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ABSTRACT

Equation of state data on calcite obtained from shock compression and release wave ex­
periments are reported. Powder gun and two-stage gun impact technology, along with time- 
resolved velocity interferometry, are used to produce and measure planar shock and release 
wave states. Experiments are performed on crystalline calcite and on dry- and water-saturated 
porous calcite at shock pressures ranging from 10 to 66 GPa. Developmental work required 
to perform high-pressure shock-wave experiments on porous samples with the two-stage gas 
gun is described. Lagrangian analysis methods are used to determine pressure-density release 
paths from measured wave profiles. A high-pressure phase change in calcite has been identified 
from the release-wave data. Calculational results obtained using a model based on a theory of 
immiscible mixture are compared with the experimental data.
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1 INTRODUCTION

A combined exploratory and calculational program was initiated by the Defense Nuclear 
Agency (DNA) to better understand the cratering dynamics responsible for the Pacific Eniwetok 
Atoll nuclear craters. The Pacific Eniwetok Atoll Cratering Exploration (PEACE) program is 
focused on evaluation of geological conditions in the immediate vicinity of the Pacific craters. 
The Pacific Proving Ground (PPG) calculational program will analyze specific cratering events 
to both support the PEACE program and test theoretical mechanisms proposed for the cratering 
process.

In support of the PPG calculational effort, a program to obtain material property data 
necessary to successfully calculate cratering in the carbonate rock and minerals constituting 
the PPG atolls was also initiated. In support of this effort, Sandia National Laboratories has 
undertaken studies to investigate the unloading response of carbonate minerals (and water- 
mineral mixtures) from high-pressure Hugoniot states between about 10-100 GPa. The present 
document reports on the progress of that work.
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2 BACKGROUND

When the effort to measure high-pressure Hugoniot unloading states was initiated in early 
1984, a program was identified, which was consistent with the needs of DNA and the particular 
expertise of the SNLA Solid Dynamics Department. It was decided to focus initially on the 
behavior of pure calcium carbonate in the solid, dry-porous, and wet-porous state. The solid 
material was theoretically dense z-cut crystalline calcite. Porous samples (near 50% porosities) 
were prefabricated from calcite powder.

This particular experimental approach was necessary for several reasons. The small samples 
needed in two-stage gas-gun experiments, using time-resolved velocity interferometry diagnos­
tics, require the use of fine-grain, homogeneous samples for optimum accuracy. Previous shock- 
wave work on calcite rocks and minerals indicate that microstructural differences in the initial 
state become unimportant at shock pressures in excess of 10 GPa. Consequently, unloading 
behavior should be controlled predominantly by the thermodynamic character of the mineral 
constituents.

With a two-stage gun facility, unloading states in solid material from Hugoniot pressures 
between about 10-100 GPa can be achieved. Distended samples with initial porosities near 50% 
limit the peak pressures achievable in a single-shock experiment. Double-shock experiments 
were performed, therefore, in which unloading from significantly higher shock pressures could 
be achieved.

Crystalline calcite samples and measurement techniques were immediately available and, 
consequently, this portion of the study was completed early in the program. Testing on dry- 
porous and water-saturated samples required a significant amount of technique development, 
and a substantial part of the later effort was focused on these problems.
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3 SUMMARY

The work undertakea in the present study fails into three general categories. First was the 
development of techniques for performing shock-wave equation-of-state experiments on dry- 
porous and water-saturated geological materials using a two-stage light gas gun facility and 
laser interferometry diagnostics. Second was the performance of shock-wave equation-of-state 
experiments on crystalline, dry-porous, and water-saturated calcite. And third was the de­
velopment and application of an immiscible mixture theory for describing the thermodynamic 
response during shock-wave loading of a calcite-water-void mixture.

Early in the study, a series of impact shock-wave experiments were conducted on z-cut crys­
talline calcite. A single-stage powder gun was used to perform these tests and six successful 
experiments to shock pressures between about 10-30 GPa were completed. The experiments 
were designed to measure continuous shock-loading and release-wave profiles. The most signif­
icant result of this effort was the identification, for the first time, through the observation of 
a rarefaction shock wave on release, of a high-pressure phase transformation in calcite. The 
transformation occurs between 12-14 GPa on pressure release, accompanied by a volume strain 
of 3-5%.

Substantial effort during this study focused on developing techniques for performing high- 
pressure shock-wave experiments on dry-porous and water-saturated materials. Samples were 
constructed through compaction of calcite powders. Methods were developed to produce uni­
form and controlled porous samples (porosities obtained were near 50%). Techniques were deter­
mined for water saturating porous samples. Procedures were found for performing shock exper­
iments on porous and water-saturated samples within the near-vacuum environment required in 
two-stage gas gun testing. Finally, methods were determined for obtaining laser-interferometry 
velocity profiles at the high temperature, granulated interface between the calcite sample and 
a laser window material.

Two different methods were used to obtain shock-wave equation-of-state data on dry-porous 
and water-saturated calcite. In the first, dry-porous samples were impacted with thin aluminum 
flyers and backed by transparent PMMA (plexiglas) plates. Interface motion between the 
sample and PMMA window was monitored. This method was limited to pressures below about 
20 GPa because of loss of transparency in PMMA at pressures in excess of this value (Chhabildas 
and Asay, 1979). Two successful experiments were completed using this approach. In the 
second method, lithium fluoride was used as a laser window material. Transparency in lithium 
fluoride is known to be retained to shock pressures of at least 180 GPa (Wise and Chhabildas, 
1985). Because lithium fluoride has a shock impedance significantly higher than the dry-porous 
and water-saturated calcite samples, pressure is achieved through a double-shock process. This 
feature was utilized in the equation-of-state experiments and release data from pressures as high 
as 66 GPa were obtained. A total of six experiments on dry-porous and water-saturated calcite 
were successfully completed. In all experiments, complete loading and release-wave profiles 
were measured. In the final set of experiments, the design actually provided for a second 
reshock and release. Considerable care was exercised in sample preparation and interferometry 
measurement and a high degree of resolution in wave structure was obtained. One difficulty 
in the tests occurred in measuring time-of-impact which determines absolute transit times and 
shock velocities. Errors in these values represent a weakness of the data and an area for future 
improvement.

Finally, a model for describing the response of dry-porous and water-saturated calcite based
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on a theory of immiscible mixtures was developed. The theory separately accounts for the equa­
tions of state of calcite and water. Void is considered a further constituent. The components 
are joined in the theory through a mechanical and thermal mixing rule. Compatibility of the 
model with contemporary wave propagation codes was an important thrust of the development. 
The model was based on Hugoniot data for dry and water-saturated data from Kalishnikov, et 
al. (1973) and release data from earlier efforts in the current study. The ability of the model 
to predict the diverse data produced in the present program represented an encouraging aspect 
of the study.
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4 EXPERIMENTAL EQUATION-OF-STATE OF CALCITE

4.1 Release-Wave Measurements on Crystalline Calcite

4.1.1 Experimental Method

Samples of optical grade Icelandic spar crystals of calcite were obtained from Karl Lambrecht 
Corp., Chicago, Illinois. Samples were cut on planes normal to the crystal Z axis. The direction 
of shock propagation was along the Z axis.

The experimental configuration is illustrated in Figure 1. Calcite samples are lapped flat 
and parallel, and mounted in a target ring. A lithium fluoride laser window material with an 
approximately 2000-A diffusely-reflecting vapor-deposited aluminum film is epoxy-bonded to 
the back surface of the calcite sample. The shock-wave motion is measured at the center of 
this interface with laser velocity interferometry (VISAR) techniques (Barker and Hollenbach, 
1972).

Metal discs are mounted on a projectile body. A void cavity is maintained immediately 
behind the disc to provide an unloading wave following shock loading. The projectiles are 
accelerated in an 88-mm diameter powder gun facility capable of achieving a maximum velocity 
of approximately 2.2 km/s. Shock loading is achieved by planar impact of the metal disc on 
the calcite sample. Electrical shorting pins are used to measure impact velocity and planarity, 
and to establish timing for oscilloscope and digitizer recording of the VISAR signal.

In several cases, experiments at the same impact velocity, but with different calcite sample 
thicknesses, were performed. This allowed incremental determination of the wave velocity and 
calculations of the continuous stress-volume response through integrations of the appropriate 
Riemann invariant. These experiments also provided a test of centered-wave behavior which 
was assumed at the shock amplitudes where only one profile was measured.

4.1.2 Experimental Results

Aluminum impactors were used in the experiments to generate shock pressures of 11.5 and 
17.0 GPa, which provided for a nearly complete release from the shock state. Stainless steel 
was used for the highest shock pressure experiments (26.5 GPa) and only partial unloading was 
achieved.

The impact experiments on theoretical density (p0 = 2710 kg/m3) crystalline calcite are 
summarized in Table 1. Hugoniot states measured in these experiments are shown in Figure 2 
and compared with other Hugoniot data on various calcium carbonate rocks and minerals. 
The numbers in parentheses indicate the number of tests performed at each stress level. As 
noted by Ahrens and Gregson (1964), Hugoniot data above about 10 GPa are not dependent 
on whether single crystal mineral or polycrystalline rock samples are used as starting material. 
Consequently, the shock and unloading states measured in these experiments should provide a 
good crystalline density baseline against which the dry porous and water-saturated data can 
be compared.
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Figure 1: Impact configuration for crystalline calcite shock and release wave experiments
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TABLE 1
Crystalline Calcite Data

Exp.
No.

Sample
Thickness

(mm)

Impactor
Thickness

(mm)

Impactor
Material

Impact
Velocity
(km/s)

Window
Material

First
Arrival
Velocity
(km/s)

Maximum
Pressure

(GPa)

Maximum | 
Strain

CA-1 5.054 2.645 aluminum 2.170 LiF 5.75* 17.9 0.223

CA-2 3.020 2.634 aluminum 2.152 LiF 5.75* 17.9 0.223

CA-3 8.035 2.582 aluminum 2.171 LiF 5.75* 17.9 0.223

CA-4 6.101 2.116 stainless
steel

2.172 LiF 6.05* 26.4 0.266

CA-5 2.071 2.106 stainless
steel

2.154 LiF 6.05* 26.4 0.266

CA-8 5.079 2.601 aluminum 1.521 LiF 5.75* 11.5 0.167

*Cakulated from previous data on Z-cut calcite (Grady, 1983).

The first series of experiments performed were CA1, CA2, and CA3. Wave profiles measured 
in these tests are shown in Figure 3. Sample thicknesses were approximately 2, 5, and 8 mm 
(see Table 1). A Hugoniot pressure of 17.9 GPa was achieved through two loading waves. The
1.5 GPa precursor is due to the calcite I-II-III transformation and yielding. Unloading occurs 
through regions of isentropic release separated by a nearly discontinuous drop of about 6 GPa 
through a rarefaction shock wave.

To achieve higher stress levels with the powder gun facility, higher impedance stainless 
steel impactors were used at near maximum velocity. The wave profiles obtained from these 
experiments (CA4, CAS) are provided in Figure 4. At this amplitude, the precursor was 
overdriven and loading to the Hugoniot pressure of 26.4 GPa occurred through a single shock 
wave. On release, the stainless steel impedance is higher than calcite and unloading occurs 
through two wave reverberations in the stainless steel impactor. The rarefaction shock is 
observed just prior to the plateau proceeding the second reflection.

Two further experiments with tungsten impactors were attempted to obtain higher Hugoniot 
pressures; however, the tungsten discs failed during the acceleration phase on the powder gun 
due to the void behind the discs.

The final high pressure experiment (CAS) achieved a Hugoniot pressure of 11.5 GPa. The 
profile is shown in Figure 5. No rarefaction shock was observed in the smoothly dispersive 
release wave from this test.

4.1.3 Experimental Analysis

Continuous loading and release stress-strain data were determined at each Hugoniot pressure 
level by incrementally determining wave velocities and integrating the appropriate Riemann 
invariants. Within this process, corrections for impedance differences between the lithium 
fluoride window and sample material are also made. The details of this method are described

10



TESTTS CA1» CA2k CAS 

(Hufoniot - 17.9 GP®)

SxnmT 6 sun f Bmin

TIME (ms)

Figure 3: Wave profiles for 17.9 GPa shock compression experiments on crystalline calcite.
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Figure 4: Wave profiles for 26.5 GPa shock compression experiments on crystalline calcite.
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Figure 5: Wave profile for the 11.5 GPa shock compression experiments on crystalline calcite.
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by Grady and Young (1976). The stress-strain data obtained from this reduction process are 
provided in Figure 6.

4.1.4 Discussion of the Release-Wave Data

Unloading paths for the present shock-wave data between 20-30 GPa are compared with 
other Hugoniot data for calcite (Adadurov, et al., 1961; Ahrens and Gregson, 1964) and arag­
onite (Visgirda and Ahrens, 1982) in Figure 7. The release paths within this pressure range 
appear to lie near the Hugoniot. The significant complication is the occurrence of a high pres­
sure phase transition in the calcium carbonate mineral near 12-14 GPa, with a transformation 
volume strain between 3-5%. No indication of this phase change is provided by the structure 
of the deformational loading wave. This is a consequence of the low-pressure calcite I-II-III 
transition which has the effect of starting with a slightly distended material and causes the 
deformation shock path (Rayleigh line) to miss the transition inflection point on loading.

The most important shock-wave feature of the phase transition occurs during unloading in 
terms of a nearly discontinuous rarefaction shock causing an abrupt stress drop of approximately 
6 GPa. The high-pressure calcite phase may be equivalent to the high-pressure state of aragonite 
or a further metastable phase of calcite.

The lower portions of the three release paths (near p ~ 3000 kg/m3) indicate a significant 
thermal pressure component. The magnitude corresponds to a Griineisen parameter of 7 ~ 1.5, 
which is close to the value measured by other methods.

4.2 Release-Wave Measurements on Dry-Porous and Water-Saturated Cal­
cite

A significant portion of the experimental work focused on development of techniques for 
performing high-pressure unloading wave experiments in porous calcium carbonate. Previous 
studies of this type have used porous rock or commercial chalk samples. Our investigations 
have indicated that such samples are not sufficiently homogeneous for accurate velocity inter­
ferometry and would not allow adequate variability in porosity for the thermodynamic studies 
of interest.

Consequently, we have chosen to construct porous compacts from calcium carbonate pow­
ders and perform Hugoniot shock- and release-wave experiments through two-stage gun impact 
up to approximately 5.5 km/s. Similar tests should be performed on reconstituted PPG mate­
rial but have not been performed. There is little previous work to guide such efforts; thus, the 
work reported here has been developmental in nature.

4.2.1 Calcium Carbonate Powder

We have obtained commercially available powders of pure calcium carbonate in the calcite I 
phase from Atlantic Equipment Engineers (New Jersey). The powder requested was pre-sieved 
to 30-pra maximum particle size. Optical microscopy of powder samples indicate most particles 
are closer to several yum in diameter and larger particles are aglomerates of the smaller particles. 
Due to electrostatic attraction and aglomeration effects, it is difficult to sieve calcium carbonate 
below 30 pm.
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Figure 7: Comparison of unloading curves with Hugoniot data for crystalline calcite.
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4.2.2 The Compaction Process

Preparation of porous calcite samples was performed using standard powder compaction 
methods. Specimens in the form of discs approximately 20 mm in diameter and 2 mm in 
thickness, with porosities between 15 and 40% were desired. A steel cylindrical die and punch 
were constructed. Compacts were prepared by placing a fixed mass of powder within the die 
and hydraulic pressing with the punch until a sample volume commensurate with the required 
porosities was achieved. Specimens prepared by this method with porosities between 15 and 
40% were competent and visually homogeneous.

It was found that the calcite specimens prepared by this compaction process have insufficient 
intrinsic strength to survive the usual two-stage gun target preparation routine. To solve this 
problem the compaction process was performed in the actual target fixture to be used in the 
impact experiment.

4.2.3 Two-Stage Gun Target Configuration

The target assembly designed for the first release-wave experiments in porous calcite is 
illustrated in Figure 8. The projectile impacts the thin aluminum front plate which is at the 
bottom of the assembly shown in the Figure. The calcite powder is compacted to the desired 
porosity with the laser window. The window is then rigidly fixed to the assembly. Thus, the 
porous sample is immediately contained within the target fixture and specimen strength is not 
an issue.

4.2.4 Two-Stage Gun Projectile

Until recently, it was not considered feasible to mount an impactor plate on a two-stage gun 
sabot having a void behind the central region of the plate. The method illustrated in Figure 
9 has been successfully used by Asay, et al. (1985). The impactor and supporting plate are 
fabricated of a high-strength aluminum alloy. Dimensions of the plates and cavity are designed 
to withstand the high acceleration forces experienced in achieving 6 km/s impact velocity. This 
projectile was used on the porous calcite experiments to achieve both shock loading and release 
states in the sample.

4.2.5 Preliminary Experiments on Dry Porous Calcite

A preliminary series of impact experiments using the two-stage gun facility was initially 
performed to test the developmental concepts. In these experiments, dry porous samples (ap­
proximately 40% void volume) were shock-loaded to Hugoniot pressures between about 15 to 
20 GPa and then released. PMMA (polymethylmethacrelate) was used as the laser window 
material. It was discovered that laser-light reflectivity was immediately lost upon arrival of 
the shock-wave at the sample-window interface, presumably due to intense shock heating or 
granularity of the sample material. It was found necessary to insert a thin (~ 0.1 mm) mylar 
shim between the sample and window to maintain integrity of the reflecting interface during 
transmission of the loading and release wave.

Two experiments were successfully completed. The shock and release profiles are provided 
in Figure 10. Impact data are provided in Table 2.
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Figure 8: Target configuration for shock compression and release experiments on porous calcite.
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Figure 9: Projectile for two-stage gas gun impact experiments on porous calcite.
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TABLE 2
Dry Porous Calcite Data

Exp.
No.

Impactor
Thickness

(mm)

Impact
Buffer

Thickness
(mm)

Sample
Thickness

(mm)

Sample
Density
(kg/m3)

Window
Material

Window
Buffer

Thickness
(mm)

Impact
Velocity
(km/s)

Shock*
Velocity
(km/s)

CA-12 1.503 0.962 2.265 1600 PMMA 0.121 3.47 4.84

CA-13 1.491 1.034 2.395 1603 PMMA 0.107 3.03 4.40

*Not measured. Estimated from the data of Kalisnikov, et al, 1983.

Release paths for the experiments CA-12 and CA-13 calculated from the measured wave 
profiles are shown in Figure 11 and compared with the Hugoniot and release paths for crystalline 
calcite.

4.2.6 Double Shock Experiments

Although the PMMA window material provides a reasonably close impedance match for 
the Hugoniot response of the porous calcite, it is limited in use to shock pressures below 
approximately 20 GPa due to a loss of transparency at pressure above this level (Chhabildas 
and Asay, 1979). Lithium fluoride (LiF) is currently the only laser window material which 
remains transparent at pressures significantly higher than this value (Wise and Chhabildas, 
1985). Its properties provide a poor impedance match for the Hugoniot behavior of the porous 
calcite, but provide a reasonably good impedance match for the unloading response of the 
compressed calcite.

Since the LiF is significantly higher in impedance than the porous calcite, the effect is to 
subject the calcite sample to a reflected second shock which approximately doubles the shock 
pressure in the sample. Thus the target assemblies were designed such that unloading from the 
projectile impact relieved the calcite from the double shock state. Peak pressures in the shock 
compressed calcite in excess of 65 GPa were achieved by this method.

4.2.7 Experimental Methods on Water-Saturated Calcite

Considerable effort was required in finding a technique for preparing satisfactory samples 
of water-saturated porous calcite. First, it was difficult to water-saturate the 30-/um calcite 
powder used in the preliminary porous calcite study. A calcite powder was sieved and the 
powder passing a 125-yum sieve but retained on a 63-/im sieve was accepted as the sample 
material. It compacted well and was readily water-saturated. A prescribed mass of calcite 
powder was compacted to a desired porosity by the methods described earlier and then water 
was introduced with a syringe until saturation was achieved. The sample was then recompacted 
until water appeared around the punch. It was found that the LiF window could not support 
the compacting pressure and, therefore, another punch was used initially to achieve the desired 
volume and then replaced by the LiF window after which only a modest pressure was applied 
to insure saturation. It was observed that a small amount of swelling occurred when the water 
was introduced which could not be completely removed. Since the volume and mass of calcite 
were known, the fractions of each component could be calculated readily. The window was then
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Figure 11: Release paths (solid lines) for 1.60 Mg/m3 initial density dry-porous calcite mea­
surements. Dashed lines represent Hugoniot states.
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epoxy bonded in place (see Figure 8) to insure that no water was lost during evacuation of the 
target chamber during preparation for the impact environment.

4.2.8 Experiments on Dry and Water-Saturated Porous Calcite

A series of six experiments were successfully completed on dry and water-saturated porous 
calcite. The target configuration was identical to that shown in Figure 8 with a LiF window 
material. Again, a small buffer was used between the window and calcite. In this case, aluminum 
was used for the buffer material because it is a good impedance match for LiF. The data for 
this series of experiments are provided in Table 3. Measured wave profiles are shown in Figures 
12-17.

TABLE 3
Data for High-Shock-Pressure Impact 

Experiments on Dry and Water-Saturated 
Porous Calcium Carbonate

Shot
#

State Density*

(kg/m3)

Impact
Velocity
(km/s)

Impactor**
Thk.
(mm)

Stand-off**
Thk.
(mm)

Sample
Thk.
(mm)

Buffer**
Thk.
(mm)

Window***
Thk.
(mm)

CA-16 (dry) 1381 3.35 2.236t 0.995 2.162 0.142 17.067

CA-17 (dry) 1352 3,53 2.240 0.961 2.203 0.143 17.189

CA-18 (dry) 1373 4.64 2.237 1.013 2.172 0.138 17.181

CA-19 (wet) 1178
(1744)

3.53 2.018 1.051 2.499 0.136 19.042

CA-20 (wet) 1232
(1777)

4.42 2.018 1.058 2.387 0.140 19.744

CA-21 (wet) 1210
(1760)

5.57 2.006 1.055 2.438 0.143 19.745

*This is the density of drycalcite; number in parenthesis is the wet density.
**6061-T6 aluminum.
***Lithium fluoride.
fOne-mm void gap behind impactor plate (see Figure 9).

4.3 Analysis of Dry and Water-Saturated Porous Calcite Experiments

An array of three pins, as shown in Figure 8, provided an electrical time-of-arrival fiducial as 
the shock wave passed through the aluminum stand-off plate and into the calcite sample (Konrad 
and Moody, 1986). This signal triggered a light diode which placed an optical fiducial on the 
photomultiplier tubes used to record the laser interferometer velocity record. By this method, 
a shock transit time and, hence, shock velocity across the calcite sample was determined. In the 
development phase of the experimental technique it was recognized that because of the small 
sample thickness needed to perform release wave measurements, timing errors would be easily 
accumulated due to both construction and measurement precision requirements. In this series 
of tests, an accuracy of approximately ±5% in the shock velocity is estimated. With care, the 
accuracy of such experiments could be improved in future tests.
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Figure 12: CA-16 wave profile.
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Figure 13: CA-17 wave profile.
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Figure 14: CA-18 wave profile.
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Figure 15: CA-19 wave profile.
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Figure 17: CA-21 wave profile.
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The particle Velocity in the calcite is calculated from the intercept of the calcite Rayleigh 
line, as determined from the measured shock velocity and the aluminum Hugoniot in a pressure- 
particle velocity plot. The shock velocity-particle velocity data for the first shock state are 
shown in Figure 18 for dry-porous calcite and in Figure 19 for the water-saturated calcite. The 
data are also compared with measurements of other authors.

The second or reflected shock state is readily calculated from the maximum particle ve­
locity level determined from the measured wave profiles in Figures 12 through 17, and the 
known pressure-particle velocity Hugoniot for lithium fluoride. Both the initial and reflected 
shock states for experiments CA-16 through CA-21 are shown in Figures 20 and 21. The alu­
minum Hugoniot determines the states of the impact material, with the zero pressure intercepts 
corresponding to the projectile velocity in each experiment

Calculation of pressure-density release paths in the present series of experiments is based 
on a computation of the impact particle velocity profile at the interface between the aluminum 
stand-off plate and the calcite sample. This computation was performed with a one-dimensional 
stress wave code which calculated the complete impact problem using a thermodynamic equa­
tion of state for the aluminum and lithium fluoride, and a mixture model for the dry and 
water-saturated porous calcite. The theoretical basis for this calculation is discussed in the 
following section. Although the accuracy of the interface profile is dependent on the reliability 
of the aluminum equation of state, aluminum has been well characterized and the model is 
believed to be sufficiently accurate for the present purpose.

A calculated interface profile is shown in Figure 22, along with the corresponding experi­
mental particle velocity profile. The discontinuous release in the middle of the falling portion 
of the interface profile corresponds to the arrival of the reflected shock at the stand-off plate- 
calcite interface. When this is subtracted from the profile, unloading wave velocities across the 
calcite sample can be determined, and pressure-density release paths can be calculated by the 
methods of Lagrangian analysis. Note that the calculated arrival of the reflected shock at the 
interface at the same time as the release from the impact plate free surface attest to adequacy 
of the experimental design for putting the calcite sample at the reflected shock state prior to 
arrival of pressure release from the impact plate.

The two profiles are aligned in time through the measured initial shock transit time across 
the calcite sample. This determines the time separation between the shock arrivals in the two 
profiles in Figure 22.

4.4 Pressure-Density Release Paths for Dry and Water-Saturated Porous 
Galcite

Release paths for the dry-porous calcite experiments are shown in Figure 23 and compared 
with the solid calcite Hugoniot and the porous Hugoniot based on the measured first shock 
states. Similar release paths for wet porous calcite are shown in Figure 24. The middle release 
path corresponds to test CA-20 and is suspect due to the low measured shock velocity. We note 
that a shock velocity consistent with CA-19 and CA-21 would also bring the slope of the release 
path into consistency. The release data for both wet and dry porous calcite are compared in 
Figure 25 to illustrate differences in behavior.
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Figure 18: Shock velocity-particle velocity data for dry porous calcite.
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Figure 19: Shock velocity-particle velocity data for water-saturated porous calcite.
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Figure 20: Pressure-particle velocity plot showing first shock and reshock states for dry porous
calcite experiments (CA-16, 17, 19.)
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Figure 21: Pressure-particle velocity plot showing first shock and reshock states for wa­
ter-saturated calcite experiments (CA-19, 20, 21).
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Figure 22: Calculated interface profile and data profile for experiment CA-16 illustrating 
method for obtaining pressure-volume release states.
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Figure 23: Experiments CA-16, 17, 18. Dashed line shows Hugoniot segment measured for first 
shock states. Circles and solid lines represent second shock states and release paths.
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Figure 24: Experiments CA-19, 20, 21. Dashed line shows Hugoniot segment measured for first 
shock state. Circles and solid lines represent second shock states and release paths.
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Figure 25: Release paths from double shock states for wet and dry porous calcite experiments.
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5 EQUATION-OF-STATE MODELING OF POROUS
CALCITE

5.1 Background

Two forms of calcite have been studied in this work, crystalline calcite and porous calcite. 
The crystalline material exhibits phase transitions which greatly complicate its shock wave 
response. The porous material does not clearly exhibit these phase transitions; however, other 
factors complicate the response. In the dry calcite samples, 50 percent of the material volume 
is void. Since the strength of the lattice formed by the grains of calcite is negligibly small 
in comparison to the impact loads imposed during these experiments, the void is crushed out 
of the samples during loading. It is the nature of shock-wave loading that large dissipational 
stresses accompany this compaction process. This results in enormous temperature increases 
within the samples; that is, on the order of 5000 to 10,000 °K. Two things contribute to the 
production of these temperatures; the formation of a structured shock wave within the loaded 
sample, and the low crush strength of the sample.

When water is introduced into the pores of the powder samples, crushing is inhibited. 
However, due to the relatively high compliance of water when compared to the calcite grains, 
significant crushing still occurs and a large amount of heating is still produced. As with the 
dry samples, the total energy dissipated by the shock wave within the water-calcite mixture 
can be determined theoretically. Unfortunately, the theory does not reveal how this energy is 
partitioned between the water and calcite. It is important to note that this is not a question of 
thermal conduction or radiation between these two constituents, but rather a question of how 
the passing shock wave directly deposits its energy within each of the constituents.

The theory described in the following section treats the powdered calcite as an immiscible 
mixture; that is, an agglomerate of either calcite granules and water (wet samples) or calcite 
granules and void (dry samples). This mixture theory is described in detail by Drumheller and 
Bedford (1980). It has been applied to other problems which are similar to the present work; 
specifically, to calculate the response of partially saturated ashfall tuff (Drumheller, 1986) where 
it has proven extremely useful for prediction of in-situ stress gage records and cavity volumes 
created by underground explosions.

Four constitutive elements are present in this theory; the equation of state of calcite, the 
equation of state of water, the mechanical mixing rule, and the thermal mixing rule. The 
equation of state for calcite is a Mie-Griineisen formulation with parameters determined from 
the shock-wave data of Kalashnikov, et al. (1973) and the release-wave data contained in this 
work. The equation of state for water is a tabular formulation given by Kerley (1985). Thcje 
two constitutive elements are fixed throughout all of the calculations presented in this work; 
for example, the equation of state of calcite is not altered by the presence or absence of water.

The third constitutive element, the mechanical mixing rule, is a description of how the shock 
load is partitioned between the calcite and the water. In this case, the low crush strength of the 
powder along with the high shock loads suggest that each constituent behaves as a fluid and 
experiences an equal pressure. More modest shock loads, which are not capable of completely 
crushing the calcite powder, produce unequal pressures in the two constituents. The lattice 
formed by the powder then experiences a higher load then the water. The mechanical mixing 
rule used in this work accounts for this possible pressure difference in that it treats the crushing
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of the calcite powder. The theory from which this work is derived also treats general three- 
dimensional stress states including both Coulomb and von Mises yield behavior and both elastic 
and plastic dilatancy; however, because of the one-dimensional nature of the experimental data, 
these phenomena will not be included in the present analysis.

The final constitutive element, the thermal mixing rule, describes how the dissipated shock 
energy is distributed between the constituents and how thermal energy is conducted and ra­
diated between neighboring constituents. In this work several assumptions for this rule will 
be made and compared. It will first be assumed that heat conduction and radiation are suffi­
ciently high so as to always produce equal temperatures between neighboring constituents. An 
alternate assumption is that no thermal energy is exchanged and all of the dissipated energy is 
deposited in only one of the constituents.

5.2 Theory

Wet calcium carbonate is a mixture of three constituents, solid calcium carbonate, water, 
and void. It is modeled by using a theory of immiscible mixtures proposed by Drumheller and 
Bedford (1980). The reader is referred to that work for a more complete description of this 
theory. In addition, Drumheller (1986) describes an application of this theory to a problem 
which is similar to the present one. In this section only a brief outline of the theory will be 
presented.

To facilitate the present discussion, the solid calcite constituent of the mixture will be 
referred to as Cs. The subscripts / and v will be used when referring to the water and the void. 
When a generic reference is made to a constituent the subscript £ will be used. For example, 
the intrinsic mass density of C|, is denoted as p^. It is the ratio of the mass of Q divided by 
the portion of the mixture volume occupied by Q. The volume fraction of Q, is denoted as <t>^. 
It is the ratio of the volume occupied by Q over the volume occupied by the mixture. Since 
these three constituents comprise the total volume of the mixture, the always satisfy the 
condition

X> = 1 . (5-1)
where the summation sign implies a sum over all constituents Q. The partial mass density of 
Q is denoted by p^ and is given by

Pi = 4>iPi- (5.2)

In situations where the Cj have independent motions, balance of mass and momentum equations 
are required for each constituent. In this analysis it is assumed that all the Q are restricted 
to the same one-dimensional motion. As a result only one balance of mass and one balance 
of momentum relation are required. These relations are identical to the traditional continuum 
relations in which the density p and the pressure P are identified with the mixture mass density 
p = J2 Pi and the effective mixture pressure.

The effective mixture pressure is comprised of several parts. These terms can be grouped 
into two general categories, equilibrium and dissipative. Since this work treats shock loading of 
porous materials, inclusion of the dissipative terms is central to the development of the model. 
The equilibrium components of the pressure within each constituent will be denoted as F^, and 
the dissipative pressures will be denoted as Q^. The effective mixture pressure in terms of these 
components is then

P = <f>s(Ps + Qa) + ^/{Pf + Q f)- (5.3)

36



Specific constitutive relationships for these terms will be discussed later. Because of the effects 
of large dissipational loads, these constitutive relations will depend on the specific internal 
energies of the water and the calcite. Therefore, balance of energy relations are required in 
the analysis.

The specific internal energy of the mixture E, is given by

pE = YLPfiEt- (5-4)

It obeys the balance of energy equation for the mixture

pE = P- (5.5)
P

where the dot denotes a material derivative and for simplicity the specific external heat supply 
has been omitted.

When water is present in the pores of the calcite, an additional balance of energy equation 
is required. The balance of energy equation for the water is

p/Ef = + Q/) p- +£/
Pf

where ef denotes the thermal energy exchange from the water to the neighboring calcite. One 
of two assumptions will be made for this term. Either an adiabatic wall exists between the 
water and the calcite so that ey = 0, or the conduction and radiation is very large so that 
Equation 5.6 can be replaced by the temperature condition Tf = T,. These two assumptions 
will be called the adiabatic and isothermal mixing assumptions.

To complete the theory, specific constitutive relations are required for the expressions 
and Q^. Two special cases will be considered, wherein the strength due to intergranular contact 
is first ignored and then included.

If the strength of the calcite powder resulting from the intergranular contact is ignored, the 
wet or dry powder can only sustain a finite void volume under dynamic loading conditions or 
under static no-load conditions. For equilibrium conditions, the pressures within the calcite and 
the pore water must be equal. It is assumed that under dynamic conditions, large differences 
can exist between the Q^\ however the condition Ps = Pj will still apply. The relations for the 
equilibrium pressures for each constituent are given by conventional thermodynamic equations 
of state.

It is assumed that Cs has an equilibrium pressure given by the Mie-Griineisen relation

T psYses , (5.7)

and
^ = ^^0(1-^)" , (5.8)

where = 1 - pso/ps and e3 is the specific internal energy. The material constants pso, csq, 

r,0, and n are properties of the calcite mineral. A variable Griineisen parameter Fs is assumed 
(n = 0 corresponds to the common assumption that psY3 = ^soTso)- Equation 5.8 is equivalent 
to that proposed by Al’tshuler, et al. (1958).

P,=
PsOCsoVs

(1 - SsTls)2
1 - ^sOVs

(5.6)
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The Cf has an equilibrium pressure given by a tabular equation of state (Kerley, 1985) 
based on Hugoniot data for water to 100 GPa.

The expressions for the dissipative pressures, Q^, are based on an artificial viscosity expres­
sion found in many numerical wave propagation codes (Kipp and Lawrence, 1981),

(59)

where 6j and 62 are constants which are adjusted so that this term is only significant during 
rapid loading rates and not during less rapid release processes.

In numerical calculations such a viscosity term spreads a shock wave over several com­
putational cells to produce a steady propagating structured wave. It is a well known result 
of nonlinear wave analysis that all steady waves and shock waves satisfying the conservative 
principle described above require existence of a mechanism to dissipate energy and that the 
total energy dissipated by the passing of the wave is independent of the constitutive relation 
representing this mechanism. Thus the vicosity expression given in Equation 5.9 will accurately 
represent the energy dissipated in the calcite samples by the imposed experimental conditions. 
While the constitutive relation for the dissipative mechanism does not influence the total energy 
dissipated, it does influence the computed profile of the shock wave; however, this profile was 
not resolvable in these experiments. Thus there are no data available upon which to construct 
a relation to replace Equation 5.9.

Equation 5.9 will be used to represent the total dissipative pressure within the mixture; 
that is,

Q = <f>fQ/ + <f>sQs- (5.io)
If the isothermal mixing rule is assumed, this relation and the requirement that the are equal 
is sufficient to completely define the problem. If the adiabatic mixing rule is assumed, additional 
information must be specified about one of the Q^. Two limiting cases will be considered. They 
are either Qf = 0 or Qs — 0. In the first case, all of the dissipated energy is absorbed by the 
calcite, and in the second case by the water. By comparing results from the isothermal case 
and the two adiabatic cases, the sensitivity of the model to the form of the thermal mixing rule 
can be estimated.

The expressions above complete the definition of the model for the case when the influence 
of intergranular contact is ignored. When the strength of the intergranular contact is included, 
the pressure in the calcite granules is greater than that in the pore water, and the assumption 
that Ps = Pf is no longer valid. This assumption is replaced by the following constitutive 
relation for the pressure difference:

7{<i>s) = n , (5.11)

where

where cf>3 denotes the elastic or recoverable change in the volume fraction of the solid.

There are several important points to note about this relation. First, an elastic component 
of the volume fraction of the calcite is defined. This differs from the previous equal-pressure 
assumption in which all of the change in cj>3 is plastic. Next, 7 is an arbitrary constitutive rela­
tion of the elastic volume fraction of the solid. The functional form of the term fi is determined
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by continuum mechanics principles, specifically considerations about entropy production within 
the mixture. Normally 7 is specified so that an increase in the pressure P3 results in reduction 
of pore volume; that is, an increase in These relations then indicate that an increase in the 
water pressure will cause an increase in the pore volume of the powder.

When a dry porous solid is considered, fi = Ps/ps. Equation 5.11 is then simply a relation­
ship between the porosity of the solid and the pressure load on the solid. Relations of this type 
have been proposed previously, Herrmann (1968), where they have been called P — a relations. 
It is important to note that the same relation describes the behavior of the solid regardless of 
whether it is dry or saturated. Because of Equation 5.12, data obtained for dry solids can be 
applied directly to partially or fully-saturated solids.

The explicit form of Equation 5.11 used in this work is one suggested by Herrmann,

4*sm 0s 

03m — 030 ^

where (j)sm, fim, and r are specified constants. The change in the plastic volume fraction will 
be controlled by a yield condition. It is required

-ne< ^< fi, , (5.14)
Ps

where, following the form suggested by Herrmann, fi; is given by

/fim - fi; \ 2 ^ 1 /03 ~ 1 /r 15\

\fim - fij 1/030 - 1 ' 1 ‘ j

The parameters fim and fie are positive constants. It is intended that the same values for 
fim be used in this relation and in Equation 5.13.

Equations 5.13 and 5.15 are illustrated in Figure 26. In situations when the value of fi 
increases and attempts to move the material response outside the envelope formed by Equation 
5.15, the plastic volume fraction increases so as to displace the origin of Equation 5.13 to the 
right and contain the material response within the envelope.

In the following sections, calculations from the theory developed in this section will be 
presented. The first group of calculations will be obtained from a steady-wave analysis of 
these equations. Comparisons of the results will be made to the data of Kalashnikov, et al. 
(1973) and to the release wave data obtained in experiments CA-12 and CA-13. Selection of 
parameters for the equation of state of calcite are based on these comparisons. The effects of 
the various choices for the thermal mixing rule will also be illustrated. After this, the theory 
will be compared to the wave profiles obtained from the remainder of the experiments contained 
in this work. These comparisons are made without any additional adjustments to the model 
parameters.

5.3 Comparison of the Theory with Hugoniot Data

Both Hugoniot points and adiabatic release paths are computed in this section. The Hugo­
niot points are obtained from a steady-wave analysis; that is, the solution was assumed to 
depend only on the factor 4' = x — Ut, where U is the velocity of the wave, x is the spatial
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Figure 26: Theoretical Pore-Collapse Behavior.

40



position, and t is the time. The adiabatic release paths are obtained by integration of the energy 
equations along an equilibrium path (Q^ = 0) intersecting the computed Hugoniot point.

The equal-pressure mixing rule and both isothermal and adiabatic mixing conditions are 
considered. The analysis to obtain these results is standard, albeit tedious, and will not be 
repeated in this work. For the isothermal case the resulting relations can be analytically 
integrated to obtain jump conditions for the steady wave. All other results are obtained by 
numerical integration.

Figure 27 contains comparisons of calculated Hugoniots to the data of Kalashnikov, et 
al. (1973) and Tyburczy and Ahrens (1985) for various initial mass densities. The model 
parameters used in these calculations are: p3o = 2710 kg/m3; csq = 3.65 km/s; F3 = 0.8; and 
n = —2.25. The porosities of these samples, which can be computed from the listed initial 
densities range from zero to approximately fifty percent. With the exception of the water- 
saturated sample (po = 2200 kg/m3), all of these data are for dry chalk. The calculation shown 
for the water-saturated case corresponds to the isothermal mixing rule.

Good agreement is achieved for the dry samples; however, some discrepancy is observed in 
the comparison to the water-saturated sample. Kalashnikov, et al. (1973) have also proposed 
a model for water-saturated chalk. They report better agreement for the water-saturated case; 
however, they do not include a description of their equation of state for water. Additionally, 
their reported values for mass densities and volume fractions for their saturated sample cannot 
be reconciled with the standard mass density for water.

The calculated Hugoniot for the water-saturated case is shown again in Figure 28. Also 
shown are calculations using the two adiabatic mixing rules in which the shock heating is either 
in the solid or the water. It can be seen that this calculation is relatively insensitive to the 
choice between the thermal mixing rules for pressures below about 40 GPa. Figure 29 shows 
the calculated temperatures for these Hugoniots. Here, the specific heat of calcite was assumed 
to be a constant value of 1200 J/kg K (Dmitriyer, et al., 1972).

Figure 30 shows the corresponding Hugoniot calculations for the wet and dry samples used 
in this work. Nominal mass densities of 1.76 and 1.38 Mg/m3 were used. Again, the Hugoniot 
results are not sensitive to the thermal mixing rule below 40 GPa. The accompanying temper­
ature results for the wet sample are shown in Figure 31. In addition, release path temperatures 
from a Hugoniot state of 66.1 GPa (Test CA-21) are also illustrated. As with the previous 
calculations, the porosity of the sample results in very high temperatures, and the values of the 
temperatures are strongly dependent upon the choice of the thermal mixing rule.

In Figure 32 the calculation is compared with release isentropes obtained from the prelimi­
nary shock compression and unloading experiments on dry calcite samples (CA-12,13). Release 
paths from 15.0 and 18.5 GPa are determined from the measured wave-profile data. The com­
parison in Figure 32 was used to adjust the volume-dependent Griineisen parameters used to 
model the Hugoniot data in Figure 27.

5.4 Comparison of the Theory with Experiments CA-16 thru 21 on Dry 
and Water-Saturated Porous Calcite.

By a numerical method discussed in detail in Drumheller (1986) the material model de­
scribed above has been incorporated into a Lagrangian wave-propagation computer code, WONDY
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Figure 27: Comparison of Experimental and Theoretical Hugoniot States.
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Figure 28: The Influence of the Thermal Mixing Rule on the Theoretical Hugoniot.
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Figure 29: Theoretical Hugoniot Temperatures.
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Figure 29: Theoretical Hugoniot Temperatures.
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Figure 30: Computed Hugoniot States for the Wet and Dry Samples used in this Work.
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Figure 31: Computed Temperatures for the Wet and Dry Samples used in this Work.
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(Kipp and Lawrence, 1981). The version of the model used in this code includes the ef­
fects of intergranular contact. The selected values for the parameters in Equation 5.13 are 
<j>srn — <f>SQ — 0.1, pso^m = 4 GPa, and n = 2.5. The additional parameter required by Equation 
5.15 is PsoQg — 0.1 GPa. Thus in the dry porous samples, crushing of the granules is assumed 
to begin at a pressure of 0.1 GPa. Completion of crushing is at 4 GPa. Also, upon release 
from pressures above 4 GPa, 10-percent porosity is recovered in the sample. When compared 
against the Hugoniot and release-path calculations in the previous section, this version of the 
model did not produce appreciably different results from the equal-pressure version in which 
no porosity is recovered.

Figures 33 thru 35 contain the comparisons of the calculations to the data obtained from 
experiments CA-16, 17, and 18 on the dry calcite powder. Figures 36 thru 38 contain the 
comparisons to CA-19, 20, and 21 on the wet samples. Because of timing problems in these 
experiments, the experimental data were arbitrarily time-shifted into alignment with the com­
puted wave profiles. Two shock waves appear in each comparison since the gap between the 
flyer plate and its holding fixture closed during the time data were collected. The aluminum 
components of the experimental configuration were modeled as elastic-plastic, with an instan­
taneous spall threshold of 1 GPa. The calculations indicate that extensive spallation occurred 
on the back of the flyer plate. This was subsequently recompacted by the holding fixture. This 
is the source of noise in the computed profile of the second wave.

In general, the comparisons for the first stress wave are quite good. The time spacing 
between the first and second wave are better for the wet samples than for the dry samples. 
Here, the spacing for the dry samples is a little too rapid. The comparison of the profiles for 
the second waves is poor. The reason for these discrepancies is not known.

In addition to the comparisons for the measured particle-velocity profiles discussed above, 
comparisons of the pressure-density release trajectories at the data plane are given in Figures 
39 and 40. The calculations show good agreement with the experimental results from the dry 
samples. The comparisons with the wet samples are poor. The experimental results were 
reduced using the measured wave velocities. Thus the effect of time shifting, which was used 
in the comparisons of the wave profiles, is not present in the data reduction.
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Figure 32: Computed Hugoniot and Release Paths for CA-12 and CA-13.
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Figure 33: Comparison of Theoretical Prediction to CA-16.
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Figure 34: Comparison of Theoretical Prediction to CA-17.
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Figure 35: Comparison of Theoretical Prediction to CA-18.
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Figure 36: Comparison of Theoretical Prediction to CA-19.
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Figure 37: Comparison of Theoretical Prediction to CA-20.
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Figure 38: Comparison of Theoretical Prediction to CA-21.
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Figure 39: Comparison of Theoretical Release Paths to Data from Dry Samples.
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Figure 40: Comparison of Theoretical Release Paths to Data from Wet Samples.
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6 CONCLUSIONS AND RECOMMENDATIONS FOR FUR­
THER STUDY

During the present program, considerable progress in the development of technology for 
measuring high-pressure shock and release equation-of-state data on dry- and water-saturated 
porous geological materials was achieved. Useful data on crystalline, dry-porous, and water- 
saturated calcite was obtained. A model based on a theory of immiscible mixture was developed 
and successfully applied.

Some new physics was revealed in the experimental data. Although earlier data hinted at 
a phase transformation in calcite in the range of about 9 to 16 GPa, the present study clearly 
identified this transition between 12-14 GPa through a striking rarefaction shock wave. This 
in-of-itself is quite unique—attesting to the rapid transformation rate and near equilibrium 
behavior of this transition under shock compression and release. In contrast, similar shock- 
induced transitions in silicate minerals show rate sensitivity through dispersive release waves 
and metastable Hugoniot states.

Experiments on porous calcite in the present study did not, however, reveal evidence for 
this transition. Reasons for this are not known. A possible explanation is a reduction of the 
transformation volume with temperature depressing the range of anomalous compressibility. 
This problem deserves further study, working with a range of porosities to better map out the 
temperature dependence.

No clear indication of melting is provided by the wave-profile data, although the requirement 
of a decreasing Gnieissen parameter in the theoretical model to reproduce the experimental data 
lends support for theories which predict a decrease of this parameter with temperature in the 
liquid state. This further suggests that the calcite is probably deep into the liquid state after 
shock compression from the initial dry porous state.

Although the degree of thermal heterogeneity persisting at the shock state and during release 
is not known, bounding calculations based on the present immiscible mixture model for calcite 
indicates that stress-wave propagation properties are not strongly sensitive to this issue.

As the present experimental program evolved, several experimental difficulties were uncov­
ered. Foremost was an inconsistency in measured sample transit times and, therefore, shock 
velocities. Several possible explanations exist. First, sample thicknesses are necessarily small 
leading to general random errors in measuring transit times. This, however, is not sufficient 
to explain the magnitude of the discrepancy. The pins used to measure time-of-impact are an 
electrical shorting type where shock impact closes an approximately 50-/xm gap between copper 
electrodes. Although transit for this gap is accounted for at these impact pressures, possible 
jetting and premature shorting render this transit time ambiguous. Improved techniques are 
needed here.

A further possible problem occurs if the cavity projectile allows settling of the impact plates 
during acceleration. This would lead to measured transit times larger than actual.

In general, measure shock velocities are less than measured by Kalashnikov, et al. (1973) and 
predicted by the model based principally on Kalashnikov, et al. (1978) data. The discrepancy is 
larger for wet than for dry samples. This trend is not understood but might explain differences 
between data and calculation for the water-saturated release curves in Figure 40.

57



Another possible source of error would occur if full water saturation were not achieved in 
the porous samples. An independent measure of the water content was not made and it is not 
known if an inaccessible void fraction exists. This could lead to further errors in analysis and 
calculation of the water-saturated data.

Thus, there is a need for a further look at these experimental difficulties and a broader 
data base on the shock and release properties of porous materials subject to varying degrees of 
water content. Despite some problems, however, significant strides in technique development 
have been made during this study and the release data when combined with earlier Hugoniot 
data on calcite provide a valuable constraint on computational models as attested to by the 
theoretical study in the present work.
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