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Abstract

The responses of the following carbonate materials to shock loading and release have been
measured: Indiana limestone (18% porosity; saturated and dry), Jeffersonville/Louisville
Limestones (Fort Knox limestone) (variable dolomitization, low porosity), Danby Marble
(essentially pure calcite; low porosity), and a limestone from the Utah Test and Trainig
Range (low porosity, with 22% silica). Various experimental configurations were used,
some optimized to yield detailed waveform information, others to yield a clean combina-
tion of Hugoniot states and release paths. All made use of velocity interferometry as a pri-
mary diagnostic. The stress range of 0 - 20 GPa was probed (in most cases, emphasizing
the stress range O - 10 GPa). The primary physical processes observed in this stress
regime were material strength, porosity, and polymorphic phase transitions between the
CaCOj phases L, II, IIT and VI. Hydration was also a significant reaction under certain
conditions. The Indiana Limestone studies in particular represent a significant addition to
the low-pressure database for porous limestone. Temperature dependence and the effect of
freezing were assessed for the Fort Knox limestone. Experimental parameters and
detailed results are provided for the 42 impact tests in this series.
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Introduction

Dynamic properties of Indiana, Fort Knox
and Utah Test Range Limestones and
Danby Marble Over the Stress Range 1 to
20 GPa

1.0 Introduction

1.1 Motivation

Significant fractions of the crust of the earth are composed of carbonate mineralogies,
largely because of the action of living organisms through geologic time. Consequently the
response of many parts of the crust to dynamic events is dominated by that of such miner-
als as calcite (CaCOg), dolomite (CaMg(CO3),), aragonite (CaCOs) and magnesite
(MgCO3) (roughly in descending order of abundance).

The present study provides Hugoniot, loading, and (more significantly) release informa-
tion for rocks composed of these mineralogies. Data are presented which are useful for
modeling groundshock and related dynamic phenomena in carbonate rockmasses.
Although most of the materials studied were composed dominantly of calcite, some infor-
mation pertinent to dolomite mineralogies is presented as well.

1.2 What has gone before

Calcite and related mineralogies have been subjects of experimental studies and theoreti-
cal studies for more than 25 years. A few representative studies are mentioned here.

Kerley [1989a] has constructed a pseudo-equilibrium model for calcium carbonate includ-
ing a treatment of solid-solid interactions and melting. The thermodynamic properties of
each of the four solid polymorphs are calculated from the ion-ion interactions and lattice
vibrational motion, while those of the fluid phase are calculated using fluid perturbation
theory. Phase boundaries in pressure - temperature space are then evaluated by minimizing
the Gibbs free energy. Agreement with experimentally determined boundaries is achieved
by introducing energy shifts for the respective phases. The resulting phase diagram,
shown in Fig. 1-1, illustrates the relations of the four calcite phases of primary concern in
this paper, labelled as CaCO3 1, I1, I1I and VI.

CaCO3 1, or calcite, is rhombohedral [e.g. Hurlbut and Klein, 1977], with an ambient den-
sity of 2.71 gm/cm3. It is stable under ambient conditions. Aragonite, an orthorhombic
phase which is stable under stresses of 0.1 - 0.3 GPa at room temperature [Bell and
England, 1964], is also found under ambient conditions (pearls, for example, are arago-
nite). Its ambient density is 2.93 gm/cm?. Kerley [1989a] equates CaCO3 VI with arago-
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Fig. 1-1. Phase diagram of CaCOg, adapted from Kerley [1989],
representing a pseudo-equilibrium model

except for a fixed energy shift. CaCO5 II and III are intermediate phases with monoclinic
structures (P2 or P2, for CaCO; I and C2, Cc or C2/c for CaCO5 III [Merrill and Bassett,
1972, 1975]. They have no field of stability under equilibrium conditions, but are
observed under both static and dynamic conditions [Carlson, 1983].

Fully dense calcite exhibits signatures of transitions amongst the phases mentioned above.
Two impact studies by Grady et al [1976a, 1978, 1983] used velocity interferometry diag-
nostics to measure the waveforms of shock/release cycles propagated through calcite,
Blair dolomite, Oakhall limestone and Vermont marble. All of the samples were of very
low porosity (¢ > 0.5%). Over the stress range 0 - 4 GPa, both loading and rarefaction
shocks were found in the calcite mineralogies. These appear to be related to transitions
among the CaCO; 1, 11, and III set of structures.The dolomite samples did not show such
marked rarefaction shocks, and the precursors were overrun at lower stress levels (consis-
tent with smaller volume changes amongst the responsible transitions than for the analo-
gous calcite transitions). The dolomite samples, however, showed a more marked rate
dependence below their yield stress (about 2.5 GPa) than did the calcite samples [Grady et
al, 1976b], a phenomenon attributed to rate dependent friction in previously closed cracks.
A higher-stress (11 - 26 GPa) set of experiments performed by Grady et al. [1986] on Z-
cut Iceland Spar calcite showed marked rarefaction shocks, consistent with the CaCOj4
VI— HI transition.

Impact experiments over the range 0 - 40 GPa were conducted on C-cut aragonite
(CaCO3) by Vizgirda and Ahrens [1987]. These experiments used streak camera/tilt mir-
ror diagnostics, providing precursor, Hugoniot and fully released states. They observed a
phase transition on loading at between 5.5 and 7.6 GPa, with the Hugoniot approaching
that of calcite at stresses over 10 GPa, suggesting that CaCO3 VI might not be aragonite.

Static stress studies have been performed on the CaCOj5 system by several workers. Of

12




Introduction

particular note for purposes of the present study, Singh and Kennedy [1974] used a piston-
cylinder apparatus to measure calcite compressibility to 4 GPa, producing stress - volume
curves for CaCOj3 I, I and I11.

Porosity introduces additional phenomena to static and dynamic compression behavior.
Heard et al [1974] compressed porous Indiana limestone (14% interconnected porosity) to
1.4 GPa (hydrostatic conditions) and 3.9 GPa (nearly hydrostatic conditions). Dry, 50%
saturated and 100% saturated samples were tested. Although a transition beginning at 1.15
GPa was observed (probably CaCO3 I — II), effects related to the porosity and water con-
tent were important. For example, a second transition near 2 GPa is likely to have been
due to transitions in both CaCOj3 and water. Also, the irreversible 3% volume loss experi-
enced for the saturated samples compressed to >2 GPa may be due to a combination of
pore crushing (incompletely saturated occluded pores) and unrecovered phase transition.

The Hugoniot experiments of Kalashnikov [1973] surveyed the stress region 1 - 120 GPa
for a variety of initial densities and compositions. Calcite, dolomite, magnesite and chalk
were used as starting materials. The CaCOj portion of his results is summarized in Fig. 1-
2. For stress levels above about 10 GPa, linear U/U, relations provide a good description
of these materials. At such stress levels, the effect of porosity is to introduce an offset to
the pressure-particle velocity Hugoniots. Porosity-related thermal offsets in the pressure-
density plane suggest that the Griineisen vy is important.

Prior to the present study, releases from low pressure (less than 10 GPa) shock waves had
only been measured for extremely low-porosity materials (porosity ¢ < 0.5%) and only
over the range 0 - 4 GPa. Geotechnical applications require measurements of releases for
material with porosity in the 10-20% range; only Murri et al. [1975] report release data for
such material. Their experiments were limited to shock states in the range 11 - 31 GPa.
One goal of the present study was to provide Hugoniot and release states for 18% porous

100
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@ & 60 & 60
€ 12 1S
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20 20
i 1 1 L o J 1 I I I o sl : L
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Fig. 1-2. CaCOj5 shock velocity - particle velocity results of Kalashnikov [1973],
superposed on PANDA models of Kerley [1989].
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limestone shocked to pressures in the 1 - 10 GPa range.

Water/calcite reactions may form CaCO3-6H,O (mineral name ikaite) from calcite, arago-
nite and water under stresses above 0.6 GPa at room temperature [VanValkenburg et al,
1971; Marland, 1975]. Ikaite is approximately 20% denser than the corresponding calcite
and water combination in its stability field; its formation is expected to have a significant
effect on the compression curves of water/calcite mixtures. The material is a named min-
eral because of natural occurrences in a Greenland fjord where temperatures are suffi-
ciently low that the stability field of ikaite is reached. A significant question addressed in
this study is whether such a reaction can occur rapidly enough to affect shock properties.

1.3 Scope of this study

This study focuses on several of the physical properties measurements required to con-
strain groundshock calculations. The properties assessed in parts of this work include:

* Hugoniot measurements and release paths of water-saturated and dry mod-
erately porous limestone

* Hugoniot measurements and release paths of a low porosity marble

* Precursors and loading structure (dependence on dolomitization, porosity)

» Effect of temperature (frozen vs. ambient) on dynamic properties

* Whether hydration reactions occur on a microsecond timescale in water/cal-

cite combinations

A variety of carbonate materials have been studied in the course of this work. They are
assembled into a single report as dynamical properties measurements on carbonate materi-
als using a common set of experimental methods. A summary of the tests conducted is

presented in Table 1.1. Detailed descriptions of the samples will be presented in the
respective sections.

Table 1.1. Dynamical Properties Test Series Conducted on Carbonate Rocks

Series Stress  Experimental Comments
(Shot designators) (GPa) Suite!
Indiana Limestone 1-12 17RB,4FB 18% porosity. 9 dry, 15 wet. Very
(ILS; DLS) good data. Bedford quarry, Indiana

Limestone (JL) 4-20GPa 9FB;1RB Saturated. Compare EOS of frozen
and warm Ft. Knox limestones
UTP Boring CB-7, 601.2-602.3 ft.;
642.3-642 .9 ft. for Louisville Fm.;
523.2-523.45 ft. for Jeffersonville Fm

1. RB = reverse-ballistics; FB = forward-ballistics (see Section 2)

14
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Table 1.1. Dynamical Properties Test Series Conducted on Carbonate Rocks (Cont’d)

Series Stress  Experimental Comments
(Shot designators) (GPa) Suite
Marble (DM) 10-100 2FB;4RB  Assess precursor and EOS. Dry
Samples of Montclair Danby,
Vermont Marble, Proctor, VT
UTTR Limestone 2-10 5FB Low porosity. CM02 drill hole
(UT) (118 4.2-7.37).

Density ~2.67 gm/cm3.
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2.0 Experimental Techniques

The present section contains a brief review of the experimental techniques used for
dynamic materials properties measurements on carbonate materials. More detailed discus-
sions of wave interactions, data reduction methods and uncertainties may be found in Fur-
nish [1993a, b] and Grady and Furnish [1988]. Details of data reduction methods will be
presented where appropriate in the remainder of this report.

The overall field of material properties measurements under high strain-rate loading and
unloading has advanced greatly in recent years. Time-resolved interferometry techniques
[Barker and Hollenbach, 1971; Chhabildas, 1987] have proved invaluable for measuring
shock wave structures. In addition to Hugoniot data, it has become possible to obtain
information about yield strengths, shock viscosity, release trajectories, multiwave struc-
tures, spall properties and the strength of materials in the shocked state [Davison and Gra-
ham, 1979]. Techniques have been developed to determine the dynamic material
properties at strain rates of 10° to 1019 sec™! at stresses ranging from less than 1 GPa to
about 250 GPa. In particular, rate-dependent effects and release hystereses can be charac-
terized [Furnish et al, 1992]. These sets of data are crucial in evaluating strain-rate-depen-
dent viscoplastic or viscoelastic material models.

2.1 Considerations for impact studies of geological materials

The impact characterization of geological materials poses special challenges. Most impor-
tantly, samples are likely to contain heterogeneities (mm or larger scale). These affect
experiments in several ways. Often a buffer must be used between the sample and the
diagnostic to protect the diagnostic from the effects of an uneven shock, as well as to aver-
age a signal passed through the heterogeneous sample. Samples must be selected with an
eye toward having results represent the bulk of the available material, but at the same time
the samples must be uniform enough to allow a meaningful experiment (restrictions which
may be difficult to simultaneously satisfy). Sample selection generally favors the most
homogeneous and competent samples, and as such may bias the results of any dynamic
study of these materials.

The effects of heterogeneities are more important at lower pressures. As interest shifts
from groundshock behavior at high stress levels (6 > 100 kb) to groundshock behavior in
the stress region only slightly above the elastic limit (¢ ~ 1 kbar), both small-scale inho-
mogeneities such as selectively altered crystals and large-scale inhomogeneities such as
joint systems become important.

Often water is an important component of the material of interest. When it is, the experi-
ment may need to isolate the sample from vacuum, and possibly from gauges or reflective
films as well. The sample may need to be machined without being allowed to dry. If the
sample location is above the water table, the sample may be partially saturated. Such par-
tial saturations are extremely difficult to maintain, and the only practical avenue may be to
choose an end-member saturation for the tests.

16




Experimental Techniques

Other important experimental considerations for natural samples may include a need to
preserve volatiles content (especially water), friability of a specimen rendering difficult its
fabrication into a usable gas-gun sample, and whether the sample can withstand the kilo-
gravity to megagravity environment of a gun launch without damage.

2.2 Experimental configurations of interest

2.2.1 Forward ballistic (transmitted wave) configuration

In the most generally usable configuration for gas-gun testing, the sample is placed in the
target (Fig. 2-1). This configuration is especially appropriate for measuring loading wave

Gun Barrel - Velocity of
this spot is
monitored

Velocity and w
\Buffer (optional)
To VISAR
— Window
_ (LiF, Sapphire,
4 Flush Pins  fysed SiO2
Aluminum or PMMA)
Target Fixture
Impactor Sample
Foam (e.g. aluminum)
or void
Impact
Surface ]
4 { Sample Window '}
j=3
Wave § = Obser_ved
Interactions |5 é ‘é ;/Iqlocuy
£ £ E istory
Load g
oading & (b)\
.......... \\“
Release \ -
+ "0

: Distance (Lagrangian) Observed VeloT?ity

Figure 2-1. Forward Ballistic Configuration

(a) Release or reshock from sample/buffer interface
(b) Reshock(s) from sample/cup/impactor interfaces
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profiles, Hugoniot states and strength properties (Hugoniot Elastic Limit for loading, the
strength at the Hugoniot state, and the tensile or spall strength). If a window material can
be chosen which is an approximate shock impedance match for the sample (such as Z-cut
sapphire for iron, or lithium fluoride for slate or granite), a continuous release path may be
measured; otherwise the pressure and particle velocity of a single point on the release (or
reshock) of the sample may be determined. If a window material is chosen which has a
much lower shock impedance than does the sample, spall properties of the sample may be
measured as well as Hugoniot properties.

Analysis of the velocity profile from such a test consists of determining the precursor and
Hugoniot states from the transit time across the sample (hence velocity of the observed
waves), then extracting available release or spall information [Furnish, 1993a]. If the win-
dow is a fairly close impedance match to the sample and the waveforms entering and leav-
ing the sample are known (easiest if no buffer is used), Lagrangian integration of the wave
velocities yields a table relating stress, strain, time, shock velocity and wave velocity [Fur-
nish, 1992]. For many materials, the strain rate during loading varies approximately as the
fourth power of the Hugoniot stress [Swegle and Grady, 1985]. If buffers are used, wave-
code modeling of the experiment to match the observed waveform may yield the pressure-
volume path, although this procedure is somewhat more laborious. If the window is a poor
impedance match for the sample, the average amplitude of the waveform “plateau” may be
used with the Hugoniot of the window to calculate a single partial release or reshock state
of the sample. Finally, if the sample has spalled, the amplitude of the pull-back signal may
yield the spall strength of the sample [Chhabildas, et al, 1990].

2.2.2 Reverse ballistic configuration

For conditions where a window matching the shock impedance of the sample cannot be
found, Hugoniot and continuous release paths may be measured using the geometry shown
in Figure 2-2. Wave interactions and a typical velocity history are indicated. This configu-
ration, called “reverse-ballistic,” has been used extensively for measuring Hugoniot and re-
lease properties of rocks and grouts. It may be used with water-saturated samples (as may
the forward-ballistic configuration). It does not give any information about loading charac-
teristics, such as precursors and material strength, and in fact may give misleading results
if incorrect assumptions about these quantities are made [Furnish, 1993a]. Under certain
conditions, however, a family of such tests can be used to determine precursor conditions.
It is normally most useful if the dynamic strength of the material is small compared to the
Hugoniot stress.

The wave interactions for this type of test are presented in Figure 2-3 in a perspective for-
mat which may further clarify them for the interested reader. Interface motion as a function
of time is shown by the dashed lines, although the scale is too coarse to indicate the details
of a velocity vs. time profile. It is worthwhile bearing in mind that the aluminum/lithium
fluoride interface is the location monitored by velocity interferometry. Note especially that
the sample is subjected to a simple load/unload cycle (contrary to the suggestion from the
velocity profile that two plateau states are reached).
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Figure 2-2. Reverse Ballistic Configuration

2.3 Strengths and limitations of gun impact tests for EOS
measurements

Let us make several general comments about gas-gun tests (where the term “gas gun” here
includes powder guns and 2-stage light gas guns as well as compressed-gas guns). Funda-
mentally these tests are uniaxial tests of hand-specimen-sized samples. As such, they can-
not readily assess large-scale properties of heterogeneous bodies, nor can they directly
assess the effects of wave divergence (such as the role of hoop stresses in reducing mean
stress and causing pullback). Various studies have been performed to assess the roles of het-
erogeneities, generally aimed to model or observe a system with one or a few simple struc-
tures, although the behavior of families of these features under high strain rates remains
unclear (but of considerable importance for stresses near the elastic limit of these materi-
als).
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Figure 2-3. Wave interaction profile perspective for test ILS-3 (see
Section 3). Stress as a function of time and position calculated by
WONDY V Lagrangian finite-element wavecode (see Section 3).

Wave divergence effects may be assessed with actual divergent wave environments. While
such environments can be produced from impact experiments (e.g. propagating a shock
along a rod), the more traditional divergent wave experiments (exploding wire or point
charge) may allow a more straightforward relation to physical systems of interest.

On the other hand, gas-gun tests conducted to separate shear and longitudinal properties
may be useful experiments for benchmarking individual parameters in material models for
calculating nonplanar wave behavior. These tests normally require generating a plane shear
wave by a tilt-impact or anisotropic shock-processing material (e.g. Y-cut quartz), then cou-
pling this wave into the sample and out at the other side. For geologic materials, this cou- N
pling is difficult and hard to ascertain. When such experiments can be made to work, they
can constrain a large set of physical parameters describing the dynamic behavior of the ma-
terial [Aidun and Gupta, 1989]. They are able, as well, to separate volume effects (such as
phase transitions) from strength- and Poisson’s ratio- effects such as the Hugoniot elastic
limit and strength effects upon release. These effects generally cannot be separated in a sim-
ple longitudinal wave impact experiment.
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Stresses are limited by the ability of window materials to remain transparent. The most
common window materials in use, and their useful stress limits, are lithium fluoride (160
GPa +) [Wise and Chhabildas, 1985], Z-cut sapphire (elastic to 14 GPa; may recover trans-
parency above 50 - 60 GPa) [Barker and Hollenbach, 1970], PMMA (20 GPa; has vis-
coelastic behavior) [Schuler and Nunziato, 1975], and fused silica (8 GPa; produces ramp
wave below 3 GPa) [Barker and Hollenbach, 1970]. At low stress ranges (1 - 3 GPa), lith-
tum fluoride is slightly affected by its elastic-plastic transition.

Within these constraints, gas gun tests are able to produce a wide range of materials prop-
erties data for materials undergoing high strain-rate deformation.

In summary, the waveform shown in Fig. 2-4 illustrates representative properties which can
be obtained for metallic or stony geological materials (represented here for a forward-bal-
listic test).

High-Pressure Elasticity,
Longitudinal Sound Speed
Cyclic Loading,
Dissipation

Plastic Modulus
=> Hugoniot State

Phase Transition

Bulk Release
Plastic Modulus = OP/OV
(Shock Velocity)
Spall

Strength

Interface velocity

Hugoniot
Elastic

Limit %
=> Loading
Strength

Post-Yield

Flow

Elastic wave velocity
=> Elastic Modulus

Time after impact

Figure 2-4. Correspondence Between Wave Features and Physical Properties




3.0 Indiana Limestone

3.1 Materials studied

3.1.1 Characterization

A large machined sample of limestone from the Bedford, Indiana quarries supplied the
material for this study. It was obtained from Don Larson of Lawrence Livermore Labora-
tories, and is similar to the samples utilized in his [1988] studies of spherical shocks intro-
duced by small charges. In general, this material is a high quality, fine-grained, uniform,
nearly pure calcite limestone with about 18% porosity.

Helium pynchnometry and mercury porosimetry measurements were performed by Quan-
tachrome Corp. to measure grain densities and pore size distributions, respectively. The
helium pynchnometry exgeriments yielded grain densities of 2.70 gm/cm3 , close to that of
pure calcite (2.71 gm/cm~). Mercury porosimetry techniques were also applied. Intrusion
pressures of 25 PSIA to 5980 PSIA were applied, with intruded volumes of mercury mea-
sured as a function of intrusion pressure. A wetting angle of 140° was measured; these
intrusion pressures were accordingly calculated to correspond to 4.27 um (25 PSIA) to
17.8 nm (5980 PSIA). In the sample tested, approximately 50% of the pore volume
occurred in 2pores of less than 330 nm diameter, and the total measured pore surface area
was 0.72 m%/gm (~1.6-10* cm?/cm?3).

Ultrasonic mappings of longitudinal velocity and attenuation were performed to identify
samples with significant heterogeneities. Samples with such heterogeneities were not
selected for use in the gas gun tests. Among the samples used, longitudinal velocities
ranged from 3.80 to 4.10 km/sec (variations within a single sample over 70 -80% of this
range) and attenuations varied over 7 db (0.236” thick samples). Patterns in the variations
corresponded to bedding patterns which appeared typical of those found in other compe-
tent limestones.

3.1.2 Saturation

Saturation was accomplished by evacuating the samples (submerged under 1 - 2 cm of
water) in a bell jar, and then allowing pressure to return to room levels. This cycle was
performed 2 - 4 times until no further bubble evolution was observed under evacuation.
For this material, this method worked well, although for other materials such as zeolitized
tuffs [Furnish, 1989] it has not worked nearly as well. The ease of saturation is an indica-
tion that dewatering/resaturation of the limestone is almost entirely a mechanical process;
that chemically bound water does not play an important role.

Utilizing the grain density measurement described above, five samples were measured for
porosity and saturation. Dry and saturated densities were measured for five disk-shaped
samples (~65 gm wet weight each), resulting in the values shown in Table 3.1.
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Indiana Limestone

Table 3.1. Porosity and Saturation Values - Indiana Limestone Samples

Shot Pwet PDry Prot ®H,0 Qunsat
# gm/cm?3 gm/cm’ % % %

ILS1 2.375 2.195 18.70 18.00 0.70
ILS2 2.371 2.194 18.74 17.70 1.04
ILS3 2.380 2.200 18.52 18.00 0.52
ILS4 2.380 2.206 18.30 17.40 0.90
ILSS 2.381 2.208 18.22 17.30 0.92

Pwet = Water-saturated density 1ot = total porosity

Ppry = Dry density On 0 = water-filled porosity

Values based on pgpy, = 2.70 gm/cm> ®unsat = unsaturated (occluded?) porosity.

3.2 Matrix of experiments conducted

A matrix of 23 tests was conducted to measure Indiana Limestone dynamic properties.
Fifteen of these tests were conducted on water-saturated samples, with the remaining eight
conducted on dry samples. Hugoniot stress levels ranged from 0.6 GPa to 12 GPa. 21 of
these tests yielded limestone data. Detailed parameters are presented in Tables 3.2 and 3.3.

These experiments divide into the following categories:

(a) Reverse-ballistic release experiments, with aluminum cups and buffers
and lithium fluoride windows (Figure 2-2) (ILS 1, 2, 3, 9, 10, 12 and 15).

(b) Reverse-ballistic release experiments, with fused silica cups, buffers and
windows. These tests were confined to lower velocities because fused sil-
ica becomes opaque after passage of a shock of amplitude more than
approx. 8.5 GPa (ILS 13, 14; DLS 1, 3, 4). At stresses below about 5 GPa,
though, a ramp loading is delivered to the front of the sample (see Fig. 3-
3).

(c) Reverse-ballistic tests with no cups. Only dry limestone could be tested in
this configuration because exposure to vacuum desiccates the samples.
Test DLS 6 used a LiF buffer and window; test DLS 8 used a fused silica
buffer and window. The sample is subject to a sharp shock even if a fused
silica buffer is used.

(d) Reverse-ballistic reshock experiments. All of these replaced the foam
with 6061-T6 aluminum. Tests ILS 5 and 11 used aluminum cups and
buffers and lithium fluoride windows; test DLS 5 used a fused silica cup,
buffer and window; and test DLS 7 used a lithium fluoride buffer and
window (no cup).

(e) Forward-ballistic (wave-transmission) experiments (Figure 2-1). The

three tests conducted on water-saturated limestone (ILS 6, 7, 8) used alu-
minum impactors and cups, a void behind the impactor, and PMMA buff-
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ers and windows. The test conducted on dry limestone (DLS 9) used a
fused silica impactor and cup and PMMA buffer and window. For DLS 9,
the cup caused a slight degree of ramp loading of the sample, although the
unloading of the sample could be described as a rarefaction shock, an
especially clean form of release for modeling purposes.

3.3 Dynamic properties results

3.3.1 Observed velocity profiles

The first practical level of information provided by impact experiments using velocity
interferometry as the primary diagnostic is the velocity profile. It cannot be interpreted
without some detailed knowledge of the experimental configuration used; with such
knowledge, however, it can provide a practical starting point for benchmarking numerical
models.

For these tests, the velocity profiles are grouped according to the experiment types
described in Section 3.2. The profiles are also shown separately in Section 3.3.2, juxta-
posed on model curves.

Figure 3-1 shows the velocity profiles obtained from category (a); i.e. reverse-ballistic
release experiments with aluminum cups and buffers and lithium fluoride windows. Four
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Figure 3-1. Velocity profiles for Category (a) experiments (standard reverse-
ballistic). The samples are water-saturated Indiana Limestone for all tests
here. Rectangles point out release structure; (A) is at stress of 4.0 - 4.9 GPa;
(B) at 1.7 - 3.0 GPa. Captions are in same vertical order as velocity profiles.
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Indiana Limestone

of these tests show signatures of slight gaps formed between the sample and the cup;
widths of these gaps calculated are shown in Table 3.2. These widths were calculated by
estimating the release and reshock wave speeds in the cup and buffer, calculating the cor-
responding gap closure time, and assuming that closure occurs at the velocity of the pro-
jectile. Resulting values were refined in the course of simulation with the WONDY V
wavecode (Section 3.3.2).

Timing these tests relative to impact was accomplished by choosing a translation in time
which corresponds to wave speeds in the aluminum agreeing with an aluminum Hugoniot,
Co, =5.33 km/sec, S = 1.344 and p, =2.703 gm/em’>.

Configuration (b) wave profiles are shown in Figure 3-2. These are reverse-ballistic

release experiments, with fused silica cups, buffers and windows (ILS 13, 14; DLS 1, 3,
4).

005 | ' I i v 1 I
S WetlS  DrylS
0.4 F LS 14 DLS 4 i
[ y LS 13 DLS 3
)
[ ]
03 + : VA = 7
- i\ ///I \\ [l I\ /Y I \n
\7 v\/‘J’\\/ \\‘\ N

o
N

LIS B B e
1

o
-—
T
/
3
S
/

..........

Interface Velocity (km/sec)

o .
o

| 3 45 6
Time (usec)

o
ot
N

Figure 3-2. Wave profiles from reverse-ballistic release experiments
using fused silica cups, buffers and windows. Captions are in same
vertical order as velocity profiles for wet and dry tests (respectively).

At stresses below about 5 GPa, a ramp loading is delivered to the front of the sample. This

is a consequence of the pressure/volume behavior of fused silica upon shock loading
[Barker and Hollenbach, 1970):

6 =77.60e-(1 - 5.5595¢ + 39.098¢2-89.252¢3) 0O<o0<9GPa) (Eq.3.1)

Because the shock velocity is a decreasing function of stress for stresses to ~4 GPa, a ramp
to this level is formed. At the highest stress levels (~9 GPa), the ramp is partly overdriven,
with a transition to shock at ~2.5 GPa.
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As an illustration of the ramp loading delivered to these samples, consider the loading pro-
files shown in Figure 3-3. These are enlargements of the profiles for the tests in the present
series with fused silica buffers and windows. Since the cup and buffer thicknesses are
comparable where fused silica cups are used, these profiles represent velocity histories
delivered to the samples (with some vertical scaling for impedance mismatch). Juxtaposed
on these is the predicted time-of-arrival for shock propagation through 3 mm of fused sil-
ica, using the stress-strain relation shown in Eq. 3.1. The present experiments agree quite
closely with the Barker and Hollenbach predictions.
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Figure 3-3. Velocity profile detail for initial arrival region of tests with fused
silica buffers. Timing scaled for 3 mm thick buffer. Represents input to sam-
ple w/ fused silica cup. B & H [1970] refers to Barker and Hollenbach [1970]

Two experiments used configuration (c); i.e. reverse-ballistic tests with no cups. Wave
profiles are shown in Figure 3-4. By contrast with configuration (b), which used a fused
silica cup, the sample is subject to a sharp shock loading. Only dry limestone could be
tested in this configuration because exposure to vacuum desiccates the samples. Test DLS
6 used a LiF buffer and window; test DLS 8 used a fused silica buffer and window.

The final group of reverse-ballistic test is that providing a reshock to the sample. Alumi-
num replaced the closed-cell foam behind the sample, providing the reshock. Four tests
are included in this group. Tests ILS 5 and 11 used aluminum cups and buffers and lithium
fluoride windows; test DLS 5 used a fused silica cup, buffer and window; and test DLS 7

used a lithium fluoride buffer and window (no cup). Velocity histories are shown in Figure
3-5.
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Figure 3-4. Wave profiles for reverse-ballistic tests with no cups. See Tables 3.2 and
3.3 for configuration details.
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Four tests were performed in a transmitted-wave mode (configuration (e); see Figure 2-1).
All used PMMA buffers and windows. The test conducted in this configuration on dry
limestone (DLS 9) used a fused silica buffer and cup to provide a rarefaction shock release
input to the sample. This was done at the cost of providing a ramp loading (as discussed
above). The three tests performed on water-saturated limestone (ILS 6, 7, 8) used alumi-
num impactors and cups. These three tests had voids behind the impactor; by contrast,
DLS 9 had 20 1b./ft> foam behind the impactor. Resulting velocity profiles are shown in
Figure 3-6.
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Figure 3-6. Wave profiles for forward-ballistic tests. Timing for DLS 9 is arbitrary;
others are timed so that impact occured at zero (as with other traces in this report).

3.3.2 Loading, Hugoniot and release/reshock paths

Transmitted-wave tests: Precursor and Hugoniot conditions

Let us start with interpretation of the forward-ballistic tests. This is prudent because
knowledge of the loading structure, provided by such experiments, is necessary for prop-
erly interpreting the reverse-ballistic experiments as well.

Details of the reduction method are presented in Furnish [1993a, b], and are briefly sum-
marized here. Calculation of the Hugoniot and partial release/reshock states proceeds as

30




Indiana Limestone

illustrated in Figure 3-7. For this configuration, the Hugoniot state in stress/particle veloc-
ity space is calculated from the shock arrival time at the window (hence the shock velocity
in the material). Assuming there is no precursor, this state lies at the junction between the
line o = (pyU,)Up and the aluminum release from the Al/Al impact state. If there is a pre-
cursor, both the shock velocity Ugpand particle velocity Upg,of the precursor state must
be determined. Up;) may be estimated from the observed interface velocity after passage
of the precursor, using the fact that the precursor state must lie on the line O(p) =
(PoUs(p))Up and assuming that a release of the same slope magnitude connects this state to
the observed precursor state transmitted into the PMMA. The Hugoniot state then lies on

the intersection of the line 6 = [pp(Usy-Upp;))1(Up-Up(p)) with the same aluminum release
as before.

9 i ;’ AN L
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~ Al Relecs WAV A\N O Limestone (p, = 2.69)
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Figure 3-7. Calculation of Hugoniot and partial released states for for-
ward-ballistics experiment. Sample used is a dolomitized limestone
(test PF-3; pg=2.786 gm/cm3; aluminum impactor and cup; PMMA
buffer and window, 1008 m/sec impact velocity; see Section 4).

For the experiment of Figure 3-7, the sample was immediately released to approximately
half of the Hugoniot stress by the release (a) (in Fig. 2-1). The stress/particle-velocity state
of this release lies on the PMMA Hugoniot, as shown in Fig. 3-7. The density of this state
cannot be determined from this experiment because a continuous stress/particle velocity
curve from the Hugoniot point to the partially released state is not available and the neces-
sary Riemann integration cannot be performed:

Oge.1 Up (Rety

oUp aV
] T lo=-] 3, dUp = Vo= Vg (Eq. 3.2)
CHug 5 UP(Hug) S

This particular experiment illustrates the need to estimate the sample EOS prior to con-
structing the experiment; here, we were surprised by how high the material density was
and might have more profitably used lithium fluoride windows and buffers (whose Hugo-
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niot is slightly softer than that of aluminum).

The resulting values for the water-saturated Indiana limestone are tabulated in Table 3.4,
together with the input values measured. Because timing could not be determined for the
transmitted-waveform test on dry limestone, results of that test have been omitted.

Table 3.4. Precursor and Hugoniot values from transmitted-wave experiments on
Indiana limestone.

Precursor/Hugoniot Conditions

- -
Shot Proj.  Plastic Particle Shock Specific
# Velocity TOA Po Vel Pressure p Vel. p/po Vol
km/sec psec gm/cm® km/sec GPa gm/cm’  km/sec cm/gm

ILse 0.129 3.29 2.376
Precursor Conditions — 0.064 0.501 2423 3.369 1.0198 04127
Hugoniot Conditions — 0.082 0.624 2438 2.970 1.0261 04102
ILS7 0417 3.15 2371
Precursor Conditions — 0.000 0.000 2377 0.000 1.0000 04207
Hugoniot Conditions — 0.268 2.023 2.565 3.180 10791 0.3899
ILS8 0.735 297 2.382
Precursor Conditions — 0.000 0.000 2.382 0.000 1.0000 0.4198
Hugoniot Conditions — 0470 3.680 2.780 3.285 1.1671  0.3597

Partial Release Conditions

-
Shot Plateau Particle
# Velocity Stress Vel
IIS6 0.152 0.531 0.152
LS 7 0.345 1.267 0.345
LS 8 0.590 2430 0.590

These values will be plotted together with the values from the reverse-ballistics tests (Fig-
ures 3-9 and 3-10).

There are no clear precursors apparent in these data. Some of the waveforms (ILS 7 and
DLS 9) are dispersed; this may be a consequence of yielding at the 0.2 - 0.3 GPa level.
Fully-dense limestones typically produce precursors at about 1.4 GPa amplitude (see Sec-
tions 4 - 6 of this report). Such a precursor in the present tests would have an amplitude of
about 0.25 m/sec (observed plateau velocity); there is no evidence of a precursor near this
amplitude. The porosity (18%) of the present samples might explain a lack of a pro-
nounced precursor, whether strength-related or phase-transition related. This will be dis-
cussed further in the interpretation of the reverse-ballistics tests.
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Reverse-Ballistic Tests: Hugoniot conditions

Hugoniot data are derived from these profiles by standard impedance-match methods
[McQueen et. al. 1970; Grady and Furnish, 1988] (Figure 3-8). Information required is the
projectile velocity, the initial sample density and the velocity level of the long plateau in
the observed velocity profile. In addition, the Hugoniot and release properties of the cup
and window materials are required, although these are known to good precision for mate-
rials such as aluminum and lithium fluoride (better than 1 percent stress at a given particle
velocity over the range 6 - 150 GPa).

Al Hugoniot | Figure 3-8.
Impedance match diagram

. ) for standard reverse-
LiF Hugoniot ballistics configuration.

Stress

o Provides o, Up
\P}r(;Jequle If loading wave is steady, then:
eloctty U, = o/p,U,,
p = poUy/ (Us'Up)

Plateau
Velocity

v

Particle Velocity

This impedance-match procedure is generally similar for those experiments using fused
silica components, and is simplified somewhat for experiments omitting a cup. It is neces-
sary to calculate the stress-particle velocity relations for fused silica from Eq. 3.1. Details
will not be discussed here.

The resulting values are tabulated in Table 3.5 and plotted in Figures 3-9 and 3-10. The
Figures also show release paths and reshock points, which will be further discussed later
in this Section. As noted in the Table, these values assumed no precursors. Alternate cal-
culations were made assuming a 1.4 GPa precursor barely ahead of the observed arrivals;
this had a significant effect on the Hugoniot points. These results are plotted as squares in
Figures 3-9 and 3-10. I do not feel that these points are physically meaningful.

The Hugoniot results and release paths are juxtaposed on theoretical curves due to Kerley
[1990], constructed to represent the Hugoniots for water-saturated 18% porosity calcite
undergoing a partial transformation to ikaite (CaCO3-6H,0), the same mixture with no
water-calcite reactions, and dry 18% porosity calcite.

One particularly interesting feature may be noted in these Hugoniot plots. The Hugoniot
data for the water-saturated samples show reasonable agreement with the model curve
corresponding to ikaite production, but not with the curve assuming no water-calcite
chemical reactions. Since ikaite is not stable under ambient pressure/temperature condi-
tions, it must have been produced during the experiment, i.e. on a microsecond time scale.
This is not an unreasonable time scale in view of the large water-calcite contact area (see
Section 3.1.1).

The issue of strength also deserves comment. The plot of shock velocity vs. particle veloc-
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Table 3.5. Hugoniot conditions for reverse-ballistic tests on Indiana Limestone.

Water-saturated limestone:

Hugoniot Conditions
- >
Shot Proj. Observed Particle Shock Specific
# Velocity Vel Po Vel Pressure p Vel. plpg Vol

km/sec km/sec gmlcm3 km/sec GPa gm/cm3 km/sec cm3/gm
ILS1 1.00(1) 0.368(4) 2.375(3) 0.641(11) 5.65(9) 2.87(3) 3.71(10) 1.209(11) 0.348(3)
ILS2 1.30(1) 0.502(3) 2.371(3) 0.808(14) 7.92(10) 2.94(3) 4.149) 1.243(13) 0.229(3)
ILS3 15301 0.601(4) 2380(3) 0.948(16) 9.76(12) 3.05(3) 4.33(10) 1.280(14) 0.328(4)
ILS5 142(1) 0.561(5) 2.381(3) 0.878(15) 9.02(13) 2.99(3) 4.31(11) 1.255(13) 0.335(4)
ILS9 0.2102) 0.088(3) 2.382(3) 0.125(4) 1.26(5) 2454(7) 4.24(27) 1.030(3) 0.417(1)
ILS 10 0.449(5) 0.173(3) 2.382(3) 0.281(6) 2.54(5) 2.573(11) 3.78(13) 1.080(4) 0.389(2)
ILS 11 0.675(7) 0.241(2) 2380(3) 0441(8) 3.58(5) 2.733(16) 3.41(8) 1.148(6) 0.366(2)
ILS 12 0.820(8) 0.297(4) 2.379(3) 0.530(10) 448(7) 2.80(2) 3.55(10) 1.176(10) 0.358(3)
ILS 13 0.124(1) 0.045(1) 2.389(3) 0.079(2) 0.62(8) 2.448(11) 3.29(45) 1.025(5) 0.408(2)
ILS 14 0.840(8) 0.346(0) 2.385(3) 0.494(8) 4.034) 2.792) 342(7) 1.169(7) 0.359(2)
ILS 151.457(15) 0.597(8) 2.378(3) 0.875(17) 9.67(17) 2.93(3) 4.65(15) 1.232(15) 0.341(4)
Bulk  0.000 0.000 2.380 0.000 0.00 2.380 3.7010 1.000 0.4202
Long 0.000 0.000 2.380 0.000 0.00 2.380 4.4436 1.000 0.4202
Dry limestone:

Hugoniot Conditions
- >
Shot Proj. Observed Particle Shock Specific
# Velocity Vel Po Vel Pressure p Vel p/pg Vol

km/sec  km/sec gm/cm® km/sec GPa gm/cm®  km/sec cm’/gm
DLS1 0.338(3) 0.087(5) 2.202(3) 0.251(6) 1.09(6) 2.52(3) 1.98(16) 1.145(16) 0.396(6)
DLS 3 0.868(9) 0.270(12) 2.193(3) 0.598(15) 3.19(14) 2.91(8) 2.44(16) 1.325(35) 0.344(9)
DLS 5 1.116(11) 0.401(4) 2.214(3) 0.715(12) 4.63(7) 2934y 293(7) 1.32317) 0.3414)
DLS 62.042(20) 0.749(3) 2.202(3) 1.292) 12.19(18) 3.15(5) 4.28(9) 1.433(23) 0.317(5)
DLS 7 1.586(16) 0.552(4) 2.212(3) 1.034(16) 8.60(14) 3.054) 3.76(9) 1.379(20) 0.328(5)
DLS 8 1.308(13) 0.503(12) 2.213(2) 0.805(18) 5.76(15) 2.95(6) 3.23(14) 1.33227) 0.339(7)

Notes:

Uncertainties in the last 1-2 digits presented are shown in parentheses.

Values are calculated assuming no precursors

Bulk and longitudinal ultrasonic velocities (“Bulk™ and “Long”) are for

water-saturated limestone.
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Figure 3-9. Shock velocity - particle velocity plot of Indiana limestone Hugoniot
points, juxtaposed on theoretical curves from Kerley [1990].
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Figure 3-10. Stress - density plot of Indiana limestone Hugoniot points and release
paths, juxtaposed on theoretical curves from Kerley [1990].
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ity (Fig. 3-9) extrapolates to the ultrasonic measurement of the longitudinal velocity for
zero particle velocity, suggesting an increasing role of strength for stresses below about 4
GPa. Recall, however, that the transmitted-wave tests did not show an explicit precursor.
A possible explanation is that the role of elastic processes in the single shock increases
with decreasing stress.

Reverse-ballistic tests - Release paths (curve fitting) :

These reverse-ballistic release tests have been modeled with the wavecode WONDY V
[Kipp and Lawrence, 1982] and parameters varied to extract information about the release
behavior of this material. Details of the method and uncertainties are discussed in detail in
Furnish [1993a, b]; 1 reproduce the critical equation here for reference:

=B, = Bo(l +XB, + x2B2 + x333) (where y = S ) (Eq. 3.3).

00
-V 29
(-Vy) W, o,

The resulting modelings of the wave profiles are shown in Figs. 3-11 through 3-14. The
coefficients used in Eq. 3.3 are listed, with other test parameters taken as listed in Tables
3.2 and 3.3. Note that two tests required two-part release fits (ILS10 and ILS12); release
parameters for these are as listed in Table 3.6.

Table 3.6. WONDY Input Parameters - Two-Part Releases

Above stress 0y, Below stress G,,,,
- N 7 ~
Test By B, B, Bj By B, B, Bs Oy Cuu/CH*
# GPa GPa GPa

ILS10 57 105 1.0 04 32 1.1 1.0 05 2536 0.69
ILS12 97 30 30 00 265 02 02 05 4484 07

*0,,4n/Op 18 the fraction of the Hugoniot stress oy at which the transition occurs.

Associated release results are summarized in Figure 3.10 (pressure-density plot) and in
Appendix A (table).
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Figure 3-14. WONDY curve match for saturated Indiana limestone release test ILS 15

In general, the release curves lie close to the Hugoniots and share the same concave-
upward nature (stress-density or stress-volume spaces). The two tests which required two-
part release fits (ILS10 and ILS12) show a more pronounced initial sharp release.

Reverse Ballistic Tests - Reshock Paths (Impedance Match Analysis)

Four of the reverse-ballistic tests were designed with aluminum disks behind the samples
in place of foam. For these tests, a significant reshock was produced and propagated for-
ward to the interface monitored by VISAR. This reshock was manifested in the wave pro-
file as a jump in the interface velocity (see Fig. 3-5). It is worthwhile to evaluate the stress,
particle velocity and density in the reshocked state

Consider the stress vs. particle-velocity diagram in Figure 3-15. The Eulerian velocity of
the reshock is given by the steady-wave equations [McQueen et al., 1970] as:

r' N

Figure 3-15. Impedance-match

“., diagram for reverse-ballistic

@ X2 ;AG configuration (Al buffer, cup)
2 & e G & illustrating reshock state calcu-

a an& H \"\.p o, | lation.
S 8o, & Projectile = i
Y}Q» Ay, 10‘)5}"-. Velg) ity @ Hugoniot state
‘ "é’o}l}té... ’ ®3= Reshock state
[ -.‘n._
Particle Velocity .
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AP
sceay = Va "ZT/ (Eq. 3.4)

U

(where Vg is the Hugoniot specific volume). Combining this with a second steady-wave

equation,
_ |-AP
AUp = ./‘-—AV (Eq. 3.5)

and eliminating AV gives the slope of the reshock in stress/particle velocity space. The

AP

AU Us zuy/ Ve (Eq. 3.6)

reshock vector is then drawn from the Hugoniot point until it crosses the Hugoniot of the
sample backing material (see Fig. 3-15), establishing the stress and particle velocity of the
reshocked material. We then return to either of the two earlier equations to calculate the
change in specific volume from the Hugoniot state to the reshocked state,

_(AUp) ? (Eq. 3.7)

AV=-—p

The Eulerian velocity of this reshock, Ugg,,;) may be calculated as follows:

(1) Calculate the time at which the initial shock entered the sample, taking into
account sample/cup gap widths where appropriate. For tests without cups, this
time is zero.

(2) Calculate the time at which the reshock was generated from the sample dimen-
- sions and Hugoniot.

(3) Calculate the time at which the reshock entered the cup or buffer from the
observed arrival time in the wave profile and the shock/release properties of
the cup and buffer.

(4) Calculate the reshock transit time across the compressed sample as the differ-
ence of the results of (2) and (3).

(5) Divide the compressed thickness of the sample by the results of (4).

The results of this analysis are shown in Table 3.7 and Figure 3-10 (stress-density space).
In general, these reshocks are directed nearly up the Hugoniot, consistent with a minimal
role of thermal effects and of strength. The lowest-pressure reshock test (ILS11) showed a
reshock arrival earlier than reshocking along the Hugoniot would suggest; this is reflected
in the steeper reshock drawn in pressure/density space (Fig. 3-10). Also of note, the
reshock arrival for ILS11 is much more dispersed than for the other tests. For these two
reasons, I feel that sample strength may play a significant role in this test.
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Table 3.7. Reshock states and input parameters for Indiana Limestone tests

Test Reshock Reshock ~¢——————— Reshocked State ————p
#  Time-of-Arrival Velocity Stress  Particle Vel*.Specific Vol. Density
_ (1sec) (km/sec) (GPa) (km/sec)  (cm/ gm) (gm/cm3)
ILS5 2.82 6.272 12.12 0.712 0.326 3.069
ILS 11 4.00 4.188 497 - 0.355 0.355 2.815
DLS 5 4.75 5.451 8.09 0.617 0.328 3.049
DLS 7 2.80 6.004 13.34 0.811 0.314 3.188

*Particle velocity corrected to that of analogous transmitted-wave experiment (see text).

3.3.3 Release structure association with a calcite multiphase model

It is worthwhile to briefly ask whether the release structure shown in Fig. 3-1 (reverse-bal-
listic tests) is likely due to strength or phase changes. The previous analyses have treated it
phenomenologically by, for example, assigning separate release behavior to the upper and
lower sections of the release in WONDY analyses of ILS 10 and ILS 12.

Material strength typically gives rise to a somewhat blurred shoulder at the beginning of
the release in wave profiles from reverse-ballistic experiments. The decrease in particle
velocity across this shoulder may be combined with the Hugoniot state to estimate the
material strength, while the onset of the release provides information about the elastic
wave velocity at the Hugoniot.

On the other hand, phase transitions occurring during the release tend to provide a step-
type structure at interface velocities not closely related to the Hugoniot levels. This struc-
ture is slightly complicated by transitions which may occur during the initial sample load-
ing (which may cause the loading wave to break into several waves, which reflect from the
rear of the sample at separate times). It is likely in the porous samples used in the present
study that the wave splitting would be minimized, as discussed earlier.

Since the structure observed on the release portion of the velocity profiles is more consis-
tent with the signatures of phase transitions, I prepared a modeling of two reverse-ballistic
tests using fully dense calcite as the starting material and assuming a pressure/density rela-
tion based on the compression curves measured by Singh and Kennedy [1974]. These
compression curves clearly demark the CaCO; I, II and III phases. Although these simula-
tions do not precisely represent the 18% porous samples used, they serve to give an indi-
cation of the structure the CaCO5 I «> (II) <> III transitions would give to the observed
wave profiles.

Figure 3-16 shows the models used and the WONDY V representation of them (con-
structed to replace the CaCOj II phase with a ramp from CaCOj I to CaCOj4 III for sim-
plicity). The resulting model wave profiles for tests at 700 m/sec and 1297 m/sec (Fig. 3-
16) show a step pattern which in fact closely resembles that seen in the experimental data
for saturated limestone (Figure 3-1). The wave evolution for the 700 m/sec experiment
may be seen in Figure 3-17.
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Figure 3-17. Wave evolution for 700 m/sec reverse-ballistic experiment,
simulated with WONDY V to include CaCO5 I <> (II) <> III transitions
according to Singh and Kennedy [1974] compression curves.

Although the sample used in these modelings is different from the material tested, the
modelings strongly suggest that the structure observed in the release portion of the wave
profiles of Figure 3-1 is due to phase transitions in the CaCO5 I <> (II) <> III system.

3.3.4 SESAME CTH Modeling: Wave structures associated with
Crush-Up

As a brief evaluation of the effects of crush-up on the transmitted wave profiles, a trans-
mitted-wave experiment performed on dry Indiana limestone (DLS9) was modeled using
a calcite SESAME equation of state (see below for details). A reverse-ballistic release test
on the same material was modeled as well (DLS6).

The important adjustable constitutive and equation-of-state parameters in these runs were
the porosity (via the initial density ro), the initial sound speed of the porous material (cs),
the initial crush pressure (2T), and the modulus of crushup (BT).

The CTH wavecode was used to allow use of the desired EOS (not available in WONDY
V). These calculations were performed in one dimension to optimize zone resolution
available within workstation calculation limits, although two- and three-dimensional cal-
culations can also be performed with the CTH software. One thousand zones were used
(0.07 mm/zone). The code is Eulerian; hence zone size remained constant in the labora-
tory frame through the calculation.
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Indiana Limestone

Results of this calculation are shown in Figure 3-18. It should be noted that the timing of
the wave profile in test DLS9 is translated to fit the results of the present calculation.
DLS9 is the only test in this report for which timing relative to impact was not established
from the experimental data. This diminishes the material property information available
from this test somewhat.

For test DLS9 (transmitted-wave experiment producing a maximum stress level estimated
as 1.2 GPa), the parameters governing the uncrushed material and the crush-up process
have a marked effect on the calculated wave profile. The predictions for this shot were
obtained by using the SNL-SESAME two-state porosity-phase transition model described
by Kerley [1992], with the following parameters (all of which are in cgs units):

TYP = 1.2 RO = 2.2 CS = 2.0e5 s = 1.0 GO = 1.0

PT = 0.15E10 BT = 2.5E10

The parameters cs, PT, and BT were selected to be in agreement with the static data of
Heard [1974]. The resulting model wave profile is in reasonable agreement with the
observed wave profile to about 7 psec after impact, after which two-dimensional effects
may become important.

By contrast, model profiles for test DLS6 (reverse-ballistic test producing stress levels of
12 GPa) are relatively insensitive to details of parameters governing the uncrushed mate-
rial and the crush-up process. The same model used above gives good agreement with the
experimental data for DLS6.

3.4 Summary

A relatively pure, fine-grained limestone of about 18% porosity was tested in water-satu-
rated and desiccated conditions. Hugoniot stresses produced ranged from 0.6 GPa to 12
GPa. A comparison of the Hugoniot results for the saturated material suggests that a
hydration reaction to produce ikaite (CaCO3-6H,O) occurs on a shock timescale (< 1
Lsec).

Wave profiles provided loading, release and reshock information. Release paths tend to lie
along the Hugoniot, showing little hysteresis. Reshock results are similar except at
stresses below 4 GPa, where strength effects become significant. Strength effects are also
significant in the shock velocity of the Hugoniot state at stresses less than 4 GPa. Structure
observed on the releases is tentatively attributed to phase transitions in the CaCO3 I <> (II)
<> III system. Finally, transmitted-wave experiments did not show evidence for phase-
transition related precursors.
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Jeffersonville and Louisville Limestones

4.0 Jeffersonville and Louisville Limestones

4.1 Motivation for study

The studies described on the present samples were conducted to address the question of
how strongly the shock responses of frozen and thawed carbonate samples differed. The
major goal of the DNA HYDROPLUS program, which funded this study, was to measure
the yields of underground tests from measurements of particle velocities and stresses at
various radii from the working point. Converting these measurements to yield determina-
tions requires some knowledge of the dynamic properties of the local rockmasses.

In order to produce such dynamical properties data, samples of the local rockmass must be
acquired, transported to a facility where they are machined as needed for testing,
machined, transported to the testing facility, and tested (impact or explosives tests). If an
underground test is conducted in frozen terrain, the frozen samples may be handled in any
of three ways:

(1) The samples may be cored without melting, and conducted through all
subsequent stages of preparation, transportation and shock testing with-
out being allowed to melt,

(2) The samples may be allowed to thaw at some point in the process, then
refrozen immediately or shortly before testing, or

(3) The samples may be allowed to thaw at some point in the process, and
tested in the thawed condition.

The cost and difficulty of each stage in this process is increased substantially if a frozen
state must be maintained. If the uncertainties in the end yield measurement introduced by
allowing the samples to thaw are small, then the third alternative above is preferable, fol-
lowed by the second, with the first being the most difficult and expensive.

The present study includes comparable impact tests on frozen and room-temperature dolo-
mitized limestones from the Fort Knox, Kentucky area. It is relatable to a parallel study
conducted simultaneously by Ktech Corp [Gaffney and Smith, 1994].

A later impact study conducted on quartzite permafrost recovered from the Lupin Mine
(Canada) included samples in three states (preserved-frozen, thawed-and-refrozen and
thawed). This study is described in Furnish [1993a].

4.2 Materials studied

The samples used in the present study were acquired in nearly water-saturated condition
from the UTP (Underground Test Program) site at Fort Knox, Kentucky. Two formations
are represented; materials acquired from these are referred to here as the Louisville and
Jeffersonville limestones. In general, the Louisville limestone is more variable and more
dolomitized (substitution of Mg for Ca) than the Jeffersonville. Both formations have very
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low porosity (¢ < 0.5%).

The Louisville limestone samples were acquired from bore CB-7 at depths of 601.2 -
602.3 feet (samples 2, 5, and 8) and 642.3 - 642.9 feet (samples 9 and 14). Cores in these
intervals were divided into samples so that samples provided to Sandia, Ktech and
retained by Waterways were interleaved. The Jeffersonville limestone samples were
obtained from the depth interval 523.2 - 523.45 feet (samples for Ktech were taken from
the adjacent interval 523.6 - 523.9 feet).

All samples were encased in plastic wrap, aluminum foil and 50/50 paraffin/microcrystal-
line wax (“artificial beeswax”) in the field to minimize moisture loss. The Louisville lime-
stone samples were prepared for impact testing at Waterways Experiment Station
[Jackson, personal communication] by slicing, then hand grinding, while immersed in tap
water (Vicksburg, MS). The Jeffersonville limestone samples were prepared by Terra Tek
using diamond saws and industrial surface grinding equipment, preserving saturation
through a continuous flow of cooling water over the samples.

4.3 Experiments conducted

The overall matrix of tests (including tests conducted at Ktech) is indicated in Table 4.1.
The Ktech tests will not be discussed in detail in the present report; the reader is referred
to Gaffney and Smith [1994]. This matrix was constructed to afford comparisons among
(1) frozen and thawed samples; (2) Louisville and Jeffersonville samples; and (3) Sandia
and Ktech tests.

Table 4.1. Overall impact test matrix (including non-Sandia tests) on Louisville and
Jeffersonville limestones.!

Pressure Frozen Tests Warm Tests Gun, Velocity
(kbar) (SNL tests only)

15 K(L) K@)
25 ST K(@L) K(L) S3); S, K@) Gas; 0.57
35 K@) K(L)
50 S(Ly; S(g K(@L) S(L); K@) KQJ) Powder; 1.02
80 SN0 SNy Powder; 1.60
140 S(L)g S(L)s Powder; 2.25

1. K =Kitech; S = Sandia; (J) =Jeffersonville Limestone; (L) = Louisville Limestone; boldface = completed.
Subscripts represent shot number (PFn) for Sandia tests (e.g. S(L) is test PF7, as detailed in Table 4.2). Test
PF2 is reverse-ballistics.

The Sandia test matrix is presented in detail in Table 4.2. All of the tests were conducted
in a transmitted-wave configuration (Figure 2-1) except for test PF-2, which was con-
ducted in a reverse-ballistic configuration (Figure 2-2).
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The present experiments all began with thawed samples held at ambient temperature
(approx. 25°C). For the five tests conducted on frozen samples, target fixtures used were
constructed as shown in Figure 5-1. Gaseous nitrogen evolved from liquid nitrogen was
circulated through the target plate to cool the sample, with thermocouples emplaced to
monitor the temperature. Because of the very low moisture content of the samples, they
were found to thermally equilibrate with the target at -10°C after a short time (several
minutes) of cooling.

All samples (refrigerated and ambient) were protected from moisture loss during storage,
assembly into the test assemblies and impact testing.

Gun Barrel
Nitrogen refrigerant channel

_ - Velocity and Ground Pins
Aluminum E

Cu
Buffer
= To VISAR

—— PMMA Window

4 Flush Pins

Aluminum
Target Fixture

Impactor

(6061-T6 Aluminum) Thermocouple

Foam Location

Figure 4-1. Schematic of the refrigerated target configuration
used in the Fort Knox limestone tests.

4.4 Dynamic properties results

4.4.1 Velocity profiles observed

The velocity profiles observed for the eight transmitted-wave experiments are shown in
Figure 4-2. The timebases have been shifted (shot-by-shot) so that zero represents the time
of impact. Details of this procedure are presented in Appendix B.
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All waveforms display a loading interval, a plateau (height corresponding to the imped-
ance match relationships depicted in Figure 3-7), and a release propagated forward from
the impactor/foam boundary in the projectile.

The less dolomitized samples (Jeffersonville Limestone, used in tests 1, 4, 6, 8 and 10)
showed precursors for Hugoniot stresses below 11 GPa, while the more dolomitized sam-
ples (Louisville Limestone, used in the remaining transmitted-wave tests) did not show
precursors. This is consistent with observations by Grady et al [1976a] that the precursors
in dolomite-rich carbonates are less pronounced than those in calcite-rich carbonates if
they are present at all.

4.4.2 Precursor, Hugoniot and partial release conditions

Derivation of these states has been discussed previously (Section 3.3.2; Furnish
[1993a,b]), and will not be belabored here. This process is summarized graphically in
Figure 4-3. Results for the present materials are presented in Table 4.3.

St

<$
To VISAR
p %,M%IA
Configuration mn _OW
Al Hugonio
A |
Observables:

Transit times -

At;® (hence US) 6" =(po U’ DUy’

At,® (hence U®

2 ( LS 2) . ) Hugoniot State

Plateau velocities- wl o ’

Uplat(1) £ a5 U

U plat(2) § ',' PMMA Hugoniot

> . . B r}
Projectile Velocity 3 Projectile
N ) Velocity
o Unp
GS = Gls+p 1S(USS2-Upsl)(UpS-Upsl) /
" Uy 1Uplar1) Particle Velocity !

Figure 4-3. Calculation of Shock States, Forward-Ballistic, 2-Wave Case. U, is refer-
enced to compressed medium (is Lagrangian). Superscript S refers to “sample.” Sub-
scripts 1 and 2 refer to first and second shocked states. “Upy,,” refers to plateau velocity.
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Jeffersonville and Louisville Limestones

Table 4.3. Precursor and Hugoniot values from transmitted-wave experiments on
Jeffersonville and Louisville (Fort Knox) limestones.

Precursor/Hugoniot Conditions

- s
Shot Proj. Plastic Particle Shock Specific
# Velocity TOA Po Vel Pressure p Vel. p/po Vol
- km/sec  psec gm/cm’ km/sec GPa gm/cm®  km/sec cm3/gm

PF1 0.670(7) 3.307(8) 2.738

Precursor Conditions — 0.17(7 2309 2.84(5) 4.88(19) 1.036(17) 0.352(6)

Hugoniot Conditions —  0.379(%) 4.33(10) 3.02(1) 3.62(14) 1.1034) 0.331(1)
PF3 1.008(10) 0.719(7) 2.768

Precursor Conditions — 0.0000) 0000 2.768(0) 0.00(0) 1.00000) 0.3613(0)

Hugoniot Conditions —»  0.511(5) 8.03(9) 3.041(5) 5.68(3) 1.099(2) 0.3288(6)
PF4 1.540(15) 2.752(30) 2.725

Precursor Conditions — 0.0000) 0.0 2725 0.000) 1.00000) 0.3670(0)

Hugoniot Conditions —  0.865(17) 11.0Q2) 3.35(2) 4.65(9) 1.229(9) 0.299(2)
PE5 2230(22) 2.242(9) 2.771

Precursor Conditions — 0.00000 0.000) 2771(0) 0.0000) 1.00000) 0.3609(0)

Hugoniot Conditions —»  1.158(13) 19.4(2) 3.426(12) 6.06(4) 1.236(4) 0.2919(11)
PF6 0.636(6) 3.397(9) 2.714

Precursor Conditions — 0.17(7y 2209 2.82(5) 4.74(18) 1.038(18) 0.355(6)

Hugoniot Conditions —»  0.364(9) 4.02(10) 2.988(13) 3.50(13) 1.101(5) 0.335(2)
PF7 1.056(10) 2.822(15) 2.786

Precursor Conditions — 0.0000) 0.00) 2.786(0) 0.000) 1.00000) 0.3589(0)

Hugoniot Conditions —»  0.572(7) 7.65(12) 3.162(9) 4804 1.1353) 0.3163(9)
PF8 1.026(10) 2.602(11) 2.722 .

Precursor Conditions — 0.152) 3.03) 278218 7.16(12) 1.022(3) 0.3590(10)

Hugoniot Conditions —  0.525(6) 8.09(9) 3.008(6) 35.08(6) 1.105(2) 0.3324(6)
PF9 225023) 2217(5) 2.777

Precursor Conditions — 0.00000 0.000) 2.777(0) 0.00000 1.00000) 0.3601(0)

Hugoniot Conditions —  1.168(14) 19.6(2) 3.441(12) 6.05(2) 1.239(4) 0.2906(10)
PF 10 1.539(16) 2.802(7) 2.707

Precursor Conditions — 0.00000 0.0 2.707(0) 0.0000) 1.00000) 0.3694(0)

Hugoniot Conditions —»  0.873(18) 10.8(2) 3.350(16) 4.55(2) 1.237(6) 0.2985(15)

Partial Release Conditions
- >
Shot  Plateau Particle Release
# Velocity  Stress Vel Slope
km/sec GPa km/sec GPa/(km/sec)

PF1 0.540(6) 2.48(15) 0.540(6) 11.5(1.3)

, PF 3 0.719(D 3.13(6) 0.719(7) 23.6(1.4)
PF4 1.17(6) 6.05(44) 1.170(60) 16.1(4.2)

PFS 1.62(2) 9.70(23) 1.620(20) 21.0(1.7)

s PF6  0.508(14) 2.30(13) 0.508(14) 11.9(2.0)
PF7 0.690(5) 2.97(5) 0.690(05) 13.0(0.9)

PF 8 0.732(2) 3.63(7D) 0.732(02) 22.8(1.2)

PF9 1.648(4) 9.95(16) 1.648(04) 20.2(1.2)

PF10 1.127(12) 5.74(12) 1.127(12) 19.72. D

53




Uncertainties in the Table 4.3 values were derived by perturbing the following quantities
(quantities in parentheses were the state quantities most strongly affected by the respective
perturbations). The resulting variations in state values were propagated in quadrature.

* Precursor amplitude (= precursor state)
* Projectile velocity (= Hugoniot P, p, Up)
* Plastic plateaun velocity (= Hugoniot Ug, partial release P, Up)

* Aluminum strength (varied from the nominal value of 3 kb with thermal
softening to a perturbed value of zero strength) (= Hugoniot P, p, Up)

Aluminum Hugoniot (increased stress at particle velocity by 1%) (little
effect)

PMMA Hugoniot (increased starting density by 1%, an extreme variation)
(= partial release P)

The density on the partial release cannot be determined directly from these experiments
because a continuous stress/particle velocity curve from the Hugoniot point to a partially
released state is not available (see Section 3.3.2). If a form for such a curve is estimated,
densities may also be estimated.

The reverse-ballistic experiment was analyzed to give the values in Table 4.4 (waveform
shown, together with WONDY match, in Figure 4-4). This analysis assumed a 1.4 GPa
precursor (see discussion of Danby Marble test interpretation, Section 5, for details).

Table 4.4. Hugoniot conditions for reverse-ballistic test on Jeffersonville Limestone.
Hugoniot Conditions

- >
Shot Proj. Observed Particle Shock Specific
# Velocity Vel Po Vel Pressure p Vel. p/pg Vol
km/sec km/sec gm/cm3 km/sec  GPa gm/cm3 km/sec cm3/gm
PF2 0.579(18) 0.278(2) 2.722(13) 0.306(17) 4.15(4) 2.90(33) 5.0(3) 1.165(12) 0.345(3)
350 ——r+————r——r—r—T—r—T—————
300 F ]
g 250 F 1
200} Test PF—2 i
;150 g B, =240 GPa :
'_g B, =17
Lo} B, =0.6
50 _}L B; =-0.15 L
e el ekl —t—|—— et —
% 1 3 4

2
Time (usec)
Figure 4-4. Wave profile for reverse-ballistic test PF-2 (Jeffersonville limestone). Shot
parameters shown in Table 4.2. WONDY match also shown (solid line).
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Jeffersonville and Louisville Limestones

These Hugoniot data are plotted with results from Danby marble (Section 5) as Figures 4-
5 through 4-8. The Danby marble is a nearly pure calcite marble. These figures also indi-
cate a representative limestone Hugoniot, fit to data reported by Marsh [1980] for dry cal-
cite limestone near theoretical density (2.687 - 2.703 gm/cm>). This fit is described by Co
= 3.7225 km/sec, S = 1.4788, and py = 2.70. In most cases, the less dolomitized lime-
stones and the Danby Marble lie fairly close to this fit.

Figure 4-6 (P vs. p) also shows the Singh and Kennedy [1974] compression curves for cal-
cite to 4 GPa. Although detailed agreement of the present results with these curves is
spotty (principally in the variability of the Hugoniot points at 4 GPa), the general sense of
these results is to agree with the CaCOj3 I compressibility for stresses below 1.44 GPa, and
with the CaCOj3 III compressibility for stresses above 1.74 GPa.

Figure 4-7 (particle velocity vs. shock velocity) shows slopes for the various compositions
in rough agreement with the limestone fit for particle velocities above about 0.35 km/sec.
Below this level, the precursors show much higher shock velocities (to nearly 8 km/sec).

In general, the more highly dolomitized Louisville limestone showed higher impedance
than did the Jeffersonville limestone. No systematic difference between the frozen and

corresponding thawed samples was observed, either in the Hugoniot state achieved or in
the release. This is not surprising in view of the very low porosity of the samples tested.

4.5 Summary

Nine transmitted-wave experiments and one reverse-ballistic experiment were conducted
to assess the relative responses of frozen and ambient carbonate materials to shock and
release phenomena. Low-porosity samples were used with relatively discrete levels of
dolomitization. In general, the more highly dolomitized Louisville limestone showed
higher impedance than did the Jeffersonville limestone. It also did not show the precursors
present in most of the more calcite-rich tests with Hugoniot stresses less than about 10
GPa. No systematic difference between the frozen and corresponding thawed samples was
observed, either in the Hugoniot state achieved or in the release. This is not surprising in
view of the very low porosity of the samples tested.
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5.0 Danby Marble

5.1 Motivation for study

A major issue throughout the groundshock community has been the scalability of rock
properties between laboratory equation-of-state/constitutive properties tests and under-
ground tests (UGT’s). To this end, a portion of the HYDROPLUS program was devoted to
intermediate-scale tests (several tons of high-explosive). Included in this effort were sev-
eral carefully-controlled large-scale plane wave tests under the Distant Mountain label. A
large volume (small swimming pool) of nitromethane was initiated by several thousand
electrical detonators, driving a plane wave into a carefully constructed bed of quarried
stone containing standard UGT groundshock instrumentation. Two of these tests were per-
formed using marble provided by the Vermont Marble Company (Proctor, Vermont).

Laboratory-scale impact experiments were conducted on marble from the same source.
Experiments were conducted at Sandia National Laboratories using VISAR instrumenta-
tion, and at the DNA Impact Facility, using predominately carbon stress-gauge instrumen-
tation. The stress range of interest was 0 - 14 GPa.

The present section presents the results of the Sandia effort.

5.2 Material studied

Six tiles of marble were supplied by the Vermont Marble Company from which both San-
dia and Ktech extracted disks for impact testing. The trade name for this material is Mont-
clair Danby, from Proctor, Vermont. The tile utilized for the Sandia samples had discrete
bands of lithics coursing through an apparently (visual appearance) nearly pure calcite
marble. Samples were cut avoiding these bands.

The densities of these samples (2.68 - 2.70 gm/cm3) are consistent with nearly pure mar-
ble with negligible dolomitization. Porosity is believed to be extremely low, in view of the
density of the material and expected properties of marble. Crystal faces were easily seen
by reflection; sizes were determined to be approximately a millimeter.

Sample preparation was done by machining the diameters required and surface-grinding
to plane parallelism of approximately 0.0002” (5 um). The tile faces were not assumed to
be planar or parallel in this process.

5.3 Experiments conducted

Six impact experiments were conducted using VISAR instrumentation for measuring par-
ticle velocity histories. Parameters are summarized in Table 5.1. Two tests were conducted
in a transmitted-wave configuration and four in a reverse-ballistics configuration.
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No cups were used in either configuration because the samples were competent and fluid

loss was not an issue. Otherwise, the configurations were as described elsewhere in this
report.

5.4 Dynamic properties resuits

5.4.1 Velocity profiles observed

The observed velocity profiles are presented in Figure 5-1. The transmitted-wave tests
indicate the existence of a precursor of approximately 1.4 GPa amplitude. (see section
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Figure 5-1. Velocity profiles for Danby Marble impact tests.
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5.4.2), consistent with earlier studies of calcite mineralogies. This is shown most clearly in
test DM-11; test DM-10 was conducted at a low-enough impact velocity that the plastic
loading wave is dispersed and somewhat indistinct. The viscoelastic behavior of the
PMMA buffers produced a prominent rounding of the loading and unloading portions of
both velocity histories (see Schuler and Nunziato [1975]).

The reverse-ballistic tests provided the waveforms shown in the upper part of Figure 5-1.
Because no cups were used, the initial plateau produced by the interaction of the cup with
the target (Fig. 2-2) is absent. The releases show an indistinct step in the 150 - 250 m/sec
interval, possibly corresponding to a CaCO3 III — I transition (see Section 3.3.3). Inter-
estingly, the step structure in the present release is markedly less distinct than for the 18%
porosity Indiana Limestone. Perhaps the porosity and water saturation of the Indiana lime-
stone facilitated the phase transition.

5.4.2 Dynamical properties calculated from wave profiles

Transmitted-Wave Experiments

For the transmitted-wave experiments, precursor and Hugoniot states were calculated
from the times-of-arrival of the precursor and final waves and the plateau level of the pre-
cursor. The particle velocity and stress of a partial release point were calculated for each
test from the main plateau level. The method was described in Section 3.3.2 and by Fur-
nish [1993a, b]. Results are listed in Table 5.2

Table 5.2. Precursor and Hugoniot values from transmitted-wave experiments on

Danby Marble.
Precursor/Hugoniot Conditions
- -
Shot Proj. Plastic Particle Shock Specific
# Velocity TOA Po Vel Pressure p Vel. p/pg Vol
km/sec  psec gm/cm3 km/sec GPa gm/cm3 km/sec cm3/gm

DM 10 0.230(3) 3.479(16) 2.700
Precursor Conditions — 0.08(2) 13(3) 2.741(10) 5728 1.015@ 0.365(1)
Hugoniot Conditions —  0.1184) 1.65(5) 2.765(7) 3.80(4) 1.024(3) 0.3617(9)
Dm 11 0.543(6) 3.348(7) 2.701
Precursor Conditions — 0.08(2) 1.5(3) 2733(7) 6.87(10) 1.012(3) 0.366(9)
Hugoniot Conditions —»  0297(6) 3.67(9) 2.904(9) 3.74(3) 1.075(3) 0.3444(11)

Partial Release Conditions
- —
Shot Plateau Particle
#  Velocity Stress Vel
km/sec GPa km/sec
DM 10 0.1934) 0.71(2) 0.193(4)

DM 11 0.447(12) 1.85(7) 0.447(12)
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Reverse-Ballistic Experiments

The reverse-ballistic experiments provided Hugoniot information from the plateau veloc-
ity level. Release information derived from a wavecode matching of the observed release,
which originated at the sample-foam interface was also available. Details of these calcula-
tions are described in Sections 2.2.2 and 3.3.2, and by Furnish [1993a,b]. The results are
presented in Table 5.3. Uncertainties in the Hugoniot conditions are derived by adding in
quadrature uncertainties in the following quantities:

* Precursor levels (taken as 1.4 + 0.4 GPa at 6.26 km/sec). The difference
made by assuming no precursor is tabulated in Table 5.3.

Projectile Velocity

Observed Plateau Velocity
Initial Density

Equations of state of aluminum and lithium fluoride (1% in stress at given
particle velocity)

These are plotted together with the Jeffersonville and Louisville Limestone results in Fig-
ures 4-5 through 4-8. In general, the agreement with the expected physics (CaCO3; I — 111

Table 5.3. Hugoniot conditions for reverse-ballistic tests on Danby Marble.

(1) Assuming precursor 1.4 + 0.4 GPa at 6.26 km/sec (thc best guess)

Hugoniot Conditions
-q —
Shot Proj. Observed Particle Shock Specific
# Velocity Vel Po Vel  Pressure p Vel. p/po Vol
km/sec km/sec gm/cm? km/sec GPa gm/cm3 km/sec cm3/gm

DM6 0.219(2) 0.107(2) 2.694(14) 0.115(3) 1.543) 2783y 1.7(1.9) 1.0339) 0.3594)
DM 7 1.029(10) 0.431(4) 2.682(14) 0.608(14) 6.69(5) 3.16(3) 3.79(14) 1.180(11) 0.316(3)
DM & 1.199(12) 0.529(4) 2.680(14) 0.681(17) 841(6) 3.15(4) 4.40(14) 1.176(11) 0.317(4)
DM 9 1.721(17) 0.780(4) 2.691(13) 0.958(24) 13.09(10) 3.32(5) 4.98(14) 1.234(15) 0.301(4)

(2) Assuming no precursor (probably invalid)

Hugoniot Conditions
- —-
Shot Proj. Observed Particle Shock Specific
# Velocity Vel Po Vel  Pressure p Vel p/Po Vol
km/sec km/sec gm/cm3 km/sec GPa gm/cm® km/sec cm3/gm

DM6 0.219(2) 0.107(2) 2.694(14) 0.114(3) 1.54(3) 2.757(15) 5.02(21) 1.023(8) 0.363(2)
DM 7 1.02910) 0.431(4) 2.682(14) 0.605(11) 6.64(7) 3.15(3) 4.09(10) 1.173(11) 0.318(3)
DM 38 1.199(12) 0.529(4) 2.680(14) 0.678(13) 8.35(8) 3.14(3) 4.60(11) 1.173(11) 0.318(3)
DM9 1.721(17) 0.780(4) 2.691(13) 0.955(17) 13.03(11) 3.31@) 5.07(11) 1.232(14) 0.302(3)
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transition) and the fit to the data presented in Marsh [1980] (Cy = 3.7225 km/sec, S =
1.4788, and py = 2.70) is good.

Release paths were derived from the reverse-ballistic experiments by modeling the exper-
iments with the Lagrangian finite-element wavecode WONDY V [Kipp and Lawrence,
1982]. The modeling chosen including a 2-step loading chosen to match the calculated
Hugoniot pressure/density values of Table 5.3 (top) and appropriate precursor conditions.
(Figure 5-2). These precursor conditions are a stress of 1.4 GPa and a density correspond-
ing to that stress, the initial density (varying from test to test) and a precursor velocity of
6.26 km/sec. The unloading was governed by the usual release modulus:

=Bg = Bo(l +yB, + x232 + x3B3) (where x = 9 ) (Eqg.5.1).

Jc
-V.)==
(-Vy) 3Vl o,

These tests were also modeled assuming no precursor as a sensitivity study.

Model pressure-volume Figure 5-2. Equation-of-state assumed
path assumed for sample.  p for WONDY V modeling of Danby
Marble and UTTR limestone.

Rayleigh
( L¥ne 5

Pressure

Po Density

The release paths derived via these modelings are plotted in Figures 4-5, 4-6 and 4-8. Cor-
responding fits to the data are shown in Figures 5-3 (assuming two-wave loading for all
tests except DM-6), and 5-4 (one-wave loading assumed for all tests).

I believe the two-wave loading to be the correct modeling (except for test DM-6, where
the precursor state lies close to the final state). On physical grounds and to be consistent
with the results of the forward-ballistic tests, the two-wave loading is strongly suggested.
Furthermore, the two-wave loading model is predicted to give a shoulder at the start of the
release; this is observed. The time-of-arrival of the onset of this shoulder does not agree
well with the calculation, but the magnitude of the velocity drop across this shoulder is
well reproduced by the calculation.

5.5 Summary

Six impact tests were conducted on a clean marble quarried from the same source as the
marble used in large-scale tests in the Distant Mountain series. The transmitted-wave tests
are consistent with a precursor propagating at 6.2 km/sec with a stress of 1.4 GPa, fol-
lowed by a plastic loading. The reverse-ballistic tests provided Hugoniot points and
release paths also consistent with such a loading. In general, the releases are hysteretic and
strongly curved throughout the 1 - 13 GPa region studied.
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6.0 UTTR Limestone

6.1 Motivation for study

A study proposed under HYDROPLUS was to continue the study of scalability mentioned
in the Motivation for Section 5. This study, planned for the Utah Test and Training Range,
was to have included a large spherical detonation in a carbonate-rich mineralogy.

Sandia National Laboratories and the DNA Impact Facility performed laboratory-scale
impact tests on material chosen as representative of the site of this large-scale test. As
before, experiments conducted at Sandia National Laboratories used VISAR instrumenta-
tion, and those at the DNA Impact Facility used predominately carbon stress-gauge instru-
mentation. The stress range of interest was 0 - 14 GPa.

The present section presents the results of the Sandia effort, a set of five transmitted-wave
experiments.

6.2 Material studied

A core of material was obtained from the CMO02 drill hole (118’ 4.2 - 7.3”") [Martin, 1993].
Gas gun samples were prepared by Terra Tek, with no attempt made to preserve any mois-
ture content. The densities of these samples were 2.678 - 2.688 gm/cm” (Terra Tek mea-
surements) or 2.666 - 2.677 gm/cm? (Sandia measurements). The normative mineralogy
was reported to us as 22% quartz, 75% calcite and 3% dolomite, which would correspond
to an average grain density of 2.701 gm/cm3. The porosity is then (very approximately)
estimated as 0.7% to 1.1%.

6.3 Experiments conducted

A total of five tests were conducted, all in a transmitted-wave geometry. The geometry is
shown in Figure 6-1, with the experimental parameters listed in Table 5.1. These tests uti-
lized velocity interferometry (VISAR) as the primary diagnostic. As with the transmitted-
wave tests reported in previous sections, Hugoniot states and loading information were
obtained. In addition, since the sample shock impedance was very close to those of lithium
fluoride and 6061-T6 aluminum (in fact, slightly softer), these tests also yielded release
information from a state very close to the Hugoniot state. The traces were timed relative to
impact using an electronic fiducial triggered by a shorting pin flush with the impact sur-
face. This timing has been corrected for projectile tilt and data/fiducial travel time differ-
ences. The procedure is discussed in detail in Appendix B.
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Table 6.1. Test matrix for UTTR limestone impact tests

Shot#| Gun [ Impact |Flyer Plate] Foam [Sample | Sample | Sample | Window"
acility?| Velocity | Thick? | Density | ID | Density | Thick | Thick
(km/sec)| (mm) (gm/cm3) (gm/cm3) (mm) (mm)

UT1 | Gas 0.276 6.070 0.2986 | #1 2.669 9.903 | 25.439
UT2 | Gas 0.516 6.070 02942 | #2 2.672 9.925 | 25.392
UT3 | Gas 0.766 6.058 03015 | #3 2.666 9961 | 25.324
UT4 {Powder | 1.011 5.979 0.2844 | #5 2.677 | 10.065 | 25.378
UTS5 [Powder | 1.340 6.103 02844 | #6 2.673 | 10.058 | 25.436

Notes:

1. Window is composed of lithium fluoride for all tests in this study.

2. In these forward-ballistic tests, the flyer plate is backed by foam (density as noted;
thickness ~ 5 mm)

3. Velocity per fringe (VPF) is 0.055995 km/sec for the present gas gun tests and
0.155296 m/sec for the present powder gun tests. This VPF assumes Av/v, = 0.28
for LiF

Projectile
Velocity and Ground Pins

—
- —»To VISAR

—— LiF Window (2” dia. X 1” thick)
4 Flush Pins

Aluminum

(20#, Impactor

T; Fi
. < ;; mm (6061-T6 Sample arget bFixture
thick) dluminum, (UTTR Limestone, ~10 mm thick,

6 mm thick) 47.5 mm dia.)

Figure 6-1. Transmitted-wave configuration used for UTTR limestone impact tests.




6.4 Dynamic properties results

6.4.1 Velocity profiles observed

The five tests produced the velocity profiles shown in Figure 6-2. All of the tests yielded

distinct precursors which we interpret as due to the CaCOz 1 — III transition; the stress

levels presented later corroborate this interpretation. UT-3 may show three distinct loading <
waves CaCO3 I — II — II?). The plastic waves show the expected ramp-up behavior,

trending toward overtake with increasing stress levels. Releases (propagated forward from

the flyer/foam interface in the projectile through the sample) are show distinct structure in

the two lower-stress tests (in fact, a rarefaction shock in the lowest-stress test), but less

structure in the higher-stress tests. This is as expected. Velocity increases after about 5
psec are probably due to reshock propagated through the foam (although the reshock
behavior in UT-2 is earlier than expected). No analysis of this late-time behavior has been
attempted.
800 i LI L | LR L] ‘ 1V 1 1 Tl L) l v 11 ' L LR ] I LI I LR L] ]
X -
[ —— UT5 (U = 1340 m/sec) ]
700 - ~——- UT4 (U= 1011 m/sec)
C  — UT3 (Up = 766 m/sec)
~600 - -
Q S e s UT2 (U = 516 m/sec) 1
] [
N - . —— UT1 (Up =276 m/sec) ]
€500 | e .
N’ B o
z f :
8 400 | =
K N ]
> [ i
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] - i
b =g L -
£ 200 |- -
C ]
100 |- .
0 L | I S | I 1.0 }; l | S T S | I 1.1 1 l | ) L 1 .t 1 1 l L1 {1 ] | W |
0 1 2 3 4 5 6 7 8
Time (usec)
Figure 6-2. Velocity profiles from UTTR limestone impact tests.
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6.4.2 Dynamical properties calculated from wave profiles

Three principal types of data reduction have been performed: (1) impedance-match calcu-
lations of precursors and Hugoniot states, (2) WONDY V modeling to extract release

> paths, and (3) explicit Lagrangian wave-evolution calculations to extract stress-strain
loops (which are compared with the WONDY V results).

Impedance Match Results

Impedance match calculations proceed as discussed in earlier sections, with simple modi-
fications to account for the use of a LiF window and elimination of a buffer. The results
are presented in Table 6.2. The times-of-arrival used are given, and may be compared with

Table 6.2. Precursor and Hugoniot values from transmitted-wave experiments on

UTTR Limestone.
Precursor/Hugoniot Conditions
- >
Shot Proj. Plastic Particle Shock Specific
# Velocity TOA Po Vel Pressure p Vel. P/Po Vol
km/sec  psec gm/cm3 km/sec GPa gm/cm3 km/sec cm3/gm

UT1l 0276 3.00(10) 2.669(5)
Precursor Conditions —»  0.076(2) 1.17@) 2.705(6) 5.733) 1.013(2) 0.370(1))
Hugoniot Conditions —  0.153(3) 1.83(5) 2.77(1) 3.26(12) 1.038(2) 0.361(1)
UT2 0516  3.00(10) 2.672(6)
Precursor Conditions —  0.076(2) 1.12(3) 2.709(7) 5.5(3) 1.014(3) 0.369(1)
Hugoniot Conditions — 0.309(5) 3.13(®) 2.92(2) 3.26(12) 1.092(5) 0.343(2)
UT3 0.766 2.65(10) 2.666(12)
Precursor Conditions — 0.088(2) 1.284) 2.710(13) 5503) 1.016(5) 0.369(2)
Hugoniot Conditions —  0.454(8) 4.85(13) 3.01(2) 3.69(15) 1.128(8) 0.333(3)
UT4 1011 2.27(10) 2.677(11)
Precursor Conditions —  0.081(3) 1.40(5) 2.711(11) 644) 1.0134) 0.369(2)
Hugoniot Conditions —»  0.569(11) 7.07(20) 3.05(3) 4.37(19) 1.140(12) 0.328(3)
UTS5 1340 2.0910) 2.673(10)
Precursor Conditions — 0.069(2) 1.14(4) 2.703(10) 6.2(4) 1.011@ 0.370(1)
Hugoniot Conditions —  0.750(15) 9.76(28) 3.16(4) 4.75(22) 1.181(15) 0.317(4)

Reshock Conditions
-~} -
Shot  Plateau Particle
¢ # Velocity  Stress Vel.
km/sec GPa km/sec
UT1 0.137 2.02 0.137
UT2 0.250 3.71 0.250
UT3 0.398 6.09 0.398
UT4 0.512 8.07 0.512
UTs 0.690 11.28 0.690
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the waveforms. In general, they correspond to half-maximum points. The calculations
take into account the two-wave nature of the loading, and assume that the higher-pressure
equation of state and index of refraction corrections for lithium fluoride can be used over
the stress interval 0 - 7 GPa (a point discussed in Section 12 of Furnish [1993a]).

The precursors all show stresses in the general range of 1.4 GPa, with wave velocities gen-
erally in the 5.5 - 6.4 km/sec range.

Rather large uncertainties have been assigned the times-of-arrival due to an observed sys-
tematic timing discrepancy between the compressed gas gun test traces and the powder
gun traces. These uncertainties have been propagated through the analysis.

Wavecode modeling to extract release paths

The WONDY V Lagrangian wavecode [Kipp and Lawrence, 1982] was used to model all
of the experiments to infer release paths. The modeling used including a 2-step loading
chosen to match the calculated precursor and Hugoniot pressure/density values of Table
6.2 (see Figure 5-2). The unloading was governed by the usual release modulus:

(-Vy) dJo =B, = BOLI +XB, + x232 + X3B3) (where y = S ) (Eq.6.1).
oV S Gy

Note that this procedure has generally been applied to reverse-ballistic experiments, while

here it is applied to a set of transmitted-wave experiments. This is reasonable because the

Hugoniot state is relatively close to the reshock state reached after shock interaction with

the lithivm fluoride window (not the case in previous sections where a PMMA window
was used).

The precursor and Hugoniot states are plotted in Figure 6-3, together with the release
paths inferred from matching the WONDY V wave profile predictions to the observed
waveforms. The perturbation corresponding to the trace timing uncertainty is illustrated in
the stress vs. particle velocity plots in Figure 6-3.

The WONDY V wave profile calculations corresponding to the release paths in Figure 6-3
are shown in Figure 6-4. In general quite good agreement was obtained. The final plateau
level is the most rigorous test of the models used; that is not prescribed in the input deck
for the wavecode, but rather is a consequence of the Hugoniot and reshock/release proper-
ties specified. For UT2, 4 and 5, the plateau level agreement is excellent; for UT1 the cal-
culated plateau is high (note that determining a plastic wave arrival time was difficult for
this test because of the dispersed, slow arrival); and for UT3 it is low (this test may have
had a three-wave loading, which was not accounted for in the model). The two versions of
fits for UT4 are presented as indications of the robustness of this fitting process in deter-
mining release paths (see the corresponding release paths in Fig. 6-3).

Lagrangian wave-evolution calculation of stress-strain paths

In general, the waveform (o(f) or Up(t)) must be known at a minimum of two locations in
a sample to perform an explicit analysis of stress-strain paths traversed by the sample. For
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the case of a VISAR experiment, this condition is met only for a forward ballistic experi-
ment with VISAR monitoring of an interface contacting the sample, where other consider-
ations allow the calculation or determination of the waveform entering the sample.

These conditions are met in the present set of experiments. The input wave to the sample
may be calculated (more details below), and the output wave is measured. By contrast
with the tests described in earlier sections of this report, the UTTR limestone tests utilized
lithium fluoride windows. The waveforms measured at the sample/window interface are
somewhat perturbed by the relatively small impedance mismatch, but wave contamination
by reflected waves is small and nonlinear wave interactions are presumed to have a negli-
gible effect in the present experiments.

Therefore, a Lagrangian wave-evolution calculation was undertaken to complement the
WONDY V release path determinations and the impedance match precursor and Hugoniot
calculations.

There are several programs available for implementing such a calculation for VISAR
tests. In the present case it is possible to supply the observed waveform directly, along
with information about sample thickness, original state of sample (stress, density, zero-
stress density, initial material velocity), and the input waveform. Details of this procedure
may be found in Grady and Young [1976].

A particularly simple version of the problem occurs when the input waveform is taken as a
step loading at zero time, followed at a time T, by the onset of a ramp unloading of dura-
tion AT. Using this as an illustration, consider an iteration through the observed output
velocity profile as follows (sequence of steps performed at each point in the iteration):

(1) Establish the impedance of the window material at the particular velocity in
question, Zyin = Powin*Cwin (Where Cyin = (d0yin/deyy,) 1/2)

(2) Calculate the average Lagrangian wave velocity Cg,y, for this step (thickness/
time for loading; thickness/(time-T;) for unloading; further correct if unload-
ing 1s a ramp)

(3) Calculate the impedance of the sample for this iteration as Zg,;, = PosamCsam-

(4) Calculate the stress increment as the average of the two impedances, Z,y,,
times the observed particle velocity increment

(5) Calculate the sample particle velocity increment as Z,,o/Z,, times the
observed particle velocity increment

(6) Calculate the strain increment as the particle velocity increment divided by the
Lagrangian wave speed (cf. eq. 11.5)

These steps have been implemented in a Fortran code and applied to the present tests. The
input waveforms assumed are shown in Figure 6-5, juxtaposed on the WONDY predic-
tions of the input waveforms.

The resulting stress-strain paths, recalculated as stress-density, are shown in Figure 6-6.
These are juxtaposed on the trajectories extracted from the WONDY V matchings to the
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experimental wave profiles, and on the Hugoniot values calculated by impedance-match
methods.

6.5 Summary

A set of five transmitted-wave impact experiments has been performed on an impure, low-
porosity limestone from the Utah Test Range. VISAR diagnostics were used. The stress
range of this study spanned 0 - 10 GPa. Clean waveforms were obtained, showing 2-wave
loading (and 3-wave loading in one case), where the wave splitting is associated with the
CaCO3 I — II — III set of phase transitions. Precursor, Hugoniot and mildly reshocked
states were obtained by impedance match methods. Release paths were obtained by itera-
tive matching of the wave profiles with the Lagrangian finite-element wavecode WONDY
V. Stress-strain paths were obtained by explicit Lagrangian wave-evolution calculations,
assuming sample input waveforms simplified from those predicted in the WONDY V
runs. These three calculations agreed well with one another for stress levels above 5 GPa.
In general, the hystereses are comparable. The lower-pressure tests show poorer agree-
ment between the reduction methods; I am not sure why but suggest that strength of the
sample and window may play a role. The WONDY loops include the impedance-match
Hugoniot point (except for the case of UT 1), but generally go beyond it.




7.0 Conclusions

The response of a variety of carbonate materials to shock loading and release has been
measured. Various experimental configurations were used, some optimized to yield
detailed waveform information, others to yield a clean combination of Hugoniot states and
release paths. All made use of velocity interferometry as a primary diagnostic. The stress
range of 0 - 20 GPa was probed (in most cases, emphasizing the stress range 0 - 10 GPa).
The primary physical processes operating in carbonate materials in this stress regime are
material strength, porosity, and polymorphic phase transitions between the CaCO; phases
I, II, ITI and V1. Hydration is also a significant reaction under certain conditions.

Specific summary comments about the individual materials studied follow:

Indiana Limestone: A relatively pure, fine-grained limestone of about 18% porosity was
tested in water-saturated and desiccated conditions. Hugoniot stresses produced ranged
from 0.6 GPa to 12 GPa. A comparison of the Hugoniot results for the saturated material
suggests that a hydration reaction to produce ikaite (CaCO3-6H,0) occurs on a shock
timescale (< 1 psec).

Wave profiles provided loading, release and reshock information. Release paths tend to lie
along the Hugoniot, showing little hysteresis. Reshock results are similar except at
stresses below 4 GPa, where strength effects become significant. Strength effects are also
significant in the shock velocity of the Hugoniot state at stresses less than 4 GPa. Structure
observed on the releases is tentatively attributed to phase transitions in the CaCO3 I <> (II)
<> III system. Finally, transmitted-wave experiments did not show evidence for precur-
SOrS.

Jeffersonville/Louisville (Fort Knox) Limestones: A set of nine transmitted-wave experi-
ments and one reverse-ballistic experiment was conducted to assess the relative responses
of frozen and ambient carbonate materials to shock and release phenomena. Low-porosity
samples were used with relatively discrete levels of dolomitization. In general, the more
highly dolomitized Louisville limestone showed higher impedance than did the Jefferson-
ville limestone. It also did not show the precursors present in most of the more calcite-rich
tests with Hugoniot stresses less than about 10 GPa. No systematic difference between the
frozen and corresponding thawed samples was observed, either in the Hugoniot state
achieved or in the release. This is not surprising in view of the very low porosity of the
samples tested.

Danby Marble: Six impact tests were conducted on a clean marble quarried from the same
source as the marble used in large-scale tests in the Distant Mountain series. The transmit-
ted-wave tests are consistent with a precursor propagating at 6.2 km/sec with a stress of
1.4 GPa, followed by a plastic loading. The reverse-ballistic tests provided Hugoniot
points and release paths also consistent with such a loading. In general, the releases are
hysteretic and strongly curved throughout the 1 - 13 GPa region studied.

Utah Test Range Limestone: A set of five transmitted-wave impact experiments has been
performed on an impure, low-porosity limestone from the Utah Test Range. VISAR diag-
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Conclusions

nostics were used. The stress range of this study spanned 0 - 10 GPa. Clean waveforms
were obtained, showing 2-wave loading (and 3-wave loading in one case), where the wave
splitting is associated with the CaCO5 I — II — III set of phase transitions. Precursor,
Hugoniot and mildly reshocked states were obtained by impedance match methods.
Release paths were obtained by iterative matching of the wave profiles with the
Lagrangian finite-element wavecode WONDY V. Stress-strain paths were obtained by
explicit Lagrangian wave-evolution calculations, assuming sample input waveforms sim-
plified from those predicted in the WONDY V runs. These three calculations agreed well
with one another for stress levels above 5 GPa. In general, the hystereses are comparable.
The lower-pressure tests show poorer agreement between the reduction methods; I am not
sure why but suggest that strength of the sample and window may play arole. The
WONDY loops include the impedance-match Hugoniot point (except for the case of UT
1), but generally go beyond it.
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Appendix A

Appendix A
Tabulated Release Paths

Release paths for the tests discussed in this report are presented in a filtered form in this
Appendix. Each path is represented by the first (Hugoniot), second and last points on the
portion of the release considered valid, with the interval between the second and last points
covered by five equally spaced points. Units are GPa for pressure, cm? gm for volume, gm/

cm? for density, km/sec for particle velocity Uy, and MJ/kg for specific energy. Particle
velocity is presented both incrementing upward and incrementing downward from the
Hugoniot value to facilitate comparison with the results of other experiments; the true sense
for the reverse-ballistic experiments is upward incrementation since the shock and the
release are propagating in opposite directions.

Shot names and numbers are the same as those used in the text and tables. They are
arranged alphabetically. The B; parameters are listed consecutively; e.g. for ILS 1, we
have By = 177.3x1010Pa, B; =2.9, B, = 2.6 and B; = 0.4, and for DM 7, By = 27.0x10'°
Pa, B; =2.4, B, =2.9 and B = 1.4, with a quadratic viscosity coefficient of 10 (default is
2), a 14 kb, and a 2.7 gm/cc precursor.0.163 mm gap between the sample and the cup.
Tests ILS10 and ILS12 have two-part releases (two sets of the B; parameters, with the
switchover at a fraction X of the Hugoniot stress.

Indiana Limestone - Saturated
SHOT ILS1 (1000 M/S) B =177.3,2.9, 2.6, 0.4

Pressure
0.57008E+10
0.56829E+10
0.50333E+10
0.43837E+10
0.37341E+10
0.30845E+10
0.24349E+10
0.17853E+10

Volume
0.34849E-03
0.34853E-03
0.35032E-03
0.35295E-03
0.35702E-03
0.36364E-03
0.37437E-03
0.38872E-03

Density
0.28695E+04
0.28692E+04
0.28545E+04
0.28333E+04
0.28010E+04
0.27500E+04
0.26712E+04
0.25726E+04

Up (+)
0.64100E+03
0.64186E+03
0.67592E+03
0.71716E+03
0.76843E+03
0.83386E+03
0.91717E+03
0.10137E+04

SHOT ILS2 (1297 M/S) B =170 1.9 0.55 -0.55

~ Pressure
0.79162E+10
0.79142E+10
0.70192E+10
0.61241E+10
0.52291E+10
0.43341E+10
0.34390E+10
0.25440E+10

Volume
0.33988E-03
0.33989E-03
0.34237E-03
0.34556E-03
0.34984E-03
0.35589E-03
0.36489E-03
0.37848E-03

Density
0.29422E+04
0.29421E+04
0.29208E+04
0.28940E+04
0.28585E+04
0.28098E+04
0.27406E+04
0.26422E+04

Up (+)
0.80800E+03
0.80810E+03
0.85522E+03
0.90855E+03
0.97041E+03
0.10439E+04
0.11335E+04
0.12436E+04
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Energy
0.20683E+06
0.20659E+06
0.19724E+06
0.18529E+06
0.16928E+06
0.14735E+06
0.11877E+06
0.92242E+05

Energy
0.32409E+06
0.32405E+06
0.30612E+06
0.28620E+06
0.26290E+06
0.23513E+06
0.20149E+06
0.16262E+06

Up(-)
0.64100E+03
0.64014E+03
0.60608E+03
0.56484E+03
0.51357E+03
0.44814E+03
0.36483E+03
0.26830E+03

Up(-)
0.80800E+03
0.80790E+03
0.76078E+03
0.70745E+03
0.64559E+03
0.57209E+03
0.48249E+03
0.37240E+03




SHOT ILS3 (1534 M/S) B=197.91.81.00.1

Pressure
0.95423E+10
0.95403E+10
0.85975E+10
0.76547E+10
0.67118E+10
0.57690E+10
0.48262E+10
0.38834E+10

Volume
0.32938E-03
0.32939E-03
0.33167E-03
0.33440E-03
0.33775E-03
0.34194E-03
0.34722E-03
0.35404E-03

Density
0.30360E+04
0.30359E+04
0.30151E+04
0.29904E+04
0.29607E+04
0.29245E+04
0.28799E+04
0.28246E+04

Up (+)
0.94800E+03
0.94809E+03
0.99417E+03
0.10449E+04
0.11011E+04
0.11639E+04
0.12345E+04
0.13145E+04

SHOT ILS9 (209.6 M/S) B=27.351.81.00.1

Pressure
0.12857E+10
0.12852E+10
0.11774E+10
0.10696E+10
0.96185E+09
0.85407E+09
0.74628E+09
0.63850E+09

Volume
0.40723E-03
0.40724E-03
0.40896E-03
0.41097E-03
0.41337E-03
0.41624E-03
0.41974E-03
0.42405E-03

Density
0.24556E+04
0.24556E+04
0.24452E+04
0.24333E+04
0.24192E+04
0.24024E+04
0.23825E+04
0.23582E+04

Up (+)
0.12500E+03
0.12505E+03
0.13866E+03
0.15339E+03
0.16945E+03

Energy
0.43315E+06
0.43311E+06
0.41329E+06
0.39247E+06
0.36965E+06
0.34509E+06
0.31864E+06
0.29066E+06

Energy
0.80887E+04
0.80802E+04
0.59828E+04
0.37675E+04
0.13924E+04

Up(-)
0.94800E+03
0.94791E+03
0.90183E+03
0.85111E+03
0.79492E+03
0.73210E+03
0.66151E+03
0.58150E+03

Up(-)
0.12500E+03
0.12495E+03
0.11134E+03
0.96610E+02
0.80554E+02

0.18705E+03 -0.11611E+04 0.62954E+02
0.20644E+03 -0.38951E+04 0.43560E+02
0.22799E+03 -0.68119E+04 0.22010E+02

ILS10 BA=57 1.05 1 0.4; BB=32 1.1 1 0.5 X=0.69 (Two-part release)

Pressure
0.25175E+10
0.25132E+10
0.21624E+10
0.18116E+10
0.14607E+10
0.11099E+10
0.75908E+09
0.40825E+09

Volume
0.38873E-03
0.38875E-03
0.39154E-03
0.39469E-03
0.40063E-03
0.40780E-03
0.41573E-03
0.42460E-03

Density
0.25725E+04
0.25723E+04
0.25540E+04
0.25336E+04
0.24960E+04
0.24522E+04
0.24054E+04
0.23551E+04

Up (+)
0.28100E+03
0.28133E+03
0.31260E+03
0.34582E+03
0.39122E+03
0.44134E+03
0.49409E+03
0.54987E+03

Energy
0.39135E+05
0.39070E+05
0.32760E+05
0.26848E+05
0.17639E+05
0.92456E+04
0.26784E+04

Up(-)
0.28100E+03
0.28067E+03
0.24940E+03
0.21618E+03
0.17078E+03
0.12066E+03
0.67910E+02

-0.17149E+04 0.12130E+02

ILS12 BA=97 33 0; BB=26.5 0.2 0.2 0.5 X=0.7 (Two-part release)

Pressure

Volume

Density

Up(+)

Energy

Up(-)

0.44896E+10 0.35779E-03 0.27949E+04 0.53000E+03 0.14043E+06 0.53000E+03
-0.44890E+10 0.35779E-03 0.27949E+04 0.53004E+03 0.14041E+06 0.52996E+03
0.38442E+10 0.36129E-03 0.27679E+04 0.57868E+03 0.12619E+06 0.48132E+03
0.31994E+10 0.36695E-03 0.27251E+04 0.63898E+03 0.10680E+06 0.42102E+03
0.25546E+10 0.37760E-03 0.26484E+04 0.72170E+03 0.78154E+05 0.33830E+03
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ILS12 (Continued)

Pressure
0.19098E+10
0.12650E+10
0.62023E+09

Volume
0.38912E-03
0.40156E-03
0.41574E-03

ILS13 B =95, 1.79, 1.0, 0.1

Pressure
0.60037E+09

0.60003E+09 0.40878E-03

0.51704E+09
0.43405E+09
0.35107E+09
0.26808E+09
0.18509E+09
0.10210E+09

Volume
0.40878E-03

0.40917E-03
0.40969E-03
0.41038E-03
0.41137E-03
0.41278E-03
0.41485E-03

ILS14 B =1452.82.8 0.8

Pressure
0.40499E+10
0.40474E+10
0.34408E+10
0.28342E+10
0.22276E+10
0.16210E+10
0.10144E+10
0.40776E+09

Volume
0.35850E-03
0.35851E-03
0.36064E-03
0.36412E-03
0.36990E-03
0.37921E-03
0.39153E-03
0.40354E-03

Density
0.25701E+04
0.24904E+04
0.24054E+04

Density
0.24463E+04
0.24463E+04
0.24440E+04
0.24409E+04
0.24368E+04
0.24309E+04
0.24226E+04
0.24105E+04

Density
0.27894E+04
0.27894E+04
0.27728E+04
0.27464E+04
0.27035E+04
0.26370E+04
0.25542E+04
0.24781E+04

ILS15 B =180, 2.4,2.12, 0.63

Pressure
0.94259E+10
0.94241E+10
0.80711E+10
0.67181E+10
0.53652E+10
0.40122E+10
0.26592E+10
0.13062E+10

Volume
0.34222E-03
0.34222E-03
0.34622E-03
0.35204E-03
0.36072E-03
0.37391E-03
0.39358E-03
0.42083E-03

Density
0.29221E+04
0.29221E+04
0.28884E+04
0.28406E+04
0.27723E+04
0.26745E+04
0.25409E+04
0.23763E+04

Up(+)
0.80788E+03
0.89740E+03
0.99300E+03

Up (+)
0.82000E+02
0.82024E+02
0.87698E+02
0.94217E+02
0.10181E+03
0.11082E+03
0.12165E+03
0.13473E+03

Up (+)
0.49400E+03
0.49410E+03
0.52991E+03
0.57566E+03
0.63472E+03
0.70975E+03
0.79615E+03
0.88152E+03

" Up#)
0.87500E+03
0.87509E+03
0.94854E+03
0.10371E+04
0.11453E+04
0.12786E+04
0.14415E+04
0.16334E+04
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Energy
0.55878E+05
0.39185E+05
0.27580E+05

Energy
0.29427E+04
0.29417E+04
0.27317E+04
0.24981E+04
0.22362E+04
0.19463E+04
0.16416E+04
0.13648E+04

Energy
0.12309E+06
0.12307E+06
0.11533E+06
0.10484E+06
0.90733E+05
0.73612E+05
0.59645E+05
0.54887E+05

Energy
0.36903E+06
0.36899E+06
0.33550E+06
0.29445E+06
0.24431E+06
0.18545E+06
0.12380E+06
0.74590E+05

Appendix A

Up(-)
0.25212E+03
0.16260E+03
0.67000E+02

Up(-)
0.82000E+02
0.81976E+02
0.76302E+02
0.69783E+02
0.62186E+02
0.53182E+02
0.42353E+02
0.29270E+02

Up(-)
0.49400E+03
0.49390E+03
0.45809E+03
0.41234E+03
0.35328E+03
0.27825E+03
0.19185E+03
0.10648E+03

Up(-)
0.87500E+03
0.87491E+03
0.80146E+03
0.71285E+03
0.60471E+03
0.47136E+03
0.30849E+03
0.11660E+03




Indiana Limestone (Dry)
Dry Limestone DLS1 B0=215.86 (3.4,3.275,0)

Pressure
0.10949E+10
0.10924E+10
0.96170E+09
0.83100E+09
0.70030E+09
0.56959E+09
0.43889E+09
0.30819E+09

Volume
0.39602E-03
0.39604E-03
0.39635E-03
0.39691E-03
0.39793E-03
0.39975E-03
0.40176E-03
0.40372E-03

Density
0.25251E+04
0.25250E+04
0.25230E+04
0.25195E+04
0.25130E+04
0.25016E+04
0.24891E+04
0.24770E+04

Dry Limestone DLS3 (125, 1.5, 0.9, 0.3)

Pressure
0.31951E+10
0.31914E+10
0.27919E+10
0.23923E+10
0.19928E+10
0.15932E+10
0.11937E+10
0.79413E+09

Volume
0.34352E-03
0.34354E-03
0.34512E-03
0.34706E-03
0.34945E-03
0.35242E-03
0.35618E-03
0.36112E-03

Density
0.29110E+04
0.29109E+04
0.28975E+04
0.28813E+04
0.28617E+04
0.28375E+04
0.28076E+04
0.27692E+04

Up (+)
0.25100E+03
0.25124E+03
0.25741E+03
0.26597E+03
0.27743E+03
0.29284E+03
0.30906E+03
0.32505E+03

Up (+)
0.59800E+03
0.59827E+03
0.62299E+03
0.65084E+03
0.68170E+03
0.71611E+03
0.75485E+03
0.79923E+03

Dry Limestone DLS6 (B = 210,1.25,0.4,0.05)

Pressure
0.12194E+11
0.12180E+11
0.10701E+11
0.92229E+10
0.77443E+10
0.62657E+10
0.47872E+10
0.33086E+10

Volume
0.31618E-03
0.31622E-03
0.31968E-03
0.32374E-03
0.32861E-03
0.33455E-03
0.34201E-03
0.35175E-03

Density
0.31628E+04
0.31624E+04
0.31282E+04
0.30889E+04
0.30431E+04
0.29891E+04
0.29239E+04
0.28429E+04

Dry Limestone DLS8 (B = 125,1.1,0.25,0)

Pressure

Volume

Density

0.57605E+10 0.33871E-03 0.29524E+04
0.57543E+10 0.33880E-03 0.29516E+04
0.49353E+10 0.34193E-03 0.29246E+04
0.41163E+10 0.34572E-03 0.28925E+04

Up (+)
0.12930E+04
0.12938E+04
0.13651E+04
0.14424E+04
0.15273E+04
0.16209E+04
0.17259E+04
0.18458E+04

Up (+)
0.80500E+03
0.80577E+03
0.85575E+03
0.91140E+03
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Energy
0.31813E+05
0.31787E+05
0.31483E+05
0.30991E+05
0.30236E+05
0.29137E+05
0.28592E+05
0.28217E+05

Energy
0.17968E+06
0.17962E+06
0.17510E+06
0.17038E+06
0.16550E+06
0.16054E+06
0.15567E+06
0.15114E+06

Energy
0.84113E+06
0.84064E+06
0.80316E+06
0.76620E+06
0.72873E+06
0.69124E+06
0.65353E+06
0.61777E+06

Energy
0.32595E+06
0.32540E+06
0.30967E+06
0.29377E+06

Up(-)
0.25100E+03
0.25076E+03
0.24459E+03
0.23603E+03
0.22457E+03
0.20916E+03
0.19294E+03
0.17695E+03

Up(-)
0.59800E+03
0.59773E+03
0.57301E+03
0.54516E+03
0.51430E+03
0.47989E+03
0.44115E+03
0.39677E+03

Up(-)
0.12930E+04
0.12922E+04
0.12209E+04
0.11436E+04
0.10587E+04
0.96509E+03
0.86008E+03
0.74020E+03

Up(-)
0.80500E+03
0.80423E+03
0.75425E+03
0.69860E+03




Dry Limestone DLS8 (Continued)

Pressure
0.32973E+10
0.24783E+10
0.16594E+10
0.84037E+09

Volume
0.35034E-03
0.35609E-03
0.36354E-03
0.37372E-03

Fort Knox Limestone
PF2B=24,1.7,0.6,-0.15

Pressure
0.42071E+10
0.42005E+10
0.36360E+10
0.30715E+10
0.25070E+10
0.19425E+10
0.13780E+10
0.81349E+09

Danby Marble

Volume
0.34459E-03
0.34460E-03
0.34556E-03
0.34681E-03
0.34851E-03
0.35098E-03
0.35484E-03
0.36145E-03

Density
0.28544E+04
0.28082E+04
0.27508E+04
0.26758E+04

Density
0.29020E+04
0.29019E+04
0.28939E+04
0.28834E+04
0.28694E+04
0.28492E+04
0.28181E+04
0.27666E+04

DM 6 B=118,0,-0.2,0.50 S =2.50

Pressure
0.15966E+10
0.15964E+10
0.13347E+10
0.10730E+10
0.81126E+09
0.54955E+09
0.28784E+09
0.26124E+08

Volume
0.36231E-03
0.36231E-03
0.36313E-03
0.36396E-03
0.36483E-03
0.36578E-03
0.36694E-03
0.36870E-03

Density
0.27601E+04
0.27601E+04
0.27538E+04
0.27475E+04
0.27411E+04
0.27339E+04
0.27253E+04
0.27122E+04

Up (+)
0.97291E+03
0.10415E+04
0.11195E+04
0.12107E+04

Up (+)
0.30983E+03
0.31008E+03
0.33340E+03
0.35994E+03
0.39095E+03
0.42821E+03
0.47477E+03
0.53563E+03

Up (+)
0.11891E+03
0.11893E+03
0.13361E+03
0.14835E+03
0.16340E+03
0.17916E+03
0.19657E+03
0.21796E+03

Energy
0.27820E+06
0.26296E+06
0.24892E+06
0.23756E+06

Energy
0.47998E+05
0.47958E+05
0.44284E+05
0.40259E+05
0.35678E+05
0.30390E+05
0.24231E+05
0.17344E+05

Energy
0.70702E+04
0.70681E+04
0.59035E+04
0.50670E+04
0.43712E+04
0.38064E+04
0.33706E+04
0.31408E+04

DM7 B=27,24,29, 1.4 QVC=10.0; 14 kb 2.7 gm/cc precursor

Pressure
0.66360E+10
0.65907E+10
0.57707E+10
0.49508E+10
0.41308E+10

Volume
0.31596E-03
0.31708E-03
0.31844E-03
0.32026E-03
0.32262E-03

Density

Up (+)

Energy

0.31650E+04 0.60500E+03 0.18880E+06
0.31537E+04 0.61215E+03 0.18139E+06
0.31403E+04 0.64552E+03 0.17309E+06
0.31224E+04 0.68406E+03 0.16353E+06
0.30997E+04 0.72798E+03 0.15306E+06
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Up(-)
0.63709E+03
0.56849E+03
0.49050E+03
0.39930E+03

Up(-)
0.30983E+03
0.30958E+03
0.28626E+03
0.25972E+03
0.22871E+03
0.19145E+03
0.14489E+03
0.84030E+02

Up(-)
0.11891E+03
0.11889E+03
0.10421E+03
0.89465E+02
0.74423E+02
0.58659E+02
0.41251E+02
0.19860E+02

Up(-)
0.60500E+03
0.59785E+03
0.56448E+03
0.52594E+03
0.48202E+03




DM 7 (Continued)

Pressure
0.33108E+10
0.24909E+10
0.16709E+10

Volume

Density

Up (+)

Energy

0.32557E-03 0.30716E+04 0.77716E+03 0.14234E+06
0.32914E-03 0.30382E+04 0.83129E+03 0.13229E+06
0.33342E-03 0.29992E+04 0.89049E+03 0.12372E+06

DM 8 B =24, 1.8, 1.45,0.55 QVC = 4.0 Prec: 14 kb tho=2.716

Pressure
0.82980E+10
0.82357E+10
0.72274E+10
0.62190E+10
0.52107E+10
0.42023E+10
0.31940E+10
0.21856E+10

Volume
0.31639E-03
0.31648E-03
0.31828E-03
0.32051E-03
0.32331E-03
0.32683E-03
0.33127E-03
0.33698E-03

Density
0.31607E+04
0.31597E+04
0.31419E+04
0.31200E+04
0.30931E+04
0.30598E+04
0.30186E+04
0.29675E+04

Up (+)
0.67800E+03
0.68047E+03
0.72295E+03
0.77038E+03
0.82347E+03
0.88301E+03
0.94994E+03
0.10258E+04

Energy
0.23545E+06
0.23464E+06
0.22099E+06
0.20630E+06
0.19074E+06
0.17464E+06
0.15875E+06
0.14395E+06

DM9 B=17,1.15,0.9,0.5 QVC=6.0 Prec: 14 kb rho=2.727

Pressure
0.13031E+11
0.12881E+11
0.11034E+11
0.91879E+10
0.73414E+10
0.54948E+10
0.36482E+10
0.18017E+10

Volume
0.30130E-03
0.30136E-03
0.30580E-03
0.31095E-03
0.31693E-03
0.32385E-03
0.33199E-03
0.34196E-03

Density
0.33190E+04
0.33183E+04
0.32702E+04
0.32158E+04
0.31553E+04
0.30879E+04
0.30122E+04
0.29243E+04

Up (+)
0.95500E+03
0.95805E+03
0.10485E+04
0.11462E+04
0.12512E+04
0.13641E+04
0.14867E+04
0.16223E+04

Energy
0.45813E+06
0.45734E+06
0.40486E+06
0.35409E+06
0.30669E+06
0.26446E+06
0.22949E+06
0.20417E+06

DM7 B=37,2.7,2.9,1.2 QVC = 6.0 (No precursor assumed)

Pressure
0.65726E+10
0.65661E+10
0.57042E+10
0.48423E+10
0.39805E+10
0.31186E+10
0.22567E+10
0.13948E+10

Volume
0.31837E-03
0.31838E-03
0.31948E-03
0.32108E-03
0.32344E-03
0.32696E-03
0.33223E-03
0.34032E-03

Density
0.31410E+04
0.31409E+04
0.31301E+04
0.31145E+04
0.30918E+04
0.30585E+04
0.30100E+04
0.29384E+04

Up (+)
0.59842E+03
0.59863E+03
0.62939E+03
0.66645E+03
0.71149E+03
0.76650E+03
0.83378E+03
0.91710E+03
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Energy
0.17905E+06
0.17901E+06
0.17241E+06
0.16420E+06
0.15409E+06
0.14195E+06
0.12827E+06
0.11410E+06

Up(-)
0.43284E+03
0.37871E+03
0.31951E+03

Up(-)
0.67800E+03
0.67553E+03
0.63305E+03
0.58562E+03
0.53253E+03
0.47299E+03
0.40606E-+03
0.33020E+03

Up(-)
0.95500E+03
0.95195E+03
0.86145E+03
0.76381E+03
0.65885E+03
0.54591E+03
0.42330E+03
0.28770E+03

Up(-)
0.59842E+03
0.59821E+03
0.56745E+03
0.53039E+03
0.48535E+03
0.43034E+03
0.36306E+03
0.27974E+03
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DM 8 B =28, 2.1, 1.45, 0.2 QVC = 4.0 (No precursor assumed)

Pressure Volume Density Up(#) Energy Up(-)
0.84755E+10 0.31764E-03 0.31483E+04 0.68581E+03 (.23516E+06 0.68581E+03
0.84690E+10 0.31764E-03 0.31482E+04 0.68605E+03 0.23509E+06 0.68557E+03
0.73796E+10 0.31929E-03 0.31320E+04 0.72837E+03 0.22231E+06 0.64325E+03

s 0.62901E+10 0.32151E-03 0.31104E+04 0.77742E+03 0.20763E+06 0.59420E+03
0.52007E+10 0.32457E-03 0.30809E+04 0.83520E+03 0.19051E+06 0.53642E+03
0.41113E+10 0.32894E-03 0.30401E+04 0.90403E+03 0.17084E+06 0.46759E+03
0.30218E+10 0.33517E-03 0.29836E+04 0.98630E+03 0.14943E+06 0.38532E+03
0.19324E+10 0.34367E-03 0.29098E+04 0.10825E+04 0.12931E+06 0.28912E+03

DM 9 B=14,1.25,09,0.2 QVC=6.0 (No precursor assumed)

Pressure Volume Density Up(+) Energy Up(-)
0.13174E+11 0.30124E-03 0.33196E+04 0.96288E+03 0.46357E+06 0.96288E+03
0.13172E+11 0.30124E-03 0.33196E+04 0.96294E+03 0.46355E+06 0.96282E+03
0.11422E+11 0.30384E-03 0.32912E+04 0.10304E+04 0.43217E+06 0.89538E+03
0.96724E+10 0.30722E-03 0.32550E+04 0.11072E+04 0.39775E+06 0.81858E+03
0.79226E+10 0.31161E-03 0.32092E+04 0.11947E+04 0.36065E+06 0.73105E+03
0.61728E+10 0.31726E-03 0.31520E+04 0.12941E+04 0.32257E+06 0.63165E+03
0.44230E+10 0.32438E-03 0.30829E+04 0.14057E+04 0.28715E+06 0.52010E+03
0.26732E+10 0.33293E-03 0.30036E+04 0.15280E+04 0.25968E+06 0.39776E+03

UTTR Limestone
UT 1B =5.0,0.01,0.0,0.0
Pressure Volume Density Up (+) Energy Up(-)

0.20008E+10 0.36344E-03 0.27515E+04 0.15300E+03 0.11240E+05 0.15300E+03
0.19931E+10 0.36349E-03 0.27511E+04 0.15366E+03 0.11127E+05 0.15234E+03
0.17620E+10 0.36522E-03 0.27380E+04 0.17367E+03 0.79312E+04 0.13233E+03
0.15309E+10 0.36696E-03 0.27251E+04 0.19368E+03 0.51531E+04- 0.11232E+03
0.12998E+10 0.36870E-03 0.27123E+04 0.21371E+03 0.27674E+04 0.92293E+02
0.10687E+10 0.37044E-03 0.26995E+04 0.23374E+03 0.80561E+03 0.72260E+02
0.83764E+09 0.37217E-03 0.26870E+04 0.25379E+03 -0.80613E+03 0.52208E+02
0.60655E+09 0.37391E-03 0.26744E+04 0.27386E+03 -0.20048E+04 0.32140E+02

Ut2B=72,17,04,-1.22

Pressure Volume Density Up (+) Energy Up(-)
0.31934E+10 0.34191E-03 0.29248E+04 0.30900E+03 0.51643E+05 0.30900E+03
0.31928E+10 0.34191E-03 0.29247E+04 0.30905E+03 0.51631E+05 0.30895E+03
0.27926E+10 0.34416E-03 0.29056E+04 0.33903E+03 0.44965E+05 0.27897E+03




Ut 2 (Continued)

Pressure

Volume

Density

0.23923E+10 0.34703E-03 0.28816E+04
0.19921E+10 0.35075E-03 0.28510E+04
 0.15919E+10 0.35543E-03 0.28134E+04
0.11917E+10 0.36074E-03 0.27720E+04
0.79142E+09 0.36578E-03 0.27339E+04

UT3 B =11.0, 1.15, 0.6, 0.65

Pressure
0.49308E+10
0.49299E+10
0.43575E+10
0.37850E+10
0.32126E+10
0.26401E+10
0.20677E+10
0.14952E+10

Volume
0.33179E-03
0.33179E-03
0.33384E-03
0.33620E-03
0.33894E-03
0.34220E-03
0.34629E-03
0.35198E-03

UT 4B =16, 1.0, 0.4, 0.

Pressure
0.71620E+10
0.71606E+10
0.63986E+10
0.56366E+10
0.48746E+10
0.41126E+10
0.33506E+10
0.25886E+10

Volume
0.32702E-03
0.32703E-03
0.32888E-03
0.33095E-03
0.33329E-03
0.33598E-03
0.33919E-03
0.34328E-03

UT5B=175,1,05,04

Pressure
0.98564E+10
0.98550E+10
0.85827E+10
0.73104E+10
0.60381E+10
0.47658E+10
0.34935E+10
0.22212E+10

Volume
0.31628E-03
0.31628E-03
0.31915E-03
0.32244E-03
0.32623E-03
0.33071E-03
0.33620E-03
0.34349E-03

Density
0.30140E+04
0.30140E+04
0.29955E+04
0.29744E+04
0.29504E+04
0.29223E+04
0.28877E+04
0.28411E+04

Density
0.30579E+04
0.30579E+04
0.30406E+04
0.30216E+04
0.30004E+04
0.29764E+04
0.29482E+04
0.29131E+04

Density
0.31618E+04
0.31617E+04
0.31333E+04
0.31013E+04
0.30653E+04
0.30239E+04
0.29744E+04
0.29113E+04

Up (+)
0.37290E+03
0.41147E+03
0.45475E+03
0.50084E+03
0.54570E+03

Up (+)
0.45400E+03
0.45405E+03
0.48830E+03
0.52501E+03
0.56461E+03
0.60783E+03
0.65621E+03
0.71315E+03

Up (+)
0.56900E+03
0.56908E+03
0.60665E+03
0.64638E+03
0.68857E+03
0.73384E+03
0.78330E+03
0.83905E+03

Up (+)
0.75000E+03
0.75007E+03
0.81052E+03
0.87514E+03
0.94455E+03
0.10200E+04
0.11036E+04
0.11997E+04
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Energy
0.37604E+05
0.29535E+05
0.21286E+05
0.14191E+05
0.95624E+04

Energy
0.10677TE+06
0.10676E+06
0.97328E+05
0.87845E+05
0.78410E+05
0.69037E+05
0.59592E+05
0.49680E+05

Energy
0.16663E+06
0.16660E+06
0.15415E+06
0.14182E+06
0.12977E+06
0.11796E+06
0.10624E+06
0.94337E+05

Energy
0.28500E+06
0.28497E+06
0.25870E+06
0.23307E+06
0.20837E+06
0.18474E+06
0.16246E+06
0.14222E+06

Up(-)
0.24510E+03
0.20653E+03
0.16325E+03
0.11716E+03
0.72300E+02

Up(-)
0.45400E+03
0.45395E+03
0.41970E+03
0.38299E+03
0.34339E+03
0.30017E+03
0.25179E+03
0.19485E+03

Up(-)
0.56900E+03
0.56892E+03
0.53135E+03
0.49162E+03
0.44943E+03
0.40416E+03
0.35470E+03
0.29895E+03

Up()
0.75000E+03
0.74993E+03
0.68948E+03
0.62486E+03
0.55545E+03
0.48004E+03
0.39642E+03
0.30030E+03
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Appendix B
Establishing Impact Time on Observed Waveform

The procedure used for timing velocity (or stress-wave) profiles relative to impact may
best be presented as a series of corrections. The data available for this process is as fol-
lows:

(1) A fiducial mark in the data traces produced by a shorting event signaling a contact
between the projectile and a pin mounted on the target, nearly flush with the impact sur-

face.
: C S Z Fiducials

Time

Amplitude

(2) Measurements of projectile velocity based on time intervals between shorting events
involving pins of well-calibrated positions relative to the target contacting the advancing
projectile,

(3) Measurements of impact tilt based on time intervals between shorting events involving
pins nearly flush with the impact surface on the target, distributed at 90° intervals around
the target circumference.

A , 4
3
. a
2| o L—
> ‘\ 1
i Average Time
.

Flush Pins 1 - 4 Trigger from S Time
Velocity Pins S, M, L Fiducial from 3

(4) Measurements of the relative travel times of the data and the fiducial between the tar-
get and the digitizing electronics (this includes settable delay generators).

In an “i1deal” experiment similar to the powder and gas gun tests presented in this report
(similar, that is, except assumed to be ideal), all flush pins would be truly flush, impacts
would be totally planar, and data transit time (via laser and electronics) would be identical
to fiducial transit time (via electronics). Hence setting the delay generator for the fiducial
to 7 usec would give a fiducial appearing on the data trace at a position corresponding to
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7usec after impact.

To decide what actual time (relative to impact) is represented by the fiducial on a particu-
lar data trace, several corrections must be made:

1) “Pin 3 Correction” -- If the pin which generates the fiducial (Flush Pin 3 for the target-
mounted circuit boards, or the first pin to fire for the OR circuit configuration) pro-
trudes by a distance x, the fiducial will come sooner than ideal. The correction is to the
time which the fiducial marks on the data traces; i.e. a protruding pin gives a positive
correction and a recessed pins gives a negative correction. This correction is (+)x/Ug,,
where Up, is the projectile (flyer plate) velocity. This is zero for a rear-surface pin tech-
nique, as normally used for 2-stage gun tests.

2) “Planarity Correction” -- Ideally, the impact will be “pancake” (planar). If it is not, the
projectile may not impact the target at Pin 3 at the same time as it impacts the center of
the target (the best “impact time”). The correction, then, is the difference between the
impact time on the target at Pin 3 and the impact time at the center of the target (posi-
tive for impacting at the center first). To calculate this correction, all of the flush pin
settings must be measured (positive = protruding). This is zero for a rear-surface pin
technique. The relative timing of the flush pin firings (“relative FP times,” FP,) is
determined from the appropriate digitizer or oscilloscope record. Each of these timings
is then adjusted to give a set of relative timings which would have been obtained if the
pins had been totally flush (“corrected for settings”). This is accomplished by adding
(+)xy/Uy, to the original relative FP times for each of the 4 flush pins. Here, i is a value
from 1 to 4 corresponding to the pin in question. The impact at the center is then at a
relative time 0.25 - X ( (x,/ Ufp) +FP;) =t,,.., while that on the target spot at Pin 3

is at a relative time (x3/Up,) + FP;=t;. The timing correction, then, is I, — 3

3) “Electronic Timing Correction” -- Ideally, data reaches the digitizers or oscilloscopes
in zero time, or at least all types of data (in particular, VISAR fringes and fiducials)
take the same amount of time to reach the recording instrumentation, except for a set-
table delay in the fiducial (taken as 7 psec in the example at the beginning of this dis-
cussion). In practice, these times differ. In our experiments, the VISAR data must
travel at the speed of light from the target to the VISAR, then through the legs of the
interferometer. The photomultiplier tubes have a finite response time (about 18 nsec),
then travel time through cabling to acquisition electronics must also be added to the
total travel time. Write this travel time as T}, .. The fiducial must travel through a
very small circuit board, then through cabling, a delay generator and more cabling. In
the powder gun and 2-stage gun tests, it then triggers an LED on the VISAR photo-
multiplier tubes. The signal then travels with the VISAR signals (as an added voltage
pulse) to the recording instrumentation. In the gas gun tests, it goes directly into the

_ acquisition electronics. Write this travel time (including the zero-setting delay of the

delay generator) as T, ;. Then the timing correction is T, i~ Ipata-

All of these corrections are added to the dialed-in time of the fiducial delay to calculate an
actual time of the fiducial relative to impact. The data trace is then shifted in time so that
the observed fiducial occurs at that time.

As a check of timing, an experiment with known time properties may be conducted (as a
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symmetric aluminum/aluminum impact). The time shift required to give the proper shock
arrival time should match the shift required to properly time the fiducial as discussed
above.
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