 
3.43 
2.10 
2.40 

0.90 
2.17 

1.70 
2.75 
4 . 9 0 a 

1.55 
1.50 
1.31 
1.44 
1.63 
1.55 

1.49 
1.50 

2.17 
1.89 
1.30' 

"F rom Ref. A-8 . 
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Table A-3 , Calculated conditions at the HE — test mater ia l interface. 

Material 1 m l ( k m / s ) 

Ice 
West Lebanon glacial till (WLGT) 
Ottawa banding sand (OWS) 
Salt 
Wester ly grani te 
Nugget sandstone 
M:. Helen tufi 

Dry 
Saturated 

Indiana l imestone 
Dry 
Saturated 

Bla i r dolomite 

3.35 
2.40 
2.51 
2.27 
2.21 
2.22 

2.94 
2.56 

2.94 
2.56 
1.87 

18.G 
30.1 
28.6 
32.4 
33.5 
33.2 

22.8 
28.3 

22.8 
28.3 
38.9 
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