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ABSTRACT

A series of 15 large amplitude (0-4.0 GPa) compression wave
experiments have been performed on Oakhall 1limestone using
impact techniques. Time-resolved particle velocity profiles

were determined with window laser interferometry. Three ex-

periments were performed at each impact velocity on samples’

of difterent thickiiess and strees=strain hehavior was determined
through Lagrangian analysis of the measured wave profiles. Two
shock-induced phase transformations are observed within the range
of the data. The first occurs within the elastic region of
response and initiates a rarefaction shock wave on unloading.
The second is characteristic of the more sluggish transformations
observed in silicate rock. The present data have been used to
demonstrate the importance of shear in shock-induced phase trans-

formations.
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I. INTRODUCTION

The work presented here is an extensive experimental study of the wave
propagation characteristics of the calcite rock called Oakhall limestone.
The experiments were completed in 1977 and the data reported in part with
similar data on several other carbonate rocks in two publicationsl:2.

A large portion of the data on this rock remained unpublished, however.

With the recent intensification of needs for accurate model characterization
of geological materials, and with emphasis on those undergoing rarefaction
shock unloading due to dynamic phase transformation, it was considered
useful to make available the complete set of data.

Therefore, this report provides a documentation of the one-dimensional
wave propagation properties of Oakhall limestone to approximately 4.0 GPa.
This rock was selected as representative of near zero porosity, fine grain
limestone. The work contrasts with similar studies on Solenhofen lime-
stone,3 a porous calcite rock, Vermont marble,4 a coarse grain,
metamorphosed calcite rock, and Blair dolomite,> a low porosity magnesium-
calcium carbonate rock. The present study focused primarily on the range
covering dynamic failure and the calcite phase change which complicate
response of this material.

Dynamic stress states were achieved with plate impact methods, and
impact conditions are specified so that both loading and unloading behavior
is determined.



II. EXPERIMENTAL PROCEDURES

The experimental procedure used in the present study has been docu-
mented earlier;3 however, for completeness a brief summary is provided. The
experimental methods used to investigate wave propagation properties under
plate impact conditions are illustrated in Fig. 1. A 100 mm diameter light
gas gun is used to impel flat-nosed aluminum projectiles. at the target.
Projectiles are faced with thin plates of mechanically well-known impact
material, which in turn are backed with low impedance solid foam. Fused
quartz and 1060 aluminum were the standard impact materials used in the
present study. Impact on the target material provides a step input stress
wave in the sample material followed by an unloading wave originating at
the impact plate-solid foam interface. Projectile velocities ranging from
from 0.01 to 1.0 mm/usec can be controlled within about 2% and impact
planarity can be maintained within 3 or 4 times 10~4 radians. The projec-
tile velocity is measured by offset pins to within 0.2% and impact time at
center-of-impact is measured to within about 10 ns using an offset impact
fiducial pin and a planarity measurement with coplanar flush pins or a
center of impact ribbon fiducial technique.®

The sample specimen is backed with a laser window. Fused quartz was
used in the current study of rock properties. The window material surface
in contact with the sample surface is first vapor deposited with silver to
provide a diffusely reflecting surface. Material velocity is continuously
recorded through the complete loading and unloading response with diffuse
velocity interferometry (VISAR).7 ‘

The series consisted of 15 tests performed at 5 different impact
velocities. Sample thickness varied between 5 and 25 mm. This provided
for measurement of evolution of the wave from the initial square wave
input and stress-strain behavior was determined by Lagrangian analysis
methods.8

The Oakhall limestone used in the present study was provided by D. B.
Larson of Lawrence Livermore National Laboratory and is the same material
studied by Murri et al.2?  The microstructure of Oakhall limestone is fine-
grain micrite with a few larger recrystallized calcite grains. The density
is 2700 kg/m3 and the porosity is less than 0.5%. Measured longitudinal
and shear wave velocities were 6.71 km/s and 3.22 km/s, respectively.
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III. EXPERIMENTAL DATA 'AND ANALYSIS

A total of 15 impact experiments were successfully completed on Oakhall
limestone. Experiments were performed at 5 impact velocities, and 3 impact
thicknesses were studied at each velocity level. A description of each
impact experiment is provided in Table 1. Experimental data for each shot
consist of oscilloscope traces of the two 90° out of phase VISAR photo-
multiplier outputs which contain the sample-window material interface motion
history. Impact time of arrival data are also provided on the same photo-
multiplier records. The oscilloscope traces of the VISAR data are reduced to
digital information on a telereader system and stored on computer. The
digital VISAR data are reduced to particle velocity profiles of the sample-
window interface history with a user interactive computer program developed
by Barker.10

Velocity profiles corresponding to the same impact velocity level are
then scaled to correct for slight differences in impact velocity and
impactor thicknesses. Since the window material is never an exact impedance
match for the test material, a region of wave interaction is created in the
test material near the sample-window interface, and the measured interface
velocity profile is a distorted version of the input profile in the specimen.
“The extent of distortion depends on the difference in the constitutive
properties of the window material and the unknown constitutive properties
of the sample material. A user interaction computer program8 was used
which corrects the velocity profiles for impedance mismatch at the sample-
window interface and provides the loading and unloading stress=-strain,
stess-particle velocity and longitudinal moduli of the sample material.

The experimental data will be presented in this section in the follow-
ing order: first, the initial arrival transit time data for all experiments
will be presented. Second, the experimental profiles and constitutive
behavior for each impact velocity level will be presented in order. Each
impact level will be identified by the series number given in Table 1.

T.ast, the composite stress-strain, stress-particle velocity and longitudinal
moduli results will be presented for all of the data.

First Arrival Velocity

A velocity corresponding to first arrival of the stress wave ‘at the
measuring interface can bhe determined for each shot from the transit time
from impact at the sample center to first arrival at the sample-window
interface and the thickness of the sample specimen. Transit times were
nhtained from 12 of the 15 tests. Distance~-time plots of the first arrival
data showed that the velocity was independent of propagation distance and
independent of the driving stress amplitude. A velocity of 6.57%.07 Km/s
was obtained for Oakhall limestone, which is 2% smaller than the measured
ultrasonic velocity. In further analysis, all experimental wave profiles
were alligned acccording to this velocity.



ot

TABLE I

DESCRIPTION OF IMPACT EXPERIMENT

. Impact Impactor Sample Window*
Shot Series Velocity-: Impact Thickness Thickness Thickness
No. No. (km/sec) Material (mm} (rrm) {mm)
LS 104 1 0.10€ FO* 3.246 5.C29 19.1
LS 105 1 0.116 " 3.239 10.C03 19.1
LS 106 1 0.113 " 3.205 15.C24 25.4
LS 107 2 0.216 " 3.068 4.986 19.1
LS 108 2 0.212 " 3.231 9.985 25.4
LS 109 2 0.208 " 3.239 14.963 25.4
LS 101 3 - 0.352 " 3.165 5.966 ©19.1
LS 102 3 0.355 " ~ 4.757 12.090 25.4
LS 110 3 0.352 " 3.259 17.C46 25.4
LS 111 4 0.619 " 4.747 4.%961 25.4
LS 112 4 ‘ 0.621 " 4.760 . 8.539 25.4
LS 103 4 0.592 "o 4.768 11.930 25.4
LS 113 5 0.691 a1t 4.801 4.€89 25.4
LS 114 5 0.691 " 4.818 9.C50 | 25.4
LS 115 5 0.682 " 4.798 13.C73 25.4

* Fused Quartz, General Electric Dynasil-1000
+ 1060 Aluminum (dead soft)



Series 1 Data

At the lowest projectile impact velocity of approximately 0.11 km/s
three tests were successfully completed with sample thicknesses of about 5,
10, and 15 mm (see Table 1l). In Fig. 2 the final particle velocity profiles,
uncorrected for impedance differences between the fused quartz and the lime-
stone, are displayed. The profiles shown differ slightly from the original
VISAR record of the sample-window interface velocity in that the data are
scaled to account for slight differences in impact velocity and the unloading
wave was adjusted for slight differences in impactor thickness (see Table 1).
In the Series 1 tests the low projectile velocities achieved were difficult
to control and variations up to about *4% resulted. 1In all higher velocity
experiments projectile velocities were consistent within %1%,

1

The profiles obtained in this series were at the lower end of applica-
bility of the VISAR system. Approximately two-thirds of a light fringe was
obtained from zero to peak particle velocity. Some noise was noted on the
top of the profile and the beam intensity trace. We attributed this to the
large calcite grains in the limestone samples.

Propagation properties at this stress level appeared to be predominantly
elastic. There was some indication of rounding of the loading profile near
the top of the wave which would suggest a finite steady-wave behavior, such
as was observed, and attributed to dynamic crack effects, in Blair dolomited.
The unloading wave was dispersive, indicating some anelastic behavior.

This could be attributed to a softening of the modulus on unloading due to
crack opening. These details can be seen in the stress-strain, stress-
particle velocity and wave velocity-stress plots, provided in Fig. 2.

Series 2 Data

Projectile impact velocity for this series was 0.21 km/s. Sample
thicknesses of approximately 5, 10 and 15 mm were used for the three tests
completed. The profiles obtained in this series are shown in Fig. 3. 1In
this series, departure from linear elastic wave propagation was observed.
The loading wave breaks over at about 0.05 km/s and is characterized by
slower and dispersive wave propagation above this level. The unloading
wave was less dispersive than observed in Series 1. The stress-strain,
stress-particle velocity and wave velocity-stress curves for Series 2 are
also shown in Fig. 3.

Series 3 Data

The projectile impact velocity for this series was 0.35 km/s. Sample
thicknesses were approximately 6, 12 and 17 mm. Profiles obtained in this
series are shown in Fig. 4. A break in the loading wave profile was observed
between 0.05 and 0.07 km/s, above which a dispersive ramp wave occurred. The
unloading wave was nondispersive and propagated as a rarefaction shock wave.
Wave attenuation was observed within the propagation range. The Series 3
curves for stress-strain, stress-particle velocity and wave velocity-stress
are shown in Fig.'d.

1
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Series 4 Data

The projectile velocity for this series was 0.62 km/s. Sample thick-
nesses were reduced to approximately 5, 8.5 and 12 mm for the Series 4 tests
due to the wave attenuation effects observed in Series 3. Profiles obtained
in this series are shown in Fig. 5. As can be seen, the profile complexity
and dispersive properties have increased with the increased impact velocity.
Initial loading occurred through an abrupt shock to approximately 0.07 km/s
followed by a ramp wave to about 0.14 km/s. Further loading, however,
indicates the formation of a second shock wave. Unloading proceeds by a
dispersive upper region followed by a rarefaction shock wave initiating at
about 0.15 km/s. Again, wave attenuation occurs within the region of
observation. The stress-strain, stress-particle velocity and wave velocity-
stress curves are shown in Fig. 5.

Series 5 Data

The projectile impact velocity for this series was 0.69 km/s. Impact
conditions for this series differed from all earlier series in that 1060
Aluminum was used as the impactor material rather than fused quartz. The
purpose was to achieve a higher impact stress in the limestone samples.
Sample thicknesses for this series were approximately 5, 9, and 13 mm. 1In
Fig. 6 the particle velocity profiles obtained in this series are shown.
Material loading proceeds in three distinct regions; an initial shock wave,
a ramp wave, and a final shock wave to peak amplitude. Unloading occurs by
a dispersive wave and a rarefaction shock wave. Complete unloading is not
achieved and the rarefaction shock velocity is considerably lower than in
the Series 4 tests. Both observations can be accounted for by the higher
impedance aluminum impactor. The stress-strain, stress-particle velocity
and wave velocity-stress plots for the Series 5 data are shown in Fig. 6.

Combined Results

In this section the results from all five experimental series are
repeated in combined plots for the purpose of comparison. In Fig. 7 we
show the stress-strain and stress-particle velocity loading and unloading
histories. Break over in the stress-strain curve due to material nonlinear-
ity can clearly be seen between 1.0 and 2.0 GPa. A steepening of the
Hugoniot (end points of the loading paths) is observed in the higher stress
experiments. Unloading is characterized by hysteresis and dispersion. 1In
Fig. 8 the wave velocity-stress curves for both loading and unloading are
shown. In the loading wave velocity plot, material softening initiating at
about 1.0 GPa can be seen followed by a rapid reduction in velocity with
stress. Higher loading wave velocity behavior corresponds to formation of
a second shock wave. The unloading plot shows a low stress dispersive
region, an intermediate stress region where rarefaction shocks form and a
high stress, highly dispersive region.

15
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IV. DISCUSSION

The large-amplitude wave profiles measured in Oakhall limestone illus-
trate a striking complexity in structure not observed in most solids. When
these data are compared with similar stress wave data on Solenhofen limestone
and Vermont marble, and a large body of static triaxial, hydrostatic and
ultrasonic data on similar calcite rocks existing in the literature, a fairly
clear picture of the mechanisms governing the high rate deformation of this
material emerges. Extensive interpretation and analysis of these data have
been performed and have revealed the relative importance of flow, fracture
and phase transformation in the deformation process.lr2 These references
should be consulted for a thorough discussion.

An important feature of the shock uniaxial strain response of Oakhall
limestone relates to yielding or the Hugoniot elastic limit. A clear first
wave is identified in the loading structure; however, it has been shown that
the amplitude of this wave is not due to plastic flow or fracture but indicates
onset of the first stress—induced phase transformation. The transformation
apparently delays onset of irreversible deformation. Calculations have shown
that the uniaxial strain response of Oakhall limestone is reversible until
peak stress in excess of 2.0 Gpa is achieved.l It appears that the first
calcite transformation occurs within the region of elastic response of the
material.

Within the range of the present data two shock-induced phase changes
occur in Oakhall limestone. The first is identified as the displacive
calcite I-II transition initiating at approximately 0.9 GPa shock stress.
This transformation proceeds over an appreciable stress range due to stress
concentrating effects in the material and accounts for the ramp behavior
following the initial elastic loading wave. Comparison of the present shock
data with triaxial compression data has shown that this transformation is
sensitive to the shear stress state in the material? and the modeling of
nonhydrostatic phase transformation has focused on this result.11

A second transformation initiates at a shock stress of about 2.4 GPa
and can be observed as the second break in the loading wave of the Series 4
profiles (Fig. S5). It is identified as the calcite II-III transformation and,
in contrast to the calcite I-II transformation it is hysteretic and probably
rate sensitive. Details of wave structure suggest that the II-III transition
is similar to the reconstructive transformation in silicate rocks under shock
compression.1

The release wave behavior of Oakhall limestone shows no indication of
elastic-plastic response. The initial velocity of the release wave in Series
3, 4 and 5 has been compared with the elastic properties of calcite III. The
velocity is closer to bulk rather than longitudinal suggesting fluid-like
rather than solid-like behavior, and is also characteristic of the shock~-
wave response of silicate rocks.

21
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The unique feature of the release wave in Oakhall limestone is the
formation of a rarefaction shock. Although a rarefaction shock is predicted
theoretically for a phase transforming material, it is not usually observed
due to the finite rate of most transformations. Initiation of the rarefaction
shock at approximately 1.5 GPa is due to the displacive calcite I-II transi-
tion which proceeds readily on a shock wave time scale. Indications of the
rarefaction shock are seen in all profiles of the top four series, but it is
most clearly revealed in the profiles of series 4.

The rarefaction shock velocity decreases with increasing shock amplitude
as shown in the unloading wave velocities of Fig. 8. This velocity is not
an intrinsic property of calcite but is determined by the total impact problem,
including impactor material and foam backing the impactor. The rather
diminutive rarefaction shock in Series 5 is a consequence of the aluminum
impactor, which resulted in a rather short Rayleigh line segment on release.

The sharpness of the rarefaction shock was unexpected and fast-sweeping
oscilloscopes were focused on it in several experiments to determine the width,
which compares well with a 0.05 ps relaxation time for the calcite I-II transi-
tion estimated by Wang and Meltzer.12
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