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ABSTRACT

Dynamic compression wave studies have been conducted on Blair dolomite
in the stress range of 0-7.0 GPa. Impact techniques were used to generate

stress impulse input functions, and diffuse surface laser interfercmetry pro-

vided the dynamic instrumentation. Experimental particle velocity profiles
obtained by this method were coupled with the conservation laws of mass

and momentum to determine the stress-strain and stress-modulus constitutive
properties of the material. Comparison between dynsmic and quasistatic
uniaxial stress-strain curves uncovered significant differences. Energy
dissipated in a complete load and unload cycle differed by almost an order
of magnitude and the longitudinel moduli differed by as much as a factor

of two. Blair dolomite was observed to yield under dynamic loading at

2.5 GPa, Below 2.5 GPa the loading waves had a finite risetime and
exhibited steady propagation. A finite linear viscoelastic constitutive
model satisfactorily predicted the observed wave propagation. We speculste
that dynamic properties of preexisting cracks provides a physical mech-
anism for both the rate dependent steady wave behavicor and the difference
between dynamic and quasistatic response.
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I. INTRCDUCTION

A need for constitutive relations to predict the response of rock
and rock masses to transient dynamic loading has come from,sﬁch critical
problem areas as eartﬁ,penetration, design and hardening of é%fﬁctures to
explﬁﬁﬁVéfdr,gagyh%gake induced ground shock effects, rapid éxcavation,
and ig situ preparéé&op of coal, shale, mineral, or geothermal erosits.
Considerable effortrgas been expended to develop constitutive models and
provide an experiment;l da£a_base. Problems remain, however, as verified
by the frequent inadeqﬁacy of‘brgdictions. | |

There is a current trend towérd‘increagiﬁg rellance exciusively on
quasistatically generated stress-strain data a; the data baselfof deter-
mining dynemic constitutive models. Thié trend?is understandable. since the
experimental requirements usiﬁg static triékiglafa;ilities afe s;ﬁewhat
easier to fulfill than the equi&alent dynamic tggtg? and the flexibility
of choosing the loading and unloaaing paths is aﬂ{éﬁ@ractiverfeature not
available in a rapid dynamic experiment. There is;i$;wever;fa certain
danger stociated with this trend unless verificationiéan be provided to
show that Such extrapolation of static ﬁodels to dynamééeevénts ig legitimate.
It has not been conclusively demonstrated ﬁhﬁ? rate depéhdeﬂt properties
of rock meﬂéafwill.allowlsuch extrapglation wifhout severeiy compromising
the predic;idﬁs. -

One aspect of the present study was to compare the static and dynamic
properties of rock'media. In Fig. 1 we compare.-uniaxial -strain data
obg}:‘iiﬁédgfé@h‘B;éir':'aglomite under conditions of static loading (Heard et al.’)
and'imﬁgé%;lééd%(bfesent work). This figure bléarly illustrates the poten-

tial pitfalls which can occur. The data show that energy dissipated in a

(9%,
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The dynamic data was obtained in the present study with
controlled plate impact techniques (& = 100 sec=l). The
static data was obtained by Heard et al.t with triaxial
compression facilities (¢ ~ 107" sec~1),



complete load-unload cycle differ by approximately one order of magnitude
and that material moduli differ by as much as 100 percent., It 1ls easy

to see that constitutive models based on the static data would tail totally
in accurately predicting wave propagation in this material.

The purpose of this réport is to summarize our fTindings on the transient
dynamic mechanical properties of one rock, Blalr dolomite. This work is one
step in a systemafic study designed to provide a firmer understanding of
dynamic rock mechanics pheﬁomenon and assist 1n the selectlon and develop-
ment of adequate congtitutive models appropriate for competent rock materials.

Controlled plate impact experiments were conducted to provide dynamic
gtress states in the range 0-7.0 GPa.* Impact conditions were specified
so that the entire loading and unloading history of the dolomitic rock
could be investigated, Diffuse surface laser interferometry recently
developed by Barker and Hollenbach2 provided dynamic instrumentation. This
new technique does not have the severe opfical reflectivity requirements of
earlier systemsg, and it hss mede feasible the study of dynamic wave propaga-
tion in rock-media with this accurate instrumentetion capability. A particu-
larly attractive feature i1sg the ability to obtain fine detail in the unloading

wave structure which has been difficult with other transducer techniques.

*
In adherence to 8I units we have adopted as the unit of pressure 1 GPA =

109 Pascals = 109 newtons/square meter = 10 kilobars.
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IT. EXPERIMENTAL PROCEDURES

One-dimensional plane”wavés were ‘generated and subsegquently measured
in prepared samples of Blair dolomite. The experimental procedures which
were used?Enifhé présentrstudy have heen documented in detail in another
report,17 however, for completeness we will briefly summarize the important
points.

The experimeﬁtal'methods-which have been employed in thié laboratory
;»tq:}nvestigatéithe dynamic ﬁechénical-properties of rock and soll media
under con&itidns:of plate impact are illustrated in Fig. 2. A C.1
diameter light gas gun is used to impel flat-nosed sluminum projectiles st
the target media. Projectiles are faced with thin‘platesrof mechanically
well characterized impact material which are backed ﬁith low impedance
solid foam. Fused quartz and copper wefe the standard impact materials used
in the present study. TImpact on the target material provides a step input
stress wave in the sample material followed by an unloading wave originating
at the impacﬁ plate éolid foam interface. Projectile velocities ranging
from 0,01 4o 1.0 mm/us can Ee controlled within abouﬁ 2 percent and impact
planarity:céﬁ;bé'ﬁdintained.within 0.3 or 0.h milliradians;; The projectile
velocity is measured“by off'set pins to within 0.2 percentg and impact time
at center Qf impact is meagsured to within about 10 ns using an offset
impact fiducial pin and a planarity measurement with‘coplanar fiush ping
or a cenfey-of—impact ribbon fiducial technique.

On the back surface of the sample, a laser window material is mounted.
Although fused quartz, plexiglas, and sapphire have heen calibrated for

laser operation, only fused quartz has been used in the current study of

* ‘ ) - .
Details concerning the Sandia gas gun cperation and measurement techniques
are reported ln reference 7. The last impact time technique mentioned is new

snd will be documented by us in a later report.
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rock properties. The window material surface in intimate contact with the
sample surface ig first vapor deposited with silver to provide a diffusely
reflecting surface. Upon arrival of the stress wave at the sample-window
interface, material veloclty is continuously and accurately recorded through
the camplete history of loading and unlcading with the diffuse surface
velocity interferometer (VISAR).2
A series of tests on one rock material consists of gelecting a number
of impsct amplitudes withiﬁ the stress range of interest and conduct
several experiments at each impact ampiitude. Sample thickness at a
fixed impact amplitude will be varied over the several experiments, usually
ranging between 5 and 25 mm. By this procedure we can determine the

evolution of the square wave input into the meterial which will be estab-

lished by the particular constitutive properties of the rock under test.
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III. MATERIAL CHARACTERIZATION
The dolomite selected for investigation in this work has received con-
3L

siderable attention in earlier-staticl and shock wave work. Blair

dolomite is a fairly homogeneous, fipe-grain, equigranular dolomite

[> 98 percent CaMg(003)2] obtained from Martinsburg, West Virginia. The
measured dry densiﬁy is 2.84 Mg/mB, and the calculated perosity is 0.9
percent based on a crystal density of 2.866 Mg/m3.* Petrographic asnalysis
of one sample revealed a dolomitic, micritic limestone containing about

10 percent large {1.0-3.5 mm) dolomite crystals in & fine-grained (0.01-
0.02 mm) micritic matrix. ILarge crystals show local fracturing and are
commonly twinned; the matrix is generally unfractured, and is defined by
optically discontinuous, equidimensional carbonate grains with local rhombo=
hedral cleavage. TFractures and grain boundaries are sharply defined; grain
boundaries afe locally sutered and may be lined with organic material.
Fracturing is relatively rare in the undeformed dolomite, and no preferred
fabric is demonstrated.

Cylindrical samples 75 mm in diameter, ranging from-5 to 25 mm in
thickness were prepared from a core of the dolomite. The material bedding
plane was oriented perpendicular to the axis of shock propagation. Impact
and recording faces of the samples were lapped. Both longitudinal and
shear ultrasonic velocities were messured on all samples. The values
obtained were C, = 6.83 km/s and c, = 4.03 km/s at a frequency of 2.25 Mhz.
In several samples, falrly major crack systems were identified by reduced
wave Veloéity and increased attenuation. These samples were not included

with those that were shock-loaded.

¥
The sample of Blair dolomite used in the present work was kindly provided
by Dr. W. J. Murri of Stanford Research Institute, Menlo Park, California.

Ultrasonic velocities were provided by Larry Kent of Sandia Iaboratories.
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IV. EXPERIMENTAL DATA AND ANALYSIS

A total of 13 impact experiments were successfully completed on Blair
dolomite. Experiments were performed at five impact velocities and two
or more impact thicknesses were studied at each impact velocity level.-
A description of each impact experimént is prcvided in Table 1. Experi-
mental data for each shot consists ofroscilloscope traces of the two 90°
out of phase VISAR photomultiplier outputs which contain the sample-window
material interface motion ﬁistory; An impact time of arrival fiducial is
also provided on the same photomultiplier records.7 The ogcilloscope traces
of the VISAR data are reduced to digital information on & telereader
system and stored on computer disc.r The digital VISAR data are reduced to
particle velocity profiles of the sample-window interface history With 8
PDP-10 systeﬁ userrinteraction computer program.

Velocity profiles corresponding to the same 1lmpact veloclity level are
then scaled to correct for sglight differences in impact velocity and
impactor thickness, Since the window material is never an exact impedance
match for the test material, & region of waeve intersction ig created in
the test materisl near the sample-window interface and the measured inter-
face velocity profile is a distorted version of the input profile in the
specimen. The extent of distortion depends on the difference in the con-
stitutive properties of the window material and the unknown constitutive
properties of the sample material. A user interaction computer program
has-been developed which corrects the velocity profiles for impedance
mismetch at the sample-window interface and provides the leoading and un-

loading stress-strain, stress-particle velocity and longitudinal moduli of

the sample material. This impedance correction and analysis routine is

discussed in more detail elsewhere.1



ft

TABLE I
DESCRIPTION- OF IMPACT EXPERIMENT

, Impact Impactor Sample Window*

Shot SBeries Velocity Impact Thickness Thickness Thickness
No. No. km/s Material (mm) {mm) (mm)
DS 105 | 1 L0778 FQ* 1.544 15.100 19.1
DS 106 1 L077h " 1.52h 20.163 25.4
DS 107 2 0.184 " 1.516 10.069 19.1
DS 108 2 0.184 " 1.638 15.080 19.1
DS 109 2 0.180 " 1.631 20.094 -25.4
DS 101 3 0.351 " 1.560 8.0137 19.1
DS 102 3 0 350 " 2.510 13.025 25.4
DS 110 3 0.343 " 1 453 20.157 | 25.4
DS 103 4 0.618 "  1.5by 8.026 19.1
D8 112 L 0.606 " 1.491 14.080 19.1
DS 113 5 0.569 - cul 1.610 10.023 19.1
DS 114 5 0.571 " 1.577 14.943 19.1
DS 115 5 0.575 " 1.588 20.152 25.4

*
Fused Quartz, Dynasil -~ 1000
TOFHC Copper



The experimental data will be presented in this section in the fol-
lowlng order: First, the initial arrival transit time data for all experi-
ments will be presented and discussed. Secondly, the experimental profiles
and resulting constitutive properties for each impact velocity lével will
be presented in order. TFach impact level will be identified by the series
nunber given in Teble 1. Lastly, the composite stress-strain, stress-
particle velocity and longitudinal modull results will be pregented fer

all of the data.
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First Arrival Velccity

The velocity corresponding to first arrival of the particle velocity
wave profile was calculated from tﬁe transit time at impact to first
break-away observed on the velocity interferometer record. The resulting
veloclties obtdined in the present series of experiments arc shown in IMig.
3. One data point is cobtained per impact experiment.

In the figure, first arrival veloecity is plotted as a function o {the
peak particle velocity recorded. The longitudinal ultrascnic velocity measniirer]
in this laboratory is also shown. Approximately 2 percent scatter was
realized in the present set of experiments and the smooth curve provides
a best it to the first arrival velocity data. In further analysis of
the experimental data, wave profiles were aligned in time according to
the smcothed first arrival velocity data. Discussion of the trend cobserved

in the initial arrival velcocity will be detferred to a later =zection,
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The abcissa is the peak stress achieved in the impact experiment.-
The approximate maximum error in individual experiments ls indicated
by the size of the symbol used.
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Series 1 Data

At the lowest projectile impact velocity of 0.0776 mm/us (255 ft/s)
two tests were successfully completed. The sample thicknesses were approxi-
mately 15 mm and 20 mm (see Table I). In Fig. 4a the particle Velooity
profiles uncorrected for impedance differences between the fused guartz and
the dolomite are displayed. In cobtaining these final profiles the original
profiles as determined directly from the VISAR records of the sample-window
interface velocity are scaled to account for slight differences in impact
velocity (Table 1) and the unlosding wave adjusted for slight differences
in impactor thickness (Table 1). The resulting profiles were then corrected
for impedance differences as previouély discussed.

Several traits in the profiles shown in Fig. 4a should be noted. The
loading wave showed sharp shock characteristics to a velocity level of
0.0143 mm/us. At this point there is a break after which the profile
rises more gradually to a peak level over a period of about 0.2 pg. The
loading profiles appeared to exhibit steady state or close to steady state
wave propagation. In Fig. 5 the profiles have been normglized with respect
to the transit time to illustrate the steady wave nature.

The detall observed in the unloading wave is not a property of the dolo-
mite, During construction, epoxy was used to adhere the fused quartz impac-
tor material fo foam on the projectiles. The epoxy layer was somewhat
thicker than is desirable, and produced the observed steps in the unloading
wave. Only the initial portion cof the unlcading wave (breakaway and
unloading aown to the step) is accurate. later tests benefited from the
discovery of this problem, snd the quality of the remain;ng unleoading datsa

was improved.
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In Fig. L4 the stress-strain and stress-particle velocity curves and
the wave velocity dependence on stress for both loading and unioading are
shown., An estimete was made to correct the unloading wave for the small
epoxy layer. There is an indication of a deviation from perfect elastic

response by the slight hysteresis in the stress-strain curve.
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In Pig. 4-d the curve originating from zero stress
corresponds to loading; the dispersive curve cor-

responds to unloading.
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Series 2 Data

Projectile impact velocity for this series was 0.184 mm/us (60L ft/sec)
and]three-impaet testS”with"sample thickness of approximately 10, 15, and
20 mmrwere successfully compieted. The wave profiles are displayed in
Fig. 6. As in Series 1, thére was & sharp shock followed by s gradusl
rise oﬁer about C.2 us to the peak velocity level. The break as observed.
onrthe VISAR.fringe records occurred at 0.037nmm/ps,

‘Again, steady.wave propagation was noted for the loading wave profile

over the apprbximately 10 mm propagation distance. In Series 2 the unloading

wave 1is dispefsive and significantly faster than the loading velocity.
Hystefesis is -somewhat more significant than in the Series 1 tests. These
details can be seen.in the stress-strain, stress-particle velocity and wave

velocity curves shown in Fig. 6.
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Series 3 Data

Impact velocity for Series 3 was 0.35 mm/us (1148 ft/s). Three tests
at sample thicknesses of approximately 8, 13, and 20 mm were completed.
Particle velocity profiles are shown in Fig. 7.. Although a peak particle
velocity of approximately 0.15 mm/us which corresponds to a peak stress
of nearly 25 kilobars was attained, there is no clear indication that these
profiles differ significantly in character from those cobtained in Series 1
and Series 2, There is a sharp shock to a break of 0.087 mm/us followed
by a graduval rise to the peak velocity level. The loading wave propagation
again appeared to be steady wave propagation. A faster dispersive unloading
wave was observed. The plotted data in Fig. 7 show linear loading and

slightly hysteretic unloading.
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Series 4 Data

Impact velccity for this series was 0.61 mm/ps (2000 ft/s)rand two
tests with sample thicknesses of 8 and 14 mm were successfully completed.
Profiles ére-displayed in Fig. 8. The series 4 profiles show the first
deviation from the_propagation characterigtics displayed by the first
three series. Af a velocity level of 0.15 mm/us (corresponding to
about 2.5 GPa) which is abdut:the point of the profile bresk in Fig. 8,
there is also a change in the loading wave veloclty behavior. Above this
level the wave is dispersive as is verified by the significant reduction
in leoading wave propagation velocity. The steady loading wave character
displayed in the earlier series is no longer observed.

The étfess-strain, stress-particle velocity, and Wave_velocity-data
are given in Fig. 8. The stress-strain character now shows some curvature
on loading and the hysteregis isg more significant. The wave velocity-
stress plot clearly illustrates the reduction in velocity above about 2{5

GPa.
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Series 5 Data

Impact velocity for the final series was 0.57 mm/ps (1870 ft/s). A
copper rather than fused guarti impacitor was used to achleve a higher
gtress level in the test material. The magnitude cf the unloading wave,
however, wag lower due to the higher impedance impactor. Three tests with
sample thicknesses.of approximately 10, 15, and 20 mm were completed. The
profileg obtained in this series are displayed in Fig. 9.

The peak stress achieved in this series of tests was approximately
6.5 GPa. Initial loading was a sharp shock to about 0.16-0.19 km/s.

There appeared to be some tendency for the amplitude of the initial shock
to attenuate with propagation distance. Subsequent loading to the peak
particle velocity level was characterized by a dispersive, finite duration,
loaaing wave, The unloading wave traveled considerably faster than the
loading wave, causing attenuation of the peak amplitude within the 10 mm
propagation distance.

The stress-strain, stress-particle velocity and wave velocity data
are plotted in Fig. 9. There is a significant decrease In slope of the
loading stress-strain curve at about 2.5 GPa, and the hysteresis is quite
large, & result which is indicative of the amount of energy dissipated in
thermaterial during passage of the finite amplitude stress pulse. The
wave velocity-stress data are also very unusual and will be discussed

more fully in a later section.
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Combined Results
In concluding this secticn, we present plots of the combined results
for 8l fivé experimental series for the purpose of comparison and for
later reference. In Fig. 10 the stress-strain curves and stress-particle
velocity curves are shown. In Fig. 11 we show the same plocts for the
lowest three stress levels since they are obscured in the former plot.

In Fig. 12 we show separsately combined plots for the lcading and unloading

wave veloclties.
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V. DYNAMIC LOADING

The propagation velocity and dispersive character of the loading

wave ig determined by the mechanical propertles of the rock material. Non-

linearity in the stress-gtrain curve is distinguished by changes in the
wave velocity with increaging impact stress levels. Material yielding
can usually be determined by a separation of the loading wave intc several
waves traveling at different velocities. When the geparation of the waves

ls clearly defined, the stress level at wave separation is called the

*
Hugoniot elastic limit (HEL). Usually the onset of yielding is not abrupt

and the loading wave behavior is more complex.

Farlier studies concerned with the onset of yielding in Blailr dolomite

have not left a clear picture. Petersen3 reported an HEL of about 3.3
OPa but observed that the wave behavior was a shock followed by a rounded
portion of the wave to peak stress. He concluded that an elastic wave
equel to approximately one-half the driving stress was 8 good rule of
thumb. Murri and Smith6 in one experiment reported an HEL of about 3,0 -
GPa. Larsonh in further shock wave studies at significantly lower stress
levels also observed an initial shock followed by a . gradual rise to peak
stregs.

In the present study we have ldentified two major, dramastically dif-
ferent, regions in the dynamic loading respomse of Blalr dolomite. The
first ranges from zero stress to 2.5 GPa. The second regime correspoﬁds
to stresses greater than 2.5 GPa. The difference can be seen in the pro-

file chardcter of the three series of tests below 2.5 GPa in contrast with

* .
The term Hugoniot elastic limit has & precise definition in terms of a
yield stress after elastic loading in & sheock wave experiment. We will

relax the definition in the present context to include the stress et which

large scale yielding initiates fcllowing elastic, viscoelastic, are pos-
gibly slight viscoplastic loading.
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the two series above this stress level, in the f{irst arrival velocity plot
in FPig. 3, and most clearly, in the loading wave velocity plot shown in
Flg. 1l2a. 1In Fig. 3, it is seen that the first arrival velocity increases
with increasing driving stress to a level corresponding to a stress of
about 2.5 GPa, after which no further increagse in first arrival velocity ig
observed. The initial rise in velocity can probably be identif'led with
increasing closure of preexisting cracks with increaging driving stress.
Under a hydrostatic stress state, crack closure is usually observed to

reach completion at a considerably lower stress level, however, Heard et al.

have observed that higher stresses are required to reach complete closure
under uniaxial loading conditions.

In Fig. 12a the loading wave velocity as a functicn of stress ampli-
tude for each series of tests has been plotted., Beiow 2.5 GPFa there is a
continued increase in velocity with increasing peakx stress levels, and
the wave velocity is essentially a constant function of the stress wave
ampiitude. For the twc test series loaded to peak stresses 1n excess of
2.5 GPa the wave velocity is essentially constant te 2.5 GPa but’shows 2}
dramatic reduction above thig stress level.

An important observaticn in the three series of protiles below 2,5
GPa wag a snarp shock to a stress level well below the peak amplitude
followed by a gradual rise over about 0.2 us to the peak>amplitude.
Furthermore, the profiles below 2.5 GPa showed no change in profile struc-
ture with propagation distance indicating steady wave propagation.

In the exﬁeriments conducted at impact stresses greater than 2.9 GPa,
dispersion 1s observed in the propagation character of the particle velo-
city profiles above 2.5 GPa. We suggest that material ylelding oceurs

on Joading at about this stress level and that the breaks observed in the



lower amplitude waves are not related to yielding. Strong evidance for
this belief was inadvertently obtained from post-shot recovery of specimens.
We were able to locate and identify substantial sized fragments (10-25 mm
pieces) from all experiments conducted at peak stresses of 2.5 GPa or Iess.
Only powder was recovered from the ﬁaterial shocked to higher stress
levels.

The steady state, finite risetime wave propagation cbserved below 2.5
GPa implies that a rate deéendent process is active during dynamic loading
of the dolomite. The profile structure, a sharp shock followed by a gradual
rise to peak amplitude, is strongly reminiscent of prefile forms determined
by Nunziato EE.E&'7 in a systematic study of finite linear viscoelasticity
specialized to one dimensional wave propagation. This suggests that dolo-

mite is exhibiting viscoelastic response below about 2.5 GPa.
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VI, VISCOELASTIC RESPCONSE

As was stated in the concluding remarks of the last section, we have
observed steady state wave propagation in dolomite below a stress of about
2.5 GPa which strongly suggests & rate dependent process. Only a lirear
elastic or a rate dependent material model allow scluticns of steady wave
propagation with a Tinite risetime. A linear elastic model is inconsis-
tent with the experimental conditions of a step loading input, which implies
that the observed steady wave was required to evolve from this‘initial input
condition. Rate dependence is the remaining explanation, and nonlinear
viscoelasticity is consistent with the form of the observed profileg and
the trend of the unloading stress-strain path, which suggests 1ittle or no
permanent deformation.

Most coﬁpact crystalline rock with clecse to zero porosity have an
abundance of small fissures and cracks. These small voids represent res-
ponse of the rock due to tectonic gtresses and relief of overburden during
evolution of the rock species. They usually occeur along grain boundaries
as low aspect ratio cracks, and it has been chserved that friction across
crack surfaces generates hysteresis in an elastic load and unload cycle.

The degree of friction depends on the level of confining pressure as more

of the initially open cracks are closed. This condition of gliding friction
between crack faces should also occur during dynamic lecading. Friction is
usually identified as a rate independent process, although there are reasons
to believe that under high rates of loading this may no longér be true.
First, recall that & rate dependence of viscous forces in gases and liquids
result from a transfer of mass between adjacent elements traveling at dif-
ferent velocities. Transfer of material between faces of metals during

frictional s8liding experiments have been observed and would contribute s
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velocivy dependence to the frictional force. Similar processes could occur
in rock. Secondly, heat generated at the crack face due toc friction has
little time to diffuse in a dynamic experiment. Temperature rise will
enhance plastic flow which in turn will effect the coefficient ol friction.
Temperature effects could also contribute to a rate dependent friction.

The wave profile data cobtained from Series 1, 2, and 3 are sufficlent
to determine the model parameters for a finite linear viscoelastTlc model.
The technigues requlred to fit viscoelastic medels to steady wave pro-
files have been thoroughly explored by Nunziato EE_E£‘7 and will be used
here.

We have selected a difrerential expression i'or a seneralized Maxwell

material of the form

ij
I
=
|__I
—

to describe the viscoelastic response of the material. In conjuncilon with

the equation of contlnuity

o¢ su _ ()
— t = =0 (=
ot dh ’
and the equation of motlon
%—%.—]:._g.o_‘.:o 5 (3)
ot p_oh
s
these equations constitute a complete system oF ayperbolic differential

equations which describe the evolution of cne-dimensionsl waves in the

medium. The Lagrangian space and tlme coordinstes are h and t, respectively,

ct

and 5, ¢, and u are the axial stress, axizl strain, and materisl particle

[

velocity, respectively. The function wE(g) describes the equilibrium
{quasistatic) stress-strain response o the materilal and E(g) is a2 modulus

associated with the instantaneous sgtress-strain response. 7T 1s a zinsle



time parameter which determinés material relaxation in the intermediate
time regime.

The instantaneous and equilibrium response curve are first determined
from the data as is shown in Fig. 13. 8ince the profile is a gteady wave
the stress-particle velocity path follows a Rayleigh line and the Hugoniot
Jump conditions apply to a particle velocity level UI which describes the
ingtantaneous reséonse and to a level UE which describes the equilibrium
respanse. The shock velocifyhparticle velecclty deta obtained from Series
1, 2, and 3 profilgs are shown in Fig. 14, and were found to fit a linear
shock velocity-particle velocity relétion within experimental accuracy.
The linear relation for the instantaneous response is

D = aI + qu (h)
and for equilibrium response is

D = ap + bl . S (5)
Numerical values for the coefficients are providea in Fig. 1h. ExpfeSsions
for the(equilibrium.stress—straiﬁ response resulting from Hg. (5) and the

Hugonict Jump conditions is

ople) = 222 (6)

. (7)

The remaining parameter to fit in the viscoelastic model is the time con-
stant 7. This 1s accomplished by assuming a steady wave solution and reducing
the system of partial differential Egs. 1, 2, and 3 to a single ordinary

differential equation with the particle velocity u as the dependent variable.
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The resulting differential equation can be integrated snalytically teo obtaln
a best fit to the experimental profiles,
The solution proceeds by assuming that stress, strain, and particle

velocity are functions of the single dependent variable,

h
C,zt"§3 (8)
where D 1s the wave velocity of the steady profile. Equations 1, 2, and 3
then reduce to the ordinary differential ecuation

2
0, D° - B(u) 4u

o, D u - Do (w) %

where Eqs. 6 and 7 have been coupled with the Hugonint relaticns tp determine
the functional dependence of B and wE on the particle velocity u. The

. 2 . .
expression E(u) = P(aI + 2 qu) was used which is a very ¢lose approximation

to the exact value in the particle velocity range of interest. The differen=

tial equation integrates to the expression

u(l - 1I1/uE) DY _UI(¥ - u/uE)
uI(l - UI/uE 2 u(l - uI/uE)

(10)

—%ta(U-uI)ﬂLBLn

where
o= bi/n b,
B = (2 /D blap + (b /op)(D - )]
v o= -2(132 - ai)/(De -D aE) + (k4 bI/D bE)[aI + (bi/bE)(D - aE)]

A best fit to the experimental profiles obtalned in Series 1, 2, and 3 was

obtained with a value of T = 0.01 us. The steady wave profiles determined

from the model corresponding to the three series are shown in Fig, 15.



STEADY '"AVE PROFILES

.150“ LR L L A | T r 1 1 T =TT T L T ]
[ SERIES #3 ]
1251 .
Ef 5
= 1000 3
= ]
o i SERIES #2 4
S .075 ]
L 4
>
- }
S 50" :
6 - SERIES #1 .
£ | ]
.025/ | ]
.000.. P TSI U T S S T S
.0 1 : 2 3 4
TIME (us!

Fig. 15: LOADING PROFILES DETERMINED FROM FINITE LINEAR VISCORLASTIC MODEL FIT TO
BLAIR DOLCMITE DATA.



The generalized Maxwell equaticn constitutive relatlon was found to
adequately describe the loading wave propagation observed in Blair dolomite
below 2,5 GPa, It remains to firmly identify the physical mechanism
causing the rate dependent behavior. We have suggested rate dependent
friction on closed cracks. It 1s posgible, however, that a rate dependence
associated with crack closure is responsible. Also, Barkerlg has shown
that a Maxwell expressicn can result from dispersion effects in composite
materials. At present we prefer friction since it 1s consistent with a
possible explanation for the rate dependent yielding observed.

Schock and HeardLL have compared the shock response and static proper-
ties in granite and have concluded that this material fails under shock
loading by a process of brittle fracture. They have proposed that a
slight break in slope in the initial loading wave observed in earlier
shock wave studies corresponds tc an onget of incipient microfracture in
this material. We suggest that a rate dependent friction across closed
cracks such as is proposed to explain the present data below 2.5 GPa,
rather than fractﬁre, as an alternative explanation for the wave propaga-

tlon behavior observed in granite.



VII. DYNAMIC FAILURE (COMPARISON OF DYNAMIC AND STATIC RESPONSE)

We concluded in Section V that dolomite undergoes yielding at dynamic
stresgs levels above about 2,5 GPa., This conclusion was based on the
dramatic difference in dispersive character of the loading wave above 2.5
GPa which suggests the emergence of & second wave and the increased stress-
strain hysteresis.

We will compare the 2.5 GPa dynamic yield stress with the static
failure envelope determined for Blair dolomite by Handin EE_EE‘g and by
Beard Eﬁ_gk.l The comparison cannot be made directly since the transverse
stress is difficult to measure in a plane shock wave experiment and cannot
be inferred fraom the present experimental method. To compare dynamic
yielding in thé stress plane With the static failure surface, 8 reasocnable
asgumption concerning the behavior of Poisson's ratio during the dynamic
uniaxial loading ig required. Walsh and Brace8 have shown that cracks and
voids in rock media undergoing uniaxial compression can significantly effect
the magnitude of Poisson's ratic as closure occurs during compression. |
They differentiate hetween an effective Polsson's ratio descriptive of bulk
behavior and an intrinsic Poisson's ratic characteristic of the matrix rock
medium. As fhe éracks close with increasing compression and slip becomes
prohibitive between crack surfaces, the effective Poisson's ratio approaches
the intrinsic value. In statlec compression of Blair dolomite Heard Ez_g&.l
obseyved Valuesrof Poisson's ratio equal to 0.22 at zero préssure, approaching
a constant value of 0,34 above about 0.1 GPa,

Sincé, in the present comparison, we are interested in values of mean
pressure to about 1.4 GPa, we chose to use a constant value of 0,34 to

describe the dynamic loading behavicor within the failure surface. This is

k7
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probably reasonably close to the intrinsic value of Poisson's ratio. The
uniaxial loading path in shear stress-mean pressure space is then determined

by the equation

_3(1-2\)§ |
T*21+v P (}1.}

and is shown in Fig, 16. The longitudinal stress, a, = 2.5 GPa, is related

to the shear stress and mean pregsure through

P+ {12)

which provides a second curve in Fig. 16 upon which the dynamic yield
stress state must fall. Intersection of the curves determined by Eg. (11)
and Eq. (12) provides an estimate of the dynamic yield state.

In Fig. 16 failure curves determined frow triaxial compression experi-

1
33 Althcugh the dynamic failure point falls somewhat

ments are shown.
beyond the range of the static curve, extrapolation suggests that the
dynamic yield point 1s in reasonable sgreement with the static failiure
surface.

Brace and JoneslO have shown that the effect of strain rate (&) on
failure is about 5 percent increasse per ten~fold increase in &, The pos-
sibility of this strain rate effect occurring during shock loading hasg
been discussed by Schock and Heard.ll It is of iInterest to compare the
present dynamic data with possible rate dependerce ¢f falilure., In the
present shock wave work, the yield strain of 0.017 was achieved by approxi-
mately linear loading in about 0.02 us. The strain ratg is, therefore,

about 106 s_l. Failure in the quasistatic tests of Heard et al.l was

obtained at straln rates of lO_u '—l. Assuming 5 percent per decade

would suggest a 50 percent increase in the failure envelcpe. Since the

loading path would have to intersect the dynamic failure curve at the
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increased failure surface in Fig., 16, the value of Poisson's ratio implied
can be calculated. A value of 0.08 was obtained which seems unreasonzbly
low. We conclude that the shock data does not suggest a rate dependence of
the failure envelope at the mean pressure achieved in dynamic uniaxial
loading.

There remains to explain, then the dramatic discrepancy between the
static uniaxial compression and the dynamic uniaxial compression data.

In static uniaxial strain studies, 1t has been noted by several authors
that rocks show sighificant departure from elastic behavior well before
the failure envelope determined from triaxial compression tests is achieved.
Brace gﬁ_ﬂl.lg have observed initiation of microfracturing and dilatancy
at shear stresses of about one-half to two-thirds the failure value in
uniaxial stress experiments. Schock and Heardll have attributed the de-
parture from elastic behavior in uniaxigl strain experiments toc the stress
state intersecting and remaining on the surface of dilatancy initiation
during loading. Their argument is that a constraint of uniaxial strain
preciudes dilatant strain and, therefore, confining stresses will increase
in such a manner as tc limit the loading path to this surface of dilatancj.
Although not strictly true (dilatant strain could ccecur at the sacrifice of
more intense elastic strain), the basic argument seems ressonable and is in
agreement with observed results.

It appears, referring to Fig., 1, that Blair dolomite under static
uniaxial strain conditions yields at an axial stress of about 0.3 GPa.
Under dynamic ioading, vielding i1s suppressed until approximately 2.5 GPa
is reached. To propose a possible explanation for this difference we will

refer to the simplified illustration in Fig. 17. A material element aligned
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Fig..17: RATE DEPENDENT SHEAR DURLNG DYNAMIC LOADING,

A material element oriented at 45° to axis of uniaxial strain.
‘g and T are normal and shear stresses, respectively. Also
shown is an idealized plane of closed cracks and the associated
shear stress concentration at a shear strain rate of v.
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at 45° from the axis of uniaxial strain is singled ocut such that the normal
stress is g = (ol + 02)/2 and the shear stress is T = (Ul - 02)/2. We
will consider a series of cracks aligned along a plane of shear, The
cracks are closed due tc the confining stress and, for simplicity, the
crack area in this plane is equal to the area in which material integrity
is malntained across the plane. Across the crack a normal stress a, less
than, but on the order of ¢, will be maintained. The shear stress trans-
mitted across the crack due to the dynamic friction between surfaces will
be TC = %(Y)QC- Werhgye shown functional dependenqe_@f.ﬁhg friction co=-
efficient on shear strain rate due to the relative velocityrbetween_orack
faces where we suggest that the coefficlent of friction is strain raté
sensitive. Bince the total shear stress T must bé transmitted across
this plane and since the sliding crack interfaces willrsupport less than
their share, stress concentrations must be supported byrthe regions of
material integrity. To a first approximation, stresses in these regions
will be intensified by a factor of T =~ TC(Q). At low strain rates T is
small and failure will occur early due to stress concentrations at areas of
material integrity. At more rapild strain rates TJ will increace, reducing
stress concentrations and increasing the stress level at which failure
oceurs. Ultimately, at very rapid loading rates. materlal strength should
approach that of the intrinsic strength o” the matrix rock.

An axial yield stress of 2.5 GPa in Blair dolomite implies a resolved
shear stress of about G/60 where G is the intrinsic shear modulus. T2 we
recall that the maximum observed yield stresseg achieved in single crystal

whiskers approacheg about G/15 to G/30, this strongly suggests that the



yield mechanism in dolemite uﬁder ghock loading is intra-crjstalline plas-
ticity. Apparently, however, in the case of static leoading fracture propa-
gation is fhé dominant mode of failure. .It would appear that there is a
siénificant rate process involved in the yielding of dolomitic rock and,
hence, a characteriétic tiﬁe constanf corrésponding to a transition from
fracture,'to infra-érystalline plasticity, as the dominant mode of in-
elastic defdrmation. |

The difference in proﬁagation characteristics of the lcading wave is

clearly evident in the loading wave velocity data shown in Fig. 12a.

Concentrating on the twd7highest peak stress experiments, if elastic-
perfectly plastic behavior cccurred on loading, one expects an initisal
first wave velocity dorresponding te fhe chord of the elastic Hugoniot
followed by'a slowér second wave with a velocity corresponding to tﬁe slope
of the plastic Hugenlot. The plastic Hugbniot should parallel the hydro-
stat and a shock velocity equal to the buik gound speed at an intermediate
level should be observed. Although there is an abrupt separstion of waves
at approximaﬁely 2;5 GPa (clearly seen in Fig. 9a), the second wave is dis-
persive. Tn fact, the wave velocity above 2.5 GPa, referring to Fig. 12,
does not approach the expected bulk sound velocity Qalue until the peak
gtress of 6.5 GPa is achieved on loading. The measured second wave velocity
at 6.5 GPa is 6.5 km/s. This can be compared wlth the bulk sound velocity
of 6.6 km/s at the same stress level which was estimated using a Murnaghan
equation ex;‘_c:r-a,po].aautionl'l+ of acoustic data for Blair dolOniite obtained by Heard
Ez_ﬂi'l and others.

We suggest two explanations which could account for the disparsive
character of the second loading wave. First, at 2.5 GPa axial stress,

the yield surface may still be an increasing function of mean confining
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pressure. Second, after yielding, work hardening could expand the yield sur-
face which would al;o account for the larger velocities observed. In fact,
both effects probably come into play.

We must mention the fine structure observed in the loading wave
velocity for the Series 5 experiments (6.5 GPa peak stress). The data
suggests that at about 4.0 GPA a further increase in compressibility is
achieved. We hesitate to dwell on this point since phase error or fringe
timing error in the interferometer data could falsely introduce such a
ripple. The data from Seriles 5 was excellent, however, and careful rea-
analysis of the data failed to uncover any prcblems.

Our only suggestion for a possible explanation is onset of a poly-
morphic phase transition at about 4.0 GPa. Such a transition has been

12 but the stress

inferred from high pressure Hugoniot data on dolomite
level at which the transiticn initiates has not been determined.

In Fig. 18 we compare the uniaxial stress strain paths for the two
highest stress serles with the hydrostat for Blair dolomite. The hydro-
stat to 3.6 GPa is that of Heard gﬁ_g&.l The hydrostat is extended te 7.0
GPa using a Murnaghan functional form and a pressure derivative of the bulk
modulus of dK/dP = 4.63 estimated from acoustic data. We chserved that in
the dynamic shock wave tests significant material strength is retained in
the materisl above the failure stress. Unloading proceeds by a single
digpersive release wave. The behavior is not inconsistent with perfect
‘elastic release. Since release was not measured to a level where the
unloading path crosses the hydrostat and intersects the yield surface on

the far side, it is not clear whether an elastic-plastic wave separation

on unloading would cccur.
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VIII. RELEASE WAVE BEHAVICR

Referring to fig. 12b, relief wave velocities for the experiments to
peak stresseé telow 2.5 GPa were fairly constant down to a stress level of
1.0 to 1.5 GPa below which the release wave became more dispersive. Come
parison of the relief wave velocity in Fig. 12b with the first wave arrival
velocity in Fig. 3 shows a strong similarity. We have concluded that the
behavior on relief is cause@ by the reopening of cracks which were elas-
tically closed during the initial compressive wave. The reopening of
cracks would re-introduce the softer effective modulus rather than the
intrinsic modulus, consistent with the theory of Walsh and Brace8, gausing
& reduction in the observéd release wave velocity.

Above 2.5 GPA_the relief wave is dispersive as is indicated by the
continuglly decreasing release wave velocity wlth decreasing stress shown
in Fig. 12b.. In the Series 5 experiments, which reached & peak stress of
approximately 6.5 GPa, the maximum relief wave velocity was sufficient to
cause attenuation of the peak stress amplitude with propagation distance.
Also, we noted a graduval rounding of the initial portion .of the relief wave
immediately behind the peak. This is in contrast to the more abrupt break
in the relief wave arrival observed in the lower stress data and in similar
studles on limestone. The graduasl rounding is comparable to the relief
wave properties observed by Barker and Hollenbachl6 in iron, Whether
similar mechanisms are responsible is not clear.

As was suggested in the preceding section, if material behavior is
elastic-piastic then the unlosding velocity from sbout 6.5 GPa down to
about 3.0 GPa should be characteristic of elastic response. A comparison
can be made between the pressure dependence of the longifudinal modulus M

determined from the shock release data and that determined from acoustic

o7
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data to 1.0 GPa. From the release wave data we obtain dM/de = 20,

This was determined using the wave velocity data in Fig. 12b between 3.0 and
6.5 GPa and the mean presgure determined from the extrapolated hydrostat in
Fig. 18. This can be compared with a value of dM/dP = 5.9 determined from
acoustic data. There are several possible explanations for the discrepancy:
(1) although commonly assumed, the eguivalence of the hydrostatic pressure

P and the mean stress Pm which is used in the shock data where only one non-
vanishing stretch occurs is not necessarily true. In a strict finite strain
formalism the velue of dM/dP can depend on the strain state achieved {hydro-
static or uniaxial). (2) The relief behavicr may not be strictly elastic.
(3) A portion of the dolomite may have transformea to a stiffer high den-
sity phase on loading causing the larger dM/dP on unloading. At this time

explanation (1) seems the most reassonable.
L J



IX, PETROGRAPHIC DESCRIPTION OF SHOCK-LOADED DOLOMITE

In sectiéﬁ 5Iiﬁrﬁas noted that fairly substantial sized ffégmen%s
(10~25 mm) were‘recovéred‘froﬁ,délomité spéciﬁens shock-loaded to |
stresses aé high ds 2.5 GPa. Tﬁé”iﬁpiication, of coﬁrse,lis fhat"
failure in dolomific roék‘ocgﬁrsﬁgtra stréss level in excess of £his
valué..lTherstreés'ﬁévé data, in fact; sugéeéts a Hugoniot elagtic limit
at abouﬁ fhis étreés ievél..‘Itiis of interest to determine if the feCOVered
sampiés bear any e;idence of thé:shock loading and release wave process.

In this section we describe the general petrographic featurésrof
the sbobked-samples of the Blair dolomite. Although this rock is
rather_homogeneous; the predominahce of very fine-grained matrix (0.02
mm in &iameter, on the average) in these samples makes petrographic
observations-and fracture analysis quite diffieult. It is considered
likely that significant variations from the observations stated below
may be present in other samples. Specimens were selected from each
stress level experiment and thin sections cut parallel to the bedding
plane (perpendicular to the axis of shock propagation) and perpendicular
to the bedding'plané,(parallel to the axis of shock propagation) were
prepared. ~Specimens will be identified by the peak shock stress and by
parallel or perpendicular te the bedding plane.

O;6SGPa-(Parallgl);— Dolomitic, mieritic limestone containing about 6%

large (1-2 mm}'dolomite crystals'in‘a fine-grained, equidimensional
matrix.. Lerge erystals are twimned and-are generally optically continuous.
Grain boundaries are generally sharp. Fracturing is rare and no preferred

fabric is demonstrated.
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0.6 GPa-(Perpendigular): Dolomitic, migritic liméstone with well
defined bedding fabric, generally marked by clay layers (clay = ~3% by
velume of section), Larger(~l mm) crystalsrof doiomite are generally
confined to the boundaries with clay layers and comprise abbut iO% of
the volume of the section. Grain boundaries are well defined and sharp.
Local éurviplanar fractures are confined to grain boundaries and to the
edge of the thin section; the fracture fabriec ig very weak to nqnexistent

and showg no distinct trend.

1.4 GPa (Parallel): Dolomitic, micritic limestone cdhtaining about
9% large (~1 mm) dolomite crystals in a fine-grained, cléy-bearing
(~L4% by volume) matrix., Grain boundaries are locally pocrly défined,
both from microfracturing and recrystallization (2). Dolomite'and matrix
crystals show weak preferred elongation; twin plénes-do not demonstrate
penetrative fabric. Fractures are common, hoth as en echelon cracks
parallel to elongation fabrie, and as radial and concentric fracturesg
which radigte from, or encircle, rgspectively, the core axis. One en
echelon fracture zone cross-cuts the elongation febric and is sbout 0.8 mm
wide. A true bearing for the elongation fabric cannpt be established,

since the sample is unoriented.

1.4 GPs (Perpendicular): Dolomitic, micritic limestone containing

about 1% lsrge (~1 mm) dolomite crystals interbedded with clay (~h%)

and fine-grained micritlc matrix. Large dolomite'grains generally parailel
bedding, are elongated along the bedding plane, and.are generally concentratad
along clay layers. Grain boundaries are somewhat indistinct from micro-
fracturing and local recrystallization (?). Fractures are common and

are primarily of two types: (1) parallel to bedding (possibly unleading



cracks), and (2) in & conjugate set oriented approximately 30° to the

bedding plane.

2.5 GPa (Parallel): Dolomitic, micritic limestone containing about

8% large (1-3.5 mm) dolomite grains in a fine-grained, clayey (~3% by
volume) matrix. Grain boundaries are indistinct and show microfracturing
and recrystallization (?). Twins are present in the crystals and matrix
but do not show penetrative.fabric. Flongation fabric is not demonstrated.
Radial and concentric fractures are present and are dispcsed as described
in "1.4% GPa (Parallel)." En echelon fractures are alsc present but show

no preferred orientation.

2.5 GPa (Parallel): Dolomitic, micritic limestone containing about

€% large (1-2 mm) dolomite crystals intercalated with somewhat faintly
bedded clay {~4%) and matrix. Large dclomite grains with generally parallel
bedding are somewhat elongated along the bedding direction. Grain
boundaries are indistinct. Fractures include en echelon unloading (?)
cracks parallel to bedding and a poorly defined conjugate set disposed

as described in "1.4 GPa (Parallel)."

Results of the petrographic description are suﬁmarized in Table 2.
Changes in grain size are apparently unimportant during shock loading of
the Blair dolomite, since almost no variation in the amount or size
of either dolomite crystals or matrix was observed in the shocked and
unshocked samples. However, grain boundaries have presumably been
microfractured duvuring loading, and the intensity of this effect seemingly
increases with increased load, ILocal recrystallization of carbonate along
grain boundaries may be Iimportant, but this effect is outside the reso-

lution of the petrographic microscope or cathode-luminescence techniques
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uged in this study. LElongation and twin fabrics are apparently of minor
importance; however, the small size of the matrix, which makes up approxi-
mately 90% of this rock, makes detailed petrofabric analysis difficult.

The unshocked and 0.6 GPa samples showed no fracture fabriecs, although
minor fractures were locally obgerved. Samples shocked to 1.4 GPa and
2.5 GPa, however, contalned well-defined, but generally non-penetrative
Tracture fabric. These fractures were dispcsed as radial, concentric,
en echelon and conjugate fracture sets. Sections cut parallel to bedding,
primarily display radial and concentric fracture sets which apparently
radiate from, or encircle, the shock propagation axis, These fractures
presumably reflect stress-release following shock lozding of the sample
perpendicular to the bhedding plane,

Sections cul perpendicular to bedding show both fractures along
bedding and conjugate fracture gets. Bedding fractures presumsbly reflect
unloading (incipient spall) along the weak clay layers intercalated in
the dolomite. The conjusate set 1s disposed with the cbtuse angle of
the set approximately bisected by the core axis. Apparently this set
has been influenced by ilnhomogeneities in the rock particulsrly those
of bedding, since 1n a general way one would expect the acute angle of

the set to be bisected by the maximum compressional stress direction.
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Sample #

Unshocked (Parallel)

0.6 GPa (Parallel)

0.6 GPa (Perpendicular)

1.4 GPa (Parallel)

1.4 @Pa (Perpendicular)

2.5 GPa (Parallel)

2.5 GPa (Perpendicular)

Physical Properties of Shocked and Unshocked Blair Dolomite -

Crystal grain diameter,
mm; average renge in ( )

TABLE 2

Matrix grain
diameter, mm

Fractures

0.3-3.3
(0.3-1.0)

0.15-1.2

0.55=3.3%
(0.95-1.8)
¥one large grain
in sample

0.55-1.8
(0.8-1.2)

0.01-0.02

0.01-0.03

0.01-0.02

0.005-0.02

0.01-0.03

0.01-0.02

0.03-0,04

Minor; randomly
oriented.

No fractures
observed.

Minor; at edge
of section.

Radial and
concentric; local
en echelon.

Common parallel
to clay seams;
also as conjugate
set (see text).

Radial and con-
centric; en
echelon.

Frequent along
bedding and clay
seams; also as
conjugate set.

Comments

Equidimensional matrix
grains; no preferred
pattern of twins or
grain-elongation;

sharp grain boundaries.

Equidimensional matrix
grains; no preferred
fabric.

Equidimensional grains;
sharp grain boundaries;
elongation of grains
parallel to bedding.

Grains show fractured
edges; grain boundaries
less distinct than
DS-106; en echelon
fracture zone 0.8 mm
wide.

Slight elongation of
grains; large grains
have long axes parallel
to bedding; grains

show fractured odges.

Grain boundaries com-
monly indistinct;
large range in grain
size (recrystalliza-
tion effect?).

Grain boundaries com-
monly indistinct and
fractured; some elon-
gation of grains
parallel to bedding.



1.

X. SUMMARY OF RESULTS AND CONCLUSIONS
A total of 13 plate impact experiments were completed on Blair dolomite
in the stress range of 0.5 to 6.5 GPa. Diffuse surface velocity inter-
ferometry was used to determine stress wave propagation charécteristics.
Wave propagation below 2.5 GPa exhibited a steady loading wave consis-
ting of a sharé shock followed by a finite risetime of about 0.2 psec
to peak particle velocity., Unloading wave behavior indicated 1ittle,
but not negligible, stress-strain hysteresis.
Wave propagation below 2.5 GPa is consistent in all respects with rate
dependent finite linear viscoelastic behavicr. A viscoelastic model
was fit to the dolomite data below this stress level, and the model
provided a satisfactory prediction of the lcading wave behavior.
We speculate that rate dependent friction on preexisting closed cracks
in the rock matrix is a physical basis for the observed rate dependent
wave propagation.
Yielding occurs in Blair dolomite at an axial stress of approximateiy
2.5 GPa. This conclusion is inferred from the wave propagation
characteristics for stress levels above 2.5 GPa which exhibit strong
dispersion.
The 2.5 GPa axial failure stress 1s in reasonable agreement with the
static compression failure envelope determined for Blair dolomite by
other workers,
At lower stress levels static and dynamic uniaxial straln experiments
diffef dramatically (see Fig. 1). We speculate that in dynamic experiments,

rate dependent friction increases supporting stresses across closed

€5



crack interfaces inhibiting crack prcpagation and promoting intra-
crystalline plasticity as the dominant mode of deformation.

Dynamic loading above the axial failure stress of 2.5 GPa maintains an
approximately constant 1.5 GPa offset above the hydrostat indicating
continued material strength and approximate elastic-plastic behavior,

Unloading behavior is not inconsistent with elagtic~-plastic behavior
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