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{a) Schematic diagram of a gas gun experiment,

The shock~-wave due to

impact travels through the target and is reflected at the free surface as an

unloading wave,

The lateral dimensions of the target are larger than the

projectile and the target is thin compared to the projectile diameter to insure

unperturbed recording until after the
(b} Diagram illustrating the effective
particle-velocity gage,
0.899 cm £ 1%,

interpretation. A second report{PartII)will
cover the gas-gun data in detail, and will
include a development of constitutive re-
lationships,

In the gas-gun technique, flat-faced
projectiles were accelerated with expand-
ing helium gas and allowed to impact a
target made up of plates of the test

material (see Fig. 1), The shock wave
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unloading has been completed at the gages,
length L7 of the brass foil used in the

The value as determined in four experiments is
The gage thickness is about 0.0025 ¢m,

produced by the impact loaded the target
uniaxially while rarefaction from the
ifree surface unloaded the material, also
uniaxially, The gages sandwiched between
the plates moved with the surrounding
material,

The HE experiments employed a small
(either 1.9 X 1072 m or 9.5 x 107 m
radius) sphere of LX04 HE as the energy



svurce, 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~
foils which moved perpendicular to the
field produced by a large external electro-
magnet and provided particle velocity

m) metal

history; and the second were thin (1.8
X 10-4 m) piezoresistive ytterbium gages
which provided stress 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 aniaxial flow, the gage
element L does not change in length as
motion occurs through the constant mag-

— Electromognet  ——q

Mild
detonoting
fuse

K LX04 HE 2

g g

t =T 3

-] N — \Y 17 3

\L_l/ / A
Goges

To oscilloscopes

Fig. 2. Schematic of an HE experiment
showing the gage elements em-
placed radially /~om the HE
source,
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netic field B, Therefore, the pirticle
velocity history '-.Jp(t) is proportion:1 to
the recorded emi, as describted by the
expression

. €lt)
U (t) BL (1)

where ¢(t) is the time history of the emf.
During the radial {flow that occurs ia the
HE experiments, the gage element L is
stretched, A correction for this effect
is easily made, but in practice is small

fthe maximum value 0.5%) and was ignored,

(a)

0 635 cm"'
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Fig, 3. (a) Schematic of a ytterbium gage
which is sandwiched in kapton or
fiberglass, The total package
thicknesa is about 0,018 cm,

{b) Stress-time history recorded
with a ytterbium stress gage.




The piezoresistive ytterbium gage
technique was developed at Stanford Re-
search lnstitute,7'8 and the piezoresis-
tive response has been related to stress
by Ginsberg8 and Spataro,'9 Unfortunately
ytterbium follows different paths during
loading and unloading for stress levels
above approximately 0,15 GPa,
to an offset in the recorded signal and
requires a separate set of calibrations
for unloading., Because of the inherently

larger scatter in stress gage data and

This leads

additional uncertainties in defining the
unloading path, these gages were not used
in the uniaxial experiments, However,

in radial fiow valuable additional data
describing the stress deviator and the
material moduli are available if both
stress and particle-velocity histories

are measured simultaneously. Conse
quently, both gage tvpes were used on
most HE experiments, Figure 3 shows
the stress gage design along with a record

from an HF experiment,

IV. Experimental Results

GAS-GUN EXPERIMENTS

The gas-gun technique was used to ob-
tain uniaxial flow~data on all thirteen
materials listed in Section II, The ac-
guired data were in the form of particle
velocity histories, To convert these
records (for example see those shown
in Fig, 1) to equation-of-state data re~
quires expressions relating particle
velocity history to the material prop-
erties of interest, The desired relation-
ships can be obtained from expressions
for the conservation of mass and linear
rmomentum, For uniaxial flow, the con-

servation equations are

au
J B} -
55)11 + p( - )t =0 @)
83U
) dg
P( Bt )h + F;)t = (3)

where p is the density, ¢ the stress in
the direction of compression, Up the
particle velocity, x the Eulerian coordi-
nate, h the Lagrangian coordinate and t

the time, Since the particle velocity is

- Ga

measured at a constant L agrangian coor-
dinate, the Eulerian coordinate is elim-
tnaied from these expressions by using
the identity for uniaxial flow,

2h ;
(Tﬂ)t L

where g is the inittal or reference
density, Using this substitution and the

identities

. 18 \
. at at a
.. [== (__E fc(_) (0) =-1
LP(BL )h 8h /t a\dc h &h t

p
where
. . {3 - a_h)
Cy '('B_t’ andCo-(at .
p p a
wg obtain

1)

(5)

where V = 1/p is the specific volume,
For steady loading waves (i, e,, a shock



front), C_ = CUP = U, (a constant) and
Eqs. (4) and (5) can be integrated across
the steady wave to give the so callcd
"jump conditions"”

Y-V % )
v - U
0 s

o= 0y * pOUpUs . (€]

In these equations, Ug is the steady wave
velocity or shock velocity, For general
non-steady flow, C_ and CUP are functions

of Up; thus Eqs. (4) and (5) must be inte-
grated numerically using recorded data
{both stress and particle velocity) at two
or more Lagrangian points, For simple
waves, ™ C,and Cy_ are equal and Eqgs,
(4) and (5) can be integrated namerically
using only particle velocity histories,
Furthermose, the initial value of CUp on

A simple wave is a flow pattern in
which the characteristics are straight
lines in the x, t plane and the thermody-
namic variables are a function of particle
velocity alone,

1.4 T T ]
Unloading wave
1.2~ -
1.0i— —
3
£
E
| 0.8 —
Fl
:g
S
» 0.8 o
2 Goge | Gage 2 Goge 3 je— Gage 4
&
0.4— -
ol \ -
Free-surface gage
0 | i [
0 2 4 6 8
Time — ps

Fig. 4. Particle-velocity iime profiles observed in dry Mt, -len tufi, The gages

were approximately 3 mm apart, with Gage 1 at the .

at the free surface,
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the unloading cycle is related to the
longitudinal sound speed C at that com-
pression by the following equation:

C(Up) = CUP(Up)pOV . (8)

For a detailed discussio: of this gage
analysis, see Refs, 10 and 11.

Data based upon this analysis and as-
suming simple waves are presented in
the following paragraphs,

PMMA
PMMA, polymethylmethacrylate, al-
though not an earth material, was selected

for study because it is well character-
ized,‘z'13

is readily available, and is
transparent, These properties have al-
lowed a calibration of the gage techniques
and the use of optics to establish the
sphericity of the high-explosive source,

The PMMA chosen was manufactured by

6.4 T T T 7 T T -
o Schuler's Hugoniot states o °
- & Barker's Hugoniot states .
X LLL Hugoniot states
e Stephens hydrostat o
4.8’— «====Dynamic unloading pathes 7
o,
2
[
I
oE3.21— -
E o
G
&
1 l -
0 0.1 0.2 0.3 0.4
p= ﬂ/.a0 -1
Fig. 5. A comparison of shock-wave and quasihydrostatic compression data for PMMA,
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Rohm and Haas,” and has an initial density
of 1,18 Mg/ms.

Figure 5 shows available Hugoniot
states, several Joading-unloading paths
and a curve derived from hydrostatic and

*Reference to a compnay or product
name does not imply approval or recom-
mendation of the product by the University
of California or the U. S. Energy Re-
search and Development Administration
to the exclusion of others that may be
suitable,

quasihydrostatic load'mg.l'1 The bekavior
is characteristic cf a strain-rate-
sensitive elastic-plastic material which
yields at stress levels above approxi-
mately 7 GPa, 1213

longitudinal sound speed derived using

Figure 6 compares

Eq, (8) with those determined acoustically.
Goou agreement in speeds, indicated by
the dotted line, results from adjusting the
specific volumes of the acoustic data to

5.0 T T
Apparent speeds derived from shock-wave dota.
¢ Present research
4.5 @ Barker and Hollenback —
o Speed measured at 1 MHz under hydro~
S e ~ static loads using elosticaily derived
- ~ specific volumes
! 4.0 e -
'§ ~
(=N
g \\
= o™
3 \\
ki 8N
2 °
3 3.5 |
2
[
-
Speers vs specific volumes where ~ ¢
volumes were taken from the hydrostat ~
using the pressures applied in the
acoustic tests.
3.0~
A |
2.5 | A
0.72 0.76 0.80 0.84
Specific volume - ma/Mg
Fig. 6. Comparison of longitudinal sound speed derived using Eq. (8) with those

determined acoustically.
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o
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/L ~a—————Non=steudy port of loading wove
0.1 —
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Time — ps
rFig. 7, Particle-velocity time profiles for Blair dolomite, Bolh the inading and un-

loading waves spread out as they propagate,

agree with hyarostatic tests rather than
using «lastically derived vziues,

Figure 5 shows a scparation of about
0.3 GPa between the hydrostat and the
flugoniot up to stress of approximately
3 GPa.
data svem to merge.

Hevond 3 GPa, the two svts of
If this separation
is interpreted as a measure of shear
strength, the data suggests a loss of
strength at shock states above approxi-
mately 4 GPa,

Blair Dolomite

Blair dolomite is a fine-grained (70-
§0% <10 u and 20-307% averaging “0.5 mm)’
dolomite {Ca Mg (CO.
Ca,, West Virginia,
density is 2,84 Mg/ m® and the porosity
is less than 1% based on the x-ray density

3);| from Berkeley
The measured bulk

of dolomite,

5

=)

Uniaxial gas-gun experiments were
conducied using the design shown in
Fig. 1 with PMJiA projectile inserts for
the lower four stress levels and dolomite
1nserts for the higher two stress levels,
lach target assembly consisted of three
dulomite plates with a particle velocity
A typical set of
Both loading

- Bu at each interface,
recovds is shown in Fig, 7,
and unloading waves are unsteady (i.e.,
The

wave shapes ar > similar to PMMA, and

they spread as they propogate),

indicate tkat dolomite is strain-rate sen-
sitive, ¥igure 8 shows a tvpical loading-
unloading <ycle and the various experi-
mental Hugoniot states, The measured
hydrostat for Blair doiomite is included
. 16 ..
for comparison, Figure 8 al=o shows
the u corresponding to crystal density B

It appears that the dynamic unloading



6-"' Il | 1 l T
-—-Dynamic loading poth
== Dyncmic unloading &
poth
4.8 4 Hugoniot states -1
i — Hydrostat
O
|
E -
[-%
‘o
c
o
[
1
L .
K. 0.02 0.04 0.06
W= P/Po -1
Fig. 8. A comparison of shock-wave and

quasihydrostatic compression
data for Blair dolomite.

states are approaching crystal density as
the lcading stress is increased, This
suggests that the hysteresis might be as-
socjated 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
density is 2,65 Mg/ma with a porosity of
<1%,

The experiments were designed in a
manner similar to the dolomite experi-
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13
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»
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U_' 6.0 x 7
X Shock-wave
= Ultrasonic
5.0 -
} I
2.84 2,89 2.94 2.99
p— Mg/m3
Fig. 9. Comparison of shock-wave~
derived sound speeds with the
longitudinal sound speeds meas-~
ured ultrasonically in Blair
dolomite,
ments, As Fig, 10 shows, the loading

This leads to a
straight line loading in the o-u plane and
as Fig, 11 shows, the unloading is es-
sentially along this same line. Thus
granite is, to a first approximation,

wave profile is steady.

elastic over the stress interval of these
uniaxial compression experiments (i.e,
to at least 4.2 GPa).
loading wave shock velocity as a function

The variation in

of stress implies some deviation from
elastic behavior, This is probably as~-
sociated with closing of microcracks and
The hydrostat

for Westerly graanite is plotted in Fig, 11

grain boundary effects,

for comparison,

Figure 12 gives a comparison of
longitudinal sound speed determined from
altrasonic measurements” and those
determined from the shock-wave data

using Eq, {8),
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Fig. 10, Particle-velocity time profiles in Westerly granite,

Nugpet and Wagon Wheel Sandstone

Two sandstones were studied under
uniaxial flow: Nugget sandstone from
Ttah and Wagon Wheel sandstone from
Sublette Co,, Wyoming., Only one, Nugget,
was used in the HE experiments, The
Nugget is nominally 90% quartz with an
average bulk density of 2,55 Mg/m3 and

porosity of approximately 3%, The
Wagon Wheel is a graywacke with an
average density of 2,38 Mg/m3 and ap-
proximately 10% porosity,

Fig, 11. A comparison of shock-wave
and quasihydrostatic compression
data for Westerly granite,
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Several gas-gun experiments were
For the
Nugget, the loading wave profiles were

carried out on each sandstone.

vssentially steady for all stress levels,
However, the Wagon Wheel profiles were
non-steady once the 0,6-0.8 GPa stress
lewe! v as reached, Since the Wagon

Wheel has 10% porosity, the non-steady

flow is associated with collapse of pores
and the 0,6-0.,8 GPa stress level is as-
sociated with the threshold for matrix
failure, Flgure 13 shows the wave pro-
files for one experiment in Nugget sand-
stone, Figure 14 gives a comparison of
shock states for both maierials while
Figure 15 gives the shock wave data on
Nugget sandstone compared with the

hy.'jrosl:at.18 Figure 16 compares longi-

7.2
o o ! I x tudinal sound speeds determined from
6.6 x % — Egq. (8) to those measured acaustically.18
\; x From: Fig. 13, it appears that the
= - x - Nugget sandstone loses very little of its
| 6.0
- porosity upon compression to 1,6 GPa,
o
5.4 x Shock-wave — although the data suggests that some micro-
] = Ultrasonic cracks are closed at low stress. However,
4.8 I L L | - ! the unloading data show that the Wagon Wheel
2.62 2.65 2.68 2.71 23'74 2.7 2.8 sandstone has a delinite loss of porosity
¢~ Mg/m once the 0.6-0.8 GPa level is exceeded.
Fig. 12, A comparison of shock-wave- The disagreement between sound speed
derived sound speeds with s ohes : -
acoustic values in Westerly at higher compressions shown in Fig, 16
granite, is surprising,
0.5 T I ] T
Reflections from PMMA
projectile insert
0.4 —
"E\ O.Sh -
3
i
o%0.2f~ Unlooding wave —
0.1~ -
7-'Loading wave
0 L | ] §
0 2 4 -] 8 10
Time = ps
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 for Wagon Wheel
and Nugget sandstones,
Salt

Fine-grained Leslie salt was pressed
isostatically for 1 hr at 126°C using
0.14 GPa of pressure, This procedure
produced large cylindrical samples
(0.4 m diameter by 0.6 m high) of density
2,13 Mg/ms. Since crystal density for
sodium chloride is 2,165 Mg/ms, this
indicates a porosity of 1.6%.

Three gas-gun experiments were con-
ducted using samples machined trom the
large cylinders, The particle velocity
records show twc loading waves, The
first wave is probably associated with
mechanical yielding, The following wave
shows a slight non-steady behavior, in-
dicating some strain-rate dependence,
Figure 17 gives the complete loading-

3.2 T ] | ]
= Hydrostat
- x Hugoniot states ]
== Unloading paths
2.4 ~
g B —
[V
I f
oE 1.6 ] —]
2 ]
[
b - % i
0.8 —]
4
7/
0l | I | i 1
0 0.2 0.4 046 0.8 1.0
p= P/P0 -1
Fig, 15, A comparison of shock-wave and

quasihydrostatic compression
data for Nugget sandstone,

unloading cycle determined from analysis
of the data, Figure 17 also shows the u
corresponding to crystal density, B
From the path of the unloading it appears
that all of the porosity was eliminated in
the loading process to 1,0 GPa, Subse-
quent tests to lower final loading states
will be used to establish a relationship

between pore elimination and stress,

Dry and Water-Saturated Mt. Helen Tuff

Mt, Helen tuff is a fine-graineq,
highly porous rock found near Mt, Helen
in southern Nevada, The dry rock has
. erage measured density of 1,46
Mg, .ns and a porosity of 38%, The grain
density is 2,32 Mg/m3 and the average

measured saturated density is 1,84 Mg/ma.

-13~
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© Shock-wave data
7.0— —
== Sound speeds measured at 1 MHz under hydrostatic loading
using elasticolly derived densities,
=== Sound speeds vs density with the densities taken from Fig. 15
6.4 using the pressure applied in the ocous'ic tests. ]
" 5.8]—
~
£
£
1
-
Y 52
4,6
4.0~
3.4 i 1 —1 —t | - 1 1 1 | —
2.55 2,60 2.65
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Fig. 16, A comparison of shock-wave and acoustically-derived sound speeds for

Nugget sandstone,

These data imply that all pores are open 1.6 T T T
and accessible to water saturation, L B
Uniaxial shock-wave loading experi- 1.2 L— ]
ments were conducted using both mate- . ]
rials. The saturated samples were con- K - / 1
tained in a special vacuum-sealed target (ID 0.8 f ,I |
holder shown in Fig, 18, Figures 19 and ° 1 / /, ]
20 show the resulting compression data, //
the hydrosta\,19 and some ultra-high 0,.4— ,// —f
stress states obtained by SRI.20 L /f/
0 11 I !
Fig. 17. Shock-wave data for polycrys- 0 & 0.04 0.06 0.08
talline salt, nE P/Do -1
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Fig, 18,
water-saturated samples,

used to isolate the sample from the gas-gun vacuum,
sample interface records the input particle velocity,

South pole

Schematic of the setup for thc dynamic equation-of-state experiments with
The PMMA buffer plate and vacuum plate are

The foil at the PMMA-
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 materizl that is both insensitive to
strain rate and has very little shear
streagth,  The absence of strain-rate
eflects is suggested by the steady-wave
looding profiles that projugate through
the samples. The small shear strength
is suggested by the close proximity of the
uniaxia) losding data and the hydrostut,
#ince the reparation of thesc culves
beyoad the elastic Hmil, assuming an

- 18-

tsotropic solid, is given by

- &
m 37 (@

where 7 i8 the resolved shear stress and

oc-p

Pm is thw mean pressure,

The behavior of dry porous teff is very
differvat from saturated wff in that there
appears o be liitle corrclation between
dynamic and hvdrostatic data, The high
strain-rvate votastal loasing {5 noa-steady
a8 Fig, 3 shows, and thy crosxing of the



two loading curves in Figs, 19 and 20 Dry and Saturated Indiana Limestone

near 1,3 GPa suggests extensive shear- Indiana limestone was obtained from
induced compaction with uniaxial loading. the Indiana Limestone Co. of Bedford,
4.0 T T T T T T T

© Hugoniot states .
— .
3.2 ~= Hydrostat T i

[
-
T

or 6 — GPa

P
m
~—
~—
~——
—

o
|
Y

Iy

o
/
| ! / i ‘
/
/
o /
© 7
[+] 1 | // 1 1 ] 1 Il
[\] 2 4 6 8
p=ﬂ/90—]

Fig, 19. A comparison of shock-wave and quasihydrostatic data for dry Mt, Helen
toff,
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Indiana, It is a calcite cemented stone
formed of shells and shell {fragments,

The rock is >90% CaCOj, having an average
dry bulk density of 2.28 Mg/m® and an
average saturated density of 2,46 Mg/m"®,
The measured porosity is 18% which im-
plies that within measurement errors all
pores are connected,

The gas~gun experiments on saturated
samples were carried out using the scheme
shown in Fig, 18, However, the relative
velocities of the two waves propagating in
the dry limestone samples required the
use of & thin projectile insert of PMMA
backed by low~density foam as the source
of unloading in order to complete the
loading before unloading reached the
downstream gage., Figure 21 gives some
typical wave profiles for dry samples.

The precursor wave is believed to be
associated with failure while the rela-
tively slow buildup to the Hugoniot state

is thought to be due to rate-dependent

pore collapse, The subsequent drop in
particle velocity is due to rarefaction

from the projectile side, Figure 22

gives comparisons of Hugoniot states

and the hydrostat.21
paths are also included, Figure 23 gives
this same comparison for saturated lime=-

Some unloading

stone and Fig. 24 includes the Hugoniot
states measured by SRI,

The results for both dry and saturated
Indiana limestone are quite different
from those for dry and saturated Mt,
Helen tuff, The dry limestone shock=~
loading paths remain above the hydrostat
for all stress levels (see Fig. 24), This
suggests the absence of s..ear-enhanced
compaction or the presence of some
competing effect, The two saturated
materials are also somewhat different

in behavior, The saturated limestone
produces non-steady wave profiles which,
25 Fig. 23 shows, give rise to loading
paths that lie above the hydrostat at low
stregses, However, the higher stress
data seeru to lie along the hydrostat,

Frozen Materials

The frozen materials studied, except
for polycrystalline ice, were obtained
from the U, S, Army Cold Regions Re-
search and Engineering Laboratory
(CRREL), Hanover, New Harpshire,

32 T T T
o Sgturated {LLL and SR}
8- 4Dry (LLLand SRI) _
[

0 0.4 0.8 1.2 Lé

Fig, 20, A comparison of shock-wave and
quasihydrostatic data for both dry
and saturated Mt, Helen tuff,
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} Loading wave
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=
0.08|—
f
Precursor wave
0 [ l I
0 2 [} 8 10
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Fig. 21. Particle-velocity time histories in dry Indiana limestone,

The polycrystalline samples were made
from large blocks of commercial ice,

The single-crystal samples, both a- and
c-axis griented, were obtained frem

Dr, ltagaki 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/m®
and an expected saturation density of

2,21 Mg/ma. The average sample density
was 2,08 Mg/ma. The second, Ottawa
banding sand, had a dry deansity of 1.65

Mg/ ma, a saturated density of 2,03 Mg/ ma,
and an average sample density of 2,03
Mg/ma. Porosity in both materials was
about 35%,

Experiments on single-cry..al samples
were conducted to measure the effect of
orientat on (i, e., shear strength) on the
behavior, Figure 25 shows the experi-
menta: 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 iso-
therm.”~ No orientation effects consistent
with experimental uncertainty were de-
tected, For more detail, see Ref, 23,



Figure ?8 gives typical wave profiles The non-steady behavior of the second

observed in samples of frozen soil, The wave is associated with transformation
precursor wave is associated with the kinetics, The separativa between the
onset of melting of the interstitial ice, hydrostat and the Hugoniot states is
] ]
© Hugoniot states /
4.0~ ~== Hydrostat / ~

3.2

GPa
~

m
~

P oro=—

Phose
transition

Q
0.8 /

~>-Unlcading states

0 4 |
0 0.1 0.2 0.3

y.=P/PO—~]

Fig., 22, Comparison of dynamic and quasihydrostatic data for dry Indiana limestone,
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T T T T probably due to strain-rate effects as-
Hydrostat i sociated with the transformation rather
_ & Hugoniot states than to shear stress, Figures 29-33
==Dynamic looding
3.0~ path =1 give the stress-volume data for poly-
‘e-c; | ] crystalline 1ce, and for the frozen soils,
1 Comparison of Figs, 26 and 28 show
o = the major difference between tke frozen
2 } soil and ice profiles to be the dispersion
g in the precursor wave, This difference
— is probably associated with different
4 transformation kinetics which result from
complex thermodynamics caused by two-
P L | component interactions in the frozen soils,
/] 0.06 0.12 0.18
v = p/po =1 SMALL-SCALE HE EXPERIMENTS
Fig, 23, Comparison of dynamic and

— GPo

oorP

quasihydrostatic data for sat-
urated Indiana limestone,
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Data from the various HE experiments
and the gas-gun experiments described
earlier were converted to particle-velocity
and stress~time histories using GANDALYF,
our interactive version of the SRI Lagrange-
Gage Code.24 The stress-time histories
were corrected for hysteresis in unload-
ing using the experimental results of
GinsbergB and algorithms developed by
Hearst, 3

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/ Ry > 10 (R‘J
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

At
post-shot time, the plate these gages were

that the gages were in free-flight,
Fig. 24, Comparison of shock-wave and
guasihydrostatic data for dry and

gsaturated Indiana limestone, attached to was recovered undamaged

-920-
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7
7
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South pole

Fig, 25, Schematic of the setup for the dynamic equation-of-state experiments with
ice samples, The temperature is maintained at -10 + 1°C by the controlled
circulation of cold Ng vapors through the cooling coil. The Plexiglas buffer
plate and vacuum plate are used to insulate the ice surfaces, The foil at the

PMMA ice interface records the input particle velocity,

record the particle-velocity history when the ice is first loaded and then un~
loaded as the shock waves rarefy at the free surface,

while plates on either side were broken.
This suggests spalling of the plate ai
the interface due to tensile failure

of the epoxy bonds holding the plates to-
gether, Figure 34 gives the decay of peak
particle-velocity as a function of scaled
distance, These data indicate a decay

.6

proportional to R-l for stresses above
approximately 0,7 GPa and R™12% below.

1n Fig. 36, time-of-arrival measurements

are used to calculate average shock
velocities between gages, These are
correlated with expected shock velocities
based on Bax-kex"s‘.I3 measured shock-
velocity — particle velocity results.

Blair Dolomite

Thehigh-explosive data for Blair dolo-

mite is shown in Table 2 and Figs. 37 and 38,

Figure 37 shows the particle-velocity-time

-21-
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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 -10°

isotherm,
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Fig. 28, Particle-velocity time histories in frozen West Lebanon glacial till,
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Fig, 29, A comparison of the -10°C isotherm and the Hugoniot states for polycrystai-

line ice,
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histories with the onset of the tensilc
part of the wave evident for R/R0 > 8.,
The compressive part of the wave
appears to be spreading with prop-
agation, The records at R/R of 3.4 and
6.05 show evidence of rate eifects cr pre-~
cursor development, However, the rec-
ords for R/RO > 8 show no such evidence
which is somewhat inconsistent with gas-
The decay of the peak particle
velocity with radius goes as approximately
R716, The value of particle-velocity and
stress at R/Ro =1 (i, e., the rock~-HE
interface) were determined by H, C,

gun data,

Westerly Granite

Table 3 gives a summary of the high-
explosive data obtained on Westerly gran-
ite, Typical profiles are shown in Fig,
38, These profiles show little spreading
with distance,
wave is shown by the stress record at
R/RO = 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

The onset of the tensile

a consistency between the two measure-

ment techniques, The rate of decay of

Rodean, The details are presented in the peak values in Westerly granite goes as
Appendix, R 15, This decay rate is somewhat
].2 L} T L ] L T Li ' ¥ T L , ¥ T T
- 4
© Final shock=loading states ,
1.0t ~
0.8 // / .
I Loadi ath E
g ng [« 5 / //
{ 0.6 / -
- | / // _
0.4 -
7/
[ yd 4
rd
0.2~ // Unloading paths -1
lce I — liquid
2 /frunsiﬁon |
1 1 1 | IR L I { ) ) L l f ’ 1
0 0.04 0.08 0.12 0.16
p=o/py~1

Fig. 30,
till,
experiments,

Shock~loading and unloading states for water-saturated frozen West Lebanon
The path to the Ice 1 —1liquid trans'tion point is the average for the five

-24-



2 o SR shock~wave state

% LLL shock=-wave state

6 -
&
V]
{
E - K
o
2
: -10°C isotherm
4 7]
[ T
]
fce I — liquid
20 transition —
x
- X x 4
x
x
ol | R ] 1 il
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
p= P/PO -1

Fig. 31. A comparison of the ~10°C isotherm and Hugoniot states for water-saturated
frozen West Lebanon glacial till.
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larger than expected, considering near-elastic

behavior in the gas-gun experiments.

Nuygget Sandstone

Data from the HE experiments on
Nugget sandstone are given in Table 4 and
in Figs, 42-44, The results at R/R, of
3.4 and 6,1 on two different experiments
disagree, The conclusion is that a sys-
ter.atic error occurred in one of these
experiments, and an additional experi-
ment is planned as a check, Figure 44
shows some of the particle-velocity time
histories, The loading wave shows little
spreading with distance.

Polycrystalline Salt
The HE experiments on polycrystalline

salt are summarized in Table 5 and

Figs, 45-47.
velocity data are fit with a single line

If all of the particle-

the decay is as R-Z’O. but if a line is fit
to the two experiments separately the
decay in each is R™18, 4 rit to the four
L7 additional

experiments will be conducted to resolve

stress points gives R~

this inconsistency.

For R/Rg > 6, the records show a
precursor developing and for R/ RO > 8,
the initial part of the tensile wave is
evident, The last three records (at
R/RD = 8,02, 10,69 and 14,70) show a
wave which appears to propagate with a
constant width,

Mt. Helen Tufl
The data on dry Mt, Helen Tuff are
given in Table 6 and in Figs, 48 and 49,

,.4 T T T j T T T T T T T I T T T l T ) v
: .
1.2 o Final loading states —
s 4
1.0 -
L R
Loading paths
o 0.8 ]
5 /
VT /
° 0.6~ / 1
0.4 7
Unloading path
0.2 fce T — liquid ke
transition |
0 | l 1 | 1 a1 L L 1 i Il 1 i
g g.04 0.08 0.12 0.16 0.20
p= P/Po -1
Fig. 32, Shock-wave loading and unloading states for water-saturated frozen Ottawa

banding sand,
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Table 1, Peak valucs of particle selocity -
(Cn) and times of asrsval (FOA)
for PAIMA,
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to slow cosiderably, Helow tus Stress
teveld, oac would cxprot acdr-clastic
behovior of the matrix material, & in
Vig, 50, gages at i, uo - 4 show o aeg-
ative particle velocity or a change ia
dircetion of particle motion, This is
associated with the arrival of the teasile
part of the ottgoing shock wave, Com-
parison of these waves for Y Ry > 8 in-
dicate that the compressive part of
the wave spreads in time as il atten-

uales.
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fear particle velocdivs for the
agillescale UE experiments s
Hlair dolamite,

Fig, 3%,

Table § and Piga, 48, 4% and 5] give
e $ata abtsded of szmples of saturated
A, Holen taft,
wacuu e xaturated and svhmerged in
The various

These samples were

2a¥ey for the exporiment,
plates were placed oac on tep of another
with water rather than epoxy used in the
interfaces,  The peak particle velocity,
sl 1 P, 36, decavs as ® -2

na Limustane

The HE experiments on Indiana lime~
stone were carricd out in the same way
a% for Mu Helen tuff, Tables 8 and 9 and
Figs, 52 and 53 give the peak values for
Lypreseatative profiles
are given in Figs, 54 and 55, These data
are similar to the Mt, Helen tuff except
for the precursor in the saturated lime-
stope shown it I'ig. 55,

The dry limestone, like the dry tuff,
shows a change in rate of decay. The

all experimoents,
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Fig, 39, Particle-velocity and stress-time histories for Westerly granite.
Table 3, Peak particle velocities and [T T LU “'q
peak stresses for Westerly | 4
granite,
5 . U, _ {peak)
Experiment o {peak) -
number Ry {cm) R/R (km/s) {GPa) 1 2 3
N ]
2 1,90 2,03 9,418 R g ]
1 1,90 2,03 G454 E ]
4 1.90 3.42 0,149 2,503 { | o 1
2 1,90 3.43 0,167 2,201 [ 8
> s}
4 1,90 6,12 0,091 1.314 -1 a .
2 1.90 6.13 9,084 1.278 10 g 3
0,082 o ]
1 0.95 799 0.05 0.750 [ o ]
3 0.95 8,02 0,672 L o E
1 0.95 10,79 0,138 L g :
3 0,95 10,82 0,032 0,435 2
1 0.95 14,86 0,019 0.273 10 el [N RT)
] 10 102
3 0.95 15,11 0.020 0,250
5 1.90 2,01 0,455 R/Ro
5 1,90 3,03 0,213° 2,62 :
5 1.90 3.83 0.148 1.97 Fig, 40. Peak particle velocities for
s 1.80 5.17 0.110 153 Westerly granite from the small-

scale HE experiments,
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Fig, 42, Peak particle velocities for

Nugget sandstone from the
small-scale HE experiments.

The saturated data appear to fit a decay

R -1,
law between K% and 71 , hut incon-

sistent data at R "0 £ have made ad-

ditional experimeats necessary,

Frozen Maicrials

The data from the BE cxperimeats on
pulycrystalline ice and the wwo frozen
soils are given in Tables 10-12 and Figs,

Table 4, Peai particle veloeities, peak

stresses,; and times of arpival
for Nugge!l sandstone,

- U (peak)
Experiment [3 o prak TOA
number  Bo €M BRI, Goia (GPa) e
1 1,90 2,04 0481 3,66
114 1.90 341 0,202 2,16 5,96
114 1.90 6,12 0,086 1,05 19,08
0,088
106 1,90 145 0,160 3,67
0,152
106 basv B.1y 0,069 0,91
107 0,95 8,05 0,046
107 0,85 10,81 0,0275 0,36
107 095 1487 00144 0,17
k ™ T T |||I T T TT7T7T
L ]
10k -
& X ]
Q
] L a
b
a ]
Q ]
o i
o 1
10" I coagd A N
2
1 10 10
R,
R/Ry
Fig., 43. Peak stresses for Nugget sand-

stone from the small-scale HE
experiments,
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Fig. 44. Particle-velocity time histories for Nugget sandstone,
56-59, Figure 56 compares the peak while Figs. 57-53 give typical particle-

particle velocity at various scaled radii

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

. U_ (peak}
e L
116 1,90 2.03 0,608 5,37
3,36 0,254 1,839 8,20
6.06  0.0845 20,10
6,06 00815 19.96
117 0,95 8,02  0,0365 0.352 18,25
0.0373
10.69  0,0208 0,210 25,35
0,0204
14,70 0,016 0.136  33.35
0.0113
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velocity time histories at various points
within the material, These experiments
were conducted at =10 + 2°C,

From Fig, 56, the soils indicate a
However, poly-
crystalline ice decays as R 1-5, 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
A

decay rate as R-2.0.

to phase transformation kinetics.
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Fig, 15, 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-
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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 the
phase transformation,
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Table 6, Peak particle velocities, peai
stresses, and times of arrival
for the small~scale HE experi-
ments onr dry Mt, Helen tuff,

Tubl. 7, Peak particle velocities, peak
r2sses, andtimes of arrival in
- small-scale HF. experiments
ou saturated Mt, Heler tuff.

. . 4 (peak)
Experiment R, (cm} “/“u P a (peak}) TOA

number {km/s) {GPa) {us}
84 1,90 2,00 0,405 0.03 8,75
84 1,90 3.31  0.132 0,365 18,00
75 1,90 4,57 0,050 29,00
75 1,90 594 0,025 38,00
84 1,90 5,96  0.0285 31.00
85 0.95 4.21 00132 48,00
85 0,95 10,94 0,0083 0,022 38,0
85 0,95 14,87 0.0063 0,016 52,0
o rrrerel l L) LA ||_
o Saturated
4 Dry
10 ~3
o 3
B ]
o 1
o
a 5 3
(&) - ° E
| i 1
© o a ]
[
-1
10 |- -
- ]
[ ]
L a A
a
]0-2 IR R [ IR N
1 10 10°
R/K
70

Fig. 48, Peak siresses from the srmall-
scale experiments in Mt, Helen
tuff,
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Up {peak)

Experiment RIR a (f -ak} TOA

number ¢ rmfa) (GYa) {us)
1.0 2,04 0.527 5.2
1,90 3.39 0,185 0,70 14.4
1,90 6,07 0.065 0,250 35.6
0.95 8.08 0,0294 19.9
0.95 8.06 0,0284 19.8
0.95 10.80 0.022 30.1
0.95 10.80 0,020 29.8
0.95 14,85 0,014 45,0

T T YT LRI S

© Saturated ]

2 Dry ]

11— —

L o J

a

4]
o
@©

[
=]

I1IT|TI

&
=PI T T
-
b
< >
>
"EMIJI bucerg { M
Y

10

3
(=]

Fig, 49, Peak pax.icle velocities from
the small-scale HE erperiments
in Mt, Helen tuff,
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Fig, 50, Particle~velocity time histories in dry Mt, Helen tuff.
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Table 8, Peak particle velocities, peak Table 9, Peak particle velocities, peak

stresses, and times of arrival stresses, and times of arrival
for dry Indiana limestone, for saturated Indiana limestone,
. U_ {peak) N " U_ (peak)
Experimcent p o (peak) TOA Experiment P o (peak}
number Rg fem)  R/R, (km/s) (GPal (us) number R0 {em) R/ RD (km/s) (GpPa)
102 1,90 2,62 0.283 2.76 113 1,80 2.01 0,406
0,297
104 1.80 2,03 0,387
339 0,106 10,00
0104 0.378
6.07  0.022 18,51 113 1.90 3.38 0,165
0,023 104 1.90 3.40 0,160
103 0,95 8.02 0.011 0,100 12,28 0,160
10,82 0,0069 0.05¢ 18,15 113 1,90 6.07  0.052 0,350
1467 0,0041 0,036 26,44 0.051
104 1.90 6.07 0.280
105 0,95 8,03 0,016(?) 0.153
114 0,95 8,03  o0.018 0.183
105 0.95 10,77 0.0115 0.126
114 0.95 10,74 0,0138
105 0.95 14,83 0.0030
na 0,95 14,79 0.0088
0.0082
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Fig. 52, Peak stresses from small-~scale Fig. 53. Peak particle velocities from
HE experiments on Indiana lime- small-scale HE experiments on
stone, Indiana limestone,
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Fig. 54.

Time ~— s

Particle-velocity time histories for dry Indiana limestone,
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Table 10,

Peak particle velocity for the
small=scale H-2 experiments
in poelyerystalline e,

U tpeak)

Table 12,

Peak particle svelociticos from,
the small-scale H) experi-
ments vn frozens West Lebanon
glacial till,

Experiment . .
number Ry tem) R/R, (km/s)
87 1,90 2,05 0,583
0.582
71 1.90 2,65 0,22
0,21
8% 1.90 3.39 0,226
0,231
74 1.90 2.63 2 0,335
peaksl0,37
74 1.90 5,26 0,12
0.11
87 1.90 6,04 0.101
0,103
88 0.95 8.06 0.062
0,062
0.95 10.59 0.040
0,040
0.95 14,44 0.026
0.027

Table 11,

Peak particle velocitics for the
small-scale experiments in
frozen Ottawa banding sand,

. . U_ (peak)
Experiment

number Ry tem) R/R, (km/ s}
78 1,90 1,02 0.109
0.111
80 1.90 4,02 0,117
0.108
18 1.90 5.40 0,066
C, 064
50 1,30 5,40 0,068
0,066
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. U_ (peak)
Experiment R P
number Ry lem) R/ "0 kin/s)
83 1,90 3.11 1,61
1,61
83 1,90 1.82 0.080
0.078
81 0.95 8,07 0,027
81 0.95 10,92 0.016
0.013
81 0,95 13,73 0,0088
0.0077
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Fig. 36, Pcak particle velocitivs for the

frozen materials,
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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 PAMA -~
acoustic, gas-gun and spherical HII —
appear to be consistent, This agreement
for the test material provides the desired
confidence in the techniques, The ap-
parent linmiting decay (i, e., R~1'25) is
considerably higher than the cxpected
r!
in the farfield, However, the data only
extends to approximately 0.1 GPa, This,

for a spherical steady elastic wave

coupled with the visco-clastic behavior
of PAMMA, 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,
R_l"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 profis. s 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 e:qwrience,6 the
decay rate of peak particle velocity as
R™1+6 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 R 18, 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
Jimestone, in the HE experiments is
similar,
R-Z,S

failure is reached, The data beyond this
5 1.6

Both decay as approximately
until a stress equivalent to matrix

radius siggest 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/ Ry 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-l's. 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
decay as R™1*?. 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-

mately 0.1 GPa, Strain-rate effects
apparently associated with this trans-
formation cause a large hysteresis loop
in the loading-unloading cycle which in
turn causes a decay in peak particle
velocity proportional to R™“", This
would suggest that frozen saturated soils
are somewhat weaker couplers than
saturated soils, and also suggests that
partially saturated frozen soils may be
even weaker couplers,

When all these results are considered
together, they suggest that porosity and
material strength, especially the cement-
ing of the matrix, are closely tied in
determining the effective elastic radius
for a spherical source and thus the rel-
ative coupling, They suggest that two-
component inte: action plays an important
role in attenuation of peak values and in
They also
suggest the importance of phase trans-
formations, microcracks and grain
boundary effects in establishing a proper

the shape of wave profiles,

coupling model,
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Appendix
Conditions at the HE-Test Material Interface

No measurements were made at the interface between the high-explosive and t'.e
test material, but it is possible to calculate values for the peak radial stress and peak
particle velocity at this location, There is generally an impedance mismatch between
the detonating HE and the test material so the detonation wave parameter of radial
stress and particie velocity are usually modified at the interface, A shock wave is
always transmitted into the test material, but the stress wave reflected into the HE
may be either a shock or a rarefaction wave., The solution of this problem is nutlined
in two books, * 19472 and is presented in more detail in two papers, ™34
The equations for mass and momentum conservation across the detonation wave

in the HE are

PoPx1 = Px1Dyy ~ Uyy) s (a-n)
) - A=-2
PxoPxV%x1 Fx1 ™ Fo- (a-2)
The relations for the conditions immediately behind the detonation wave are
D1 = U * G (A-3)
2 _t =
P11 T Y1 P (a-4)
where :( is the effective sentropic exponent""'-5
¥ - (21nP/8lap) = (3H/3E) . (A-5)
From Egs. (A-1)-{A-4) with P_, >> P,
C.i =7 U (A-6
x1 ~ YxlVx1 " }

The mass and momentu.1 conservation equations for the shock wave transmitted into

the test material areA—

(Dml - tml)l {A-7)

PD . (A-8)

meDml * Pmi

D .U

! =
PraoPmiln 1 ° F

ml
The boundary conditions for the transmitted shock wave in the test material and the
reflected wave in the Hi! are

Uz " Vmn (a-9)

sz : 1:,m.l : {A-10)




Assuming a shock wave is reflected into the HE, the equations for conservation

of mass and momentum are’> 474
pxl(Dx2 +L.,\cl) = pr(Dx'.’. +U.\;2)' (a-11)
pxlfDxZ * le)(uxl - Ux2) ® Px2 - le : (5-12)

1t follows from Eqgs, (A~2), (A-8)-{A-10) and (A-12) that Pml > le if meDm! > prDxl‘
From the definition of the ratio of the enthalpy change to the internal energy change

A-6
across a shock wave,

v={H,~HJ)(E,-E ) (A-13)
and the Hugoniot relations for enthalpy and internal energy, the following relation may

be derived:

(A~14)

The following relation is obtained ..om Egs, (A-11), (A-12) and (A- 14)A-4:

2 " 2 2 % ;
(sz) P 24 (TI + 1) pxIle) (1 - sz) ., +1- (1 - 1)(px1Lxl)(1 - Ux2) -a
e — o———t— — ~ 5 T
P, P, /P, Tl | A T,

1 X x 1.
(A-13)
. . - . A~3,A~4
For a rarefaction wave reflected into the high explosive,
Px1
sz - le =f depx/px (A-16)
Pyo
and

PulPyy = oyl pgy)” (a-17)

which is the integral of Eq, {A-5) assuming -*y is constant, Equatiuns (A-4), (A-6),
(A-16) and (A-17) are combined to give

+
s
2+
sz 2* sz i
U——=1+7—7—[1- =) | (A-18)
x1 y-1 x1

It follows from Eqs, (A-2), {A-B)-(A-10) and (A-18) that le > Px2 if prDxl > meDmI'

From Eqs, (A-2), A-8) and the linear relation between shock and particle veloc-
T . A-1,A-2
ities in condensed materials,

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

spmdxl mla , _ml (a-20)

Equations (A-15) and (A-18) define the reflected shock and reflected rarefaction
wave conditions, respectively, on the HE side of the interface, The transmitted shock-
wave conditions on the test material side of the interface are defined by Eq. (A-20),
The intersection of the curve defined by Eq, (A-20) with either the curve defined by
Eq. (A-15) or that by Eq. (A-18) gives the desired solution. The solations for the test
materials which are illustrated in Fig, A-1 and listed in Table A-3 were obtained by
means of these three equations and the data given in Tables A~1 and A-2,

10 T T T LR B A | T T i i1 T T
2 n
Eq. (15) for rsflected shock in HE Eq. (18) for reflected rarefaction in HE |
: Sat. {imestone 5
- Granite, sandstone, dry fime~
stone, salt
- h
WLGT
0-' 1 1 § A T
0.1 1.0 10

UxZ/le or Uml/Ux]
Fig. A-1, Solutions for HE-test interface conditions,
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Table A-1, Properties of the explosive LX-04,

From Kef, A-7:  p_g = L85 Mg/m®
D, = 8.46 km/s
le = 33 GPa {(calculated) and 35 GPa {measured)
3 | = 2.936
From Eq, (A-2) with P >> P and using P, = §(3.3 + 3.5)10 GPa:
U,, = 2,16 km/s
x1 3
From Eq. (A-i): p_, = 2.5 Mg/m

x1
From Eq. (A-3): C,; = 6.30km/s
From Eq, (A-4): ';xl = 2,918, which is approximately equal to the value given in

Ref, A-T7,

Table A-2, Properties of test materials,

Material oo (Me/m) a (km/s) b

Ice 0.917 0.85 1.565
West Lebanon glacial till 2.10 2,32 1,50
Ottawa banding sand 2,00 2,43 1,31
Salt 2,13 3.43 1.44
Westerly granite 2,65 2,10 1,63
Nugget sandstone 2,55 2,40 1.65
Mt, Helen tuff

Dry 1.47 0.90 1.49

Saturated 1,84 2,17 1.50
Indiana limestone

Dry 2,28 1,70 2,17

Saturated 2,48 2,75 1.89
Blair dolomite 2,84 4.90% 1.30%

2From Ref. A-8.
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Table A-3, Calculated conditions at the HE — test material interface,

Material ¥ km/s) P _, (GPa)

lee 3.35 18.6

. West Lebanon glacial till (WLGT) 2,40 30.1 f
‘ Ottawa banding sand (OWS) 2,51 28,6 :
Salt 2,27 32.4 i

Westerly granite 2,21 33,5 {

Nugget sandstone 2,22 33,2 }

M:, Helen tuft !

: Dry 2.94 22,8 i
Saturated 2,56 28,3 {

Indiana limestone ;

Dry 2,94 22,8 !

Saturated 2,56 28.3 i

Blair dolomite 1.87 38,9 i

i

J
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