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ARSI TRACT . . o o ) W, R
' 'i*f/fShoqk wave experiments were conducted to determine the bhehavior of the dynamic

shear strength near the Hugoniot elastic limit (HEL)fcr two low-porosity sili-
cate rocks. The materials studied were Westerly gfahitg and Arkansas novacu-
lite. The HEL of '¢Fy novaculite was found to be 55-60 kbar at 100 kbar peak
stress, and that of dry ‘granite was 30 kbar at 60 kbar peak stress, as deter-
mined using -multiple in-material manganin stress transducers, Examination of’
a recovered dry granite specimen- shocked ‘to 50 kbar and released in uniaxial
strain revealed it to have well cemented grain boundaries, extensive random
microcracks crossing the grain boundaries, and no planar friatures. .Several
$ignificant new results weré .obtained in this wrogram. The Hiir-of dry graniter
was found to be insensitive to variations in ‘microcrack density and shock~
loading rate over the ranges of variation investigated. The unloading
resporse of dry granite from stresses. above the HEL ‘is apparently initially
elasti:., An unexpectedly large decrease -was obsérved in the HEL of granite
when it was fully saturated with water prior to .shock loading, These results
- have allowed us to suggest a mechanism Tor the internal processes. occurring
i at the HEL, The major feature of the proposed yielding mechanism is that by
- totally filling all .connected microcracks with watér, we have constrained
‘these cracks to remain open during shock loading In this configuration they
can support only a negligible shear stress as compared to evacuated m1crorrackr
which can close and friction-lock during shock compression.
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ABSTRACT

Shock wave experiments were conducted to determine -the behavior
of the‘GYnamié shear strength mear ‘the .Hugoniot elastic limit (HEL)
for ‘two low-porosity silicate rocks. The materiais studied were Westerly
grahite .and Arkansas. novaculite. The HEL of dry novaculite was found to.
be. 55-60. kbar at 100 kbar peak stress, and that of dry granite was 30 kbar

at 60 kbur peak stress, as determined using multiple in-materinl manganin

stress transducers. Examination of a recovered dry granite -Specimen

-shocked- to 50 ‘kbar and released in uniaxial strain revealed it to have

well cemented grain boundaries, extensive random hicrocracks érossingf
the grain ‘boundaries; and no planar features. ’ 7

Several significant new resulis were gbﬁa;geduin tkisqprogram.“ﬂhé

HEL of -dry granite was' found- to be insghsitng to: variations in: micrn-

erack denéity and shock-loading rate over thé ranges of variation investi-

gated’ The unloading response of dry granite :£rom siresses ahove ‘the
HEL is. apparently initielly elastic. An unéxpectedly large decrease was

observed in the ‘HEL of gFanite -when ‘it was fully saturated with water

prior to shock loading. These results havedéllowgd'us to-.suggest a

mechanism for the intérnél\piogesséS'occurriﬂg.ht the HEL. Thké wmajor:
feature~ofathe proposed yieldfng mebhantém'is mhét'byvtbtaliy Ti1ling
gll'cdﬁhgéted microcracks with water, we 'have constrained these cracks.
to remain open during shogck ioading. Jnathis:conffgﬁration they -canc
support only a‘negllgible shear stres$ as compared: to evacuated micro- '

cracks which can. close .and friction-lock during shock cowpression.
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I INTRODUCTION

During the pasi decade considerable effort-has been exerted toward
understanding -and' predicting the propagatioq‘in<thc earrh'ﬁf large
amplitude stress waves, such .as those genefafod byfchemical and- nuclear
explosives or by impact of ‘extraterrestrial bodices.. ’Although~progress

has been made, it is not yet possiblé to predict the entirve flow resulting
even from :a planned and- controlled encrgy releasc experiment in the

carth. In particular, the two-dimensional computer code simulations of
nuclear events in hard rocks (e.g., PILE DRIVER): are substantially in
error 1ﬁ‘their-esfimaxes‘o£ both far:f;éiﬁzpar&féle_displaccments ond

intermediate station flow stresses.?

‘Since tk-.accuracy of such: code simulations is limited both 'by the
validity of the xheological model being used and by the precision to
which thg input paramcters are ‘known, experimentsl prograsms have been
undertaken at SRI?"® and otker lahoratories®r =% to evaluate the
constitutive relations which characterize hard rocks in the codes, ‘In
the present research prograﬁ we examined. the dynamic shear strength, (as
defined by the Hiigoniot eélastic limit , HEL) and the .dynamic unloading
behavior -of hard rocks, since neither had been will determined and .since
the results of code calculations are ?ensitive_to both. The Specifid
objectives of this prograim weré (1) ‘to détermine the dependence of the
ﬁEL of typical hard rocks on initial specimen state and loading rate

-and (2) to obtain- shock-lpading and unloading data“fér these: rocks.,.

Arkansas novaculite, a fine-grained naturai&y occurring'poly-
crystalline quartz, and’ 'Westerly granite were selécted as the>study
materials. Thése materials were shock loaded using either the SRI
<g£-ihch1“dr the 4f;néh light gas gun. In most experiments the specimeﬁs
Were ihstrumented. with- multiple in-material manganin stress ‘transducers,
and the resuitiﬁg stress-time data were reduced usiné’bagrangian‘data
analysis methods. These methods allow release ‘paths tv be measured
without making the_resf?ictive and pexhaps invalid assumptions on the
nature of the release process ‘(suchk as that it is isentropic) that
were required in previous investigations. Two recovery experiments were also

perﬁorﬁeq xo-perﬁi@ examination of material -shocked: above the ‘HEL,

L I PYRE U RGNDPHNI U UNPRS VU UV U - s S oS U >
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Section IT of this xeport is qa summary of tiie results and conclusions .2
of the spresent investigation. Section iI{,déséribes the shock wave

theory and terminology relevant to measuring the shock strength and

ety
~

unloading behavior of hardiroéksiand includes a discussion of stress
transducers and ‘Lagrangian data analysis. Section IV is a detailed
E presentation of the experimental methods and- results, and in Section V

we discuss our conclusionse. :
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11 SUMMARY”

The major results of -this investigation are:

(1) The HEL of Arkansas novaculite shocked- t& about 100-kbar- peak
stress is 55-60 kbar.

(2) The elastic Hugoniot of novaculite is well represented: for

wave propagation calculations by a linear 0;:V relation.
(3Y The HEL of dry Westerly granite shocked tc 60 kbar is .akout

! 30 kbar.
'E (4) The HEL of dry Westerly granite is independént of (a) changes in
% ~microcrack density caused by uniaxial stress-induced dilatancy

and (b) a decrease in shock-loading rate -of about 1/3.

(5) The HEL, and' hence the dynamic shear strength,of Westerly granite

‘becomes too. low to- be measured- in-.our experiments when -the

N

granite 1S fully .seturatéd with water:
'(6) 'The initial release of dry, shock-loaded Westerly granite is.
nearly elastic.

{7) Recovered samples of Westerly granite shocked above‘tﬁe HEL have

well-cemented grain -boundaries, are covered with a mosaic of
microfractures, and exhibit no planar features. . - , .

(8) We have proposed 'a model for the microscopic plasfiz}hrodess

occurring at the HEL.
Of these results, the most surprising and. significant are (4)-(7), and
in particular (5), that fully satursting granite with water causes the-
HEL to ‘become negligibly small compared to that 6f the same granite dry.

It is. these observations which provide the basis for .the microscopic

model (8) which we have suggested-




-to maintain uriaxial strain.

111 TECHNICAL BACKGROUND

A. ‘Shock~Wave Relations for an ldeal Elastic-Plastic Hard Rock
The Rankine-Hugoniot relation ﬁﬂugonjot], sometimes known as the

shock adiabat, is the locus of final equilibrium states that a material

can attain from.a given initial state as a result of loading by a plane,

steady-state shock wave. The Hugoniof is usually specified by giving
the axial component of the stress tensor (the major principal stress)

as a function of some strain variable such as specific volume or wolumetric

strain ‘(which is equal to axial strain for plane shock-wave geometry),

Alternatively for steady-state flow (no time dependence), one can use the
two Rahkine~Hugoniot jump conditions!® which express the conservation of
mass and momentum to convert the Hugoniot from the stress-strain planc to
any of the six: possible planes defined :by ‘the four flow wariables: stress,
strain, -shock. velocity, and particle velocity.. {Beiﬂugoniot is the
constitutive xelation, or partial equation of state, which, because of its
relative ease of measurement, is most often used to characterize .earth
materials in the stress range above about 100 kbar where strength effects

are assumed to: be negligible.

The Hugoniot, and all shock~wave- experiments performed on .this
program, pertain to uniaxial strain. There may be -local instabilities in
the flow, caused for example—by specimen flaws, at which this condition
is temporarily wviolated. However, the lateral boundary conditions and
iocations, andwtﬁe~specimen'homdgeneity and isotropy in planes normal to

the flow ensure that the constraint holds macroscopically.

In plane shock=wave experiments, it is usually assumed that the initial
mechanical loading response of a nonporous hard rock is-elastic. During
this phase of loading as the axial stress .associated with the shock {ront
increases, the specimen develops ~ radial -stress of the 'magnitude reguired
The difference between thesc two represents
.a shear stress; -or.stress deviator, which increases as the'shppk amplitude
increases. When: the stress -deviator exceeds ﬁhe*specimanshodr étrcnguh,

a: stress-relieving process, which we‘shaii.refer to'as plastic llow, occurs,

The further response of the rock specimen to additional loading is

i S PRECEDNG PAREBUNK
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3 characterized as plastic. The axial stress at the elastic limit 4s .
é known as the dlugoniot elastic’ limit (HEL). )
After ceoinpression,, the rock is unloaded:'by a stress relief or _ .

Z rarefaction wave.r This rarefaction must originate at h‘fyeé surface

oriented perpendicular to the direction of uniaxial flow to maintain
i3 the 1-D geometry during uwkoadang. For an ideal elastic-plastic material,
3

the inigial .unloading will be elastic. That is, as the axial stress is

reduc: «d by the raretaction, the -stuess deviator can decrease and ceéase to

drive plastic flow, However, in analogy to the compression procers, as

i v!,-? ’M"\WV' L

unloading continues the stress deviator continues to .decrease until it
again becomes. large enough ‘inZifie negative direction to cause -plastic

Lwvow, These concepis are illustrated in Fig. 1, which shows the Hugoniot

e

3 and release path in stress-specific volume -space: for an idealized -hatd

4 e
. R . s 5 R . -
3 rock. Also shown is the Rayleigh 1ine,*® the locus of actual OX“V states

: which the mass -elements experience while being shock. loaded to a given

Hugoniot state, and the hydrostat. the 1oéus of stress-speérific volume -
states atvained -under hyduvostatic compression, i.e., wiih-qx='0§= oz’ —

In shock-wave calculations, the assumption: is usually made that after

thermal corrections, the hydrostat gives the mean stress,iﬁJT#'qyﬁncZ)ﬁ3}
al a given specifdc volume foy any applied stress configuvation: and, in o
particular, for‘the jdealized. uniaxial strain cycie of Fig. 1 Whereas

‘the Hugoniot is the locus of final states which can be reacheda by various

1
[

amplitude shocks but is not the path actually followed in a shock com=
1 _ pression, the release path, Rayleigh line, andjh&drostat in Eig; 1. each

represent states actually cccupied during -the shock-release -cycle.

4 - - —
4
c

¢ Note in Fig. 1 that, after the axial stress has :been reduced: to zero,

a volume compression. and hence a non :ero mean stress remain. In a: shock~

wave experiment these are reduced later by rarefactions -propagating into
the specimen from the lateral boundaries. Because of ‘tlicse lateral
raretactions: in -even an ideal shock-wave recovery .cXperiment, it is
impossible te aveid some latéral flow. This lateral flow may significantly

affect interpretation of features observed in recovered sbecimens.r’ ) - -

.- —— . ”7; . - } 6 - - ~ ] -~ - -
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_ FIGURE 1 STRESS- SPEC!FlC VOLUME RESPONSE OF AN IDEAL HARD
"ROCK (SIMPLE ELASTlC-PLASTIC) DURING A UNIAXIAL
STRAIN" LOAD RELEASE CYCLE. °The arrows ifidicate the
directior. :these-paths follow during: the cycle. .Nete- that below
the ‘HEL he. Ray?ieigh line and the- elastic Hugoniot coincide.

What is the rheological response to plane shock loading of a material
-having the !dealized mechanical properties represented by Fig. 1 ? For
shocks - of amplltude 1ess than the HEL, aasnmplc sliock front refqrred—to A
as the -clastic precursor propagates through the specimen. .Eo}ithe linday
elastic response showh in Eig. 1,. the precursor travels»wi§h<the‘stroSs—
indépendent :longitudinal elastic velocity which ﬁay"bé evaluated from

‘Fig. 1- u=1ng the well-known- xelauonl" )

du)
2 _ _yl X}
¢ = ‘(dv




For shock amplitudes greater than the HEL, a single front is not st:ablcl,6
and the shock separafes into an elastic precursor traveling with velocity
C and' a slower plastic wave whose velocity U may be calculated using the

18 4r the flow is steady (no time dependence).

i Rank ine-Hu' oniot jump conditions
This sepafhtidn 6¢ the loading: wave into multiple fronts occurs not only

3 at the HEL, but whenever the ok—v Hugoniot has a‘discoﬂtindoussincreasc

in slope with increasing ¢ (if the second derivativé of the Hugoniot with
respect to volume doc¢ not become positive) such as at a first-order,. time-

independent phase transformation to a denser phase,

2 The rarefaction wihtich unloads the specimen also separates for a
% material having the mechanical responseé modeled in Fig. 1. The initial
A

unloading pulse is elastic and again travels into the material ahead with

velocity C. The slower plastic unloading pulse spreads with time since

x

Lfaid
o

Ry

-cach incremental rarefaction -travels:-at streSSedependenj'velocity~CQyi)7
where for a particular 0Y= c;

_ ; (do)
: Co = V' \v] .

- Ox

‘For a rarefaction originating on the same side of the specimen as the shock -

(Crom the back surface of a projectile head), the entire stress pulse at

some instant of time for the load-release cycle of Fig. 1 is shown in Fig. 2.

In Fig. 2, spreading -effects in the rarefaction dué to mass flow are ignored.

For real materials (1) the elastic-plastic transition usually does not

occur at a single stress (the Hugoniot usually is curved, not just "kinked:

PP Y SO

at the HEL), (2) there are transient effects which do not disappear until
7thc flow becomes steady, (3) there are complex finite elastic deformational
and ineclastic material processes océurring during both the $o-called elastic
and plastic phases of loading, and (4) thére are thermal effects due to the
irreversibility of the shock process itself, all of which cause deviations

from the idealized behavior modeled in Figs. 1 and 2.
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FIGURE 2 AXIAL STRESS-TIME PROFILE SEEN.BY’ A
MASS ELEMENT: DURING THE LOAD-RELEASE
CYCLE OF FIGURE 1

B. Lagrangian Analysis -

for féar»floﬁs which are not in general steady or is@htropic, the
shock wave-data analysis technigues wliich are usually used, the Rankine~ .
‘Hugoniot jump conditions for -calculating Hugoniot states and the Riemanii
invariant'® for calculating release -states, are not valid. :ﬁowever, the
-average axial stress-specifiic volume states achieved both in -compression
and releasé by a mass element at some povint in the flow may ;tirl be calcu-
lated using the Lagrangian gage method -suggested independéhtLy by Fowles
at Physics International and Williams at SRI.7 The analysis has recently
-béen further developed by .Cowperthwaite and Williamg,18

_For a general flow, the stress—gage versionm of -this technique requires

cogrelﬁtgawstfess:time records to :be obtained at a minimum-.of thrce points

in- the flow. Figure 3 schematically shows a typicaljﬁagfangiéﬁ gage con-
fdguration with ‘three vertically stacked-in-material gages. - From the

resulting stiess records, we calculate qi,'thé velocity with which constant
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IMPACT. , JMPACT GA-7852-3

TYPICAL LAGRANGIAN GAGE CONFIGURATION, -EXPLODED AND SIDE VIEWS.
Note. that -the four terminal - gages-are rotated with respeci to each other so that

{ne leads from one gage will not interfere with ‘those from another when they are

brought out the -back of the -target. :if the leads are brought out the sides in the
lamination ‘planes, this rotation'is not necessary.
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stress elements. of the flow propagate in Lagrangian coordinates ( the
velocity with which these elements propagate [rom one gage to -the next
in a referencw frame in which the coordinate system moves with the gages).
The values of 93 are ‘used to-integrate the differential flow equations
expressing the conservation of mass and momenttim, according to: the scheme
described by Cowperthwaite and Williams. No assumptions on the nature of
the flow are made other ¢han that it is uniaxial, however, -accuracy is
dependent upon the number of gage stations at regions in ‘which CO is a
strongly varying function of Lagrangian position., At least threce gage
positions, defining two measurement intervals, are required to observe

the dependence, if any, of qjhgn position.

The ox-v states calculated using the Lagrangian analysis are analogous
to the Rayleigh line and reléase path. of Fig. 1. That is, they represent
the actual states traversed by a mass element during compression and release,
the Ioading and unloading paths. In the -event that the flow is a steady-
state compression or an isentropic release, they are readily sho\.‘\ml"’18 to
correspond precisely to the Rayleigh liine and isentrvope represented in:

Fig. 1.

If the “* w is not steady, the technique is. still applicable; however,
it is not eiééiwsincé CG is approximated in the interval between two. gage
positions by its average value in that interval., It is for this reason
that the fov path so calculated is said to represent a material average.

It is an estimate of the states achieved by a 'mass. element :near the "middle"
of the three-gage interval. (For a steady flow, all mass elements pass
through the same States, of course.) One of the purposes of the present
research program is to obtain compression and release paths foi_ haid rocks
shocked ‘to near the HEL without making the assuij tions on the nature of 4
the fléw which wéfe necessary before stress-gage technology was dmproved

and ‘the Lagrangian analysis methcds were developed.
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, IV. ‘EXPERIMENTS AND RESULTS |

- A, Arkansas Novaculite

Arkansas novaculite is a naturally occurring form of very fine
grained polycrystalline quartz. Specimens used in the present program

. were obtained from the Norton Company, Littleton, New Hampshire and have

P AT AT AL e T e VR ey
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3%
5

previously .béen described!® as. homogcneous, isotropic, nearly nonnorous,

i)

with an average grain size of ~0.01 mm and a silica content of gréater

than 99%. Novaculite was selected for study because (1) among silicate
rocks its uniformity and small grain size make it one of the most likely

to yield reproducible shock wave data, -and (2) it is basically monomineralic
($102?, and therefore may provide insight into the fractire mechanisms

in mor'e complex silicate rocks silich as granites.

Four shock experiments were :performed using novaculite targets. 1In

two of these the shock amplitudé was less than the HEL and information

SYIY RN

was obtained on the elastic portion of therﬂugoﬁiot and’ on the feasibility
. of using laminated head projeétilesito éenerate reduced strain-rate dynamic
loading data. In the other two experiments,. ndvgculite was shocked to
-higher final stressés to allow measurements of the HEL and of the effects
on the HEL of underlying gage plane cracks -and inclusions in -the sbécimen.
The two shots: in which novaculite was shocked below its HEL are discussed

first.,

~ The laminated-head 23-inch gas gun projectile shown in Fig., 4 was
designed -to- provide strain rates about an order of magnitude lgés than
are 6btained in conventional gas gun experiments on -hard rocks. The
components- of the projectile head starting from the impact surface are:
{}) ~0.5 mm foam, composed ofvphenolic,microbdlloons and -C-7 epoxy, )
fabricdted at SRI to a uniform density of 0.50 g/cm®, (2) ~0.5 mm of C-7
epoxy, Q6=’1-18'87Gﬁ§1 (3)'~ 1 mm of .2024 Al, and (4) ~ 13 mm of high lead
brass: Both faces of -each laminate were machineQJflat and paralldel to
within 0.001 inch (/025 mm) and these tolerances weére maintainéd during
-assembly. As shown in Fig. 4, the first three laminates were .of slightly

smaller diameter than the fourth (brass) lamivate and projectile body s0

[

that thesé latter would provide both-a good reference surface and -electrical
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FIGURE 4 LAMINATED HEAD. PROJECTILE FOR 2%-INCH GAS GUN.
The three thin laminate layers startnng from the impact side
are an epoxy-microbalioon foam,1C-7aepoxy, and 2024 AL,
respectively

continuity to the gunf bai'rel as required for projectile \geiocity measure-
ment. The choice of laminate materjals :and thicknesses v}as- checked and
optimized using SRI PUFF,?° a one-dimensional artificial viscosity computer

code.

The _stré‘ss record obtained using a conventional 4-terminal manganin
foil gage?1 embedded ~4 mm into noVaculite from ‘the impact surfacé is
shown in Fig. 5. In this -experiment -(Shot 908) ‘the projectile velocity.
was 0,62 mm/itsec.. The peak st‘:fess in novacui-dte‘ was ‘64 kbai‘ -calculated:

from the manganm piezoresistive coefficient reported by Keough21 of
=2 ARZR

0,29 x 10 - , Where R is the resistance of the :gage elément prior

kbar
to shock loading and AR is shock-induced change in resistance. The rise

time .of the compression wave is ~0.6:usec, 5 to 60 'kbar, with shock pIgéarity

s




profiles of Figs. 5. and 6 isrdvis?cussed in- Section V.

b e s o

GP-7852-5

FIGURE6S MANGANIN GAGE RECORD 4 mm: INTO NOVACULIT=- GENERATED BY" LAMINATEL -

PROJECTILE .OF FIGURE 3 TRAVELING AT 0.6 mm,usec, SCOPE 29 SHOT: 908 Th
'structure at the-end of the record is the gage- failure signal; it- does not reflect the actua!
stress in, the- novaculite,

across the gage <9.1 usec. For comparison, the stress profile 6 mm into

novaculite predicted by PUFF for a projectile veloéity of 0.8 mm/_u.séc is

shown in- :Ii‘ig. 6,. The significance-of the good agreement between. the stress

In Shot 909 another laminated head projectile was jmpactcd'jntO‘a
novaculite target fronted with .a 3-mm tnick disk -of 70% dense tungsten foam,
The purpose of the tungsten foam was @9 generate a smoother stress-time
loading profile than that obtained. in: Shot 908 (Fig.. 5). _However, the
tungstcn'foam«actuallyxcnused the &OW’StPQSSngnfion»of the compression
puise to spiead and- the high stress portion to- shock up, is can be seen

from Lhe manganin gagc record in Fig. ) - - . . -
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PUFF .PREDICTION OF STRESS PROFILE 6.mm INTO “NOVACULlTE'GENERATED

‘BY LAMINATED. PROJECTILE OF FIGURE 3 TRAVELING AT 08 mm/usec. ‘Small,

high-frequency oscillations in ¢, generated: intérnally -by PUFF, -were present for the

first 0.4usec but are not shown.here, as they -could be-eliminated by :refining the

mesh size.
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GP-7862-7 ]

FIGURE 7 MANGANIN GAGE: RECORD OF STRESS
PROFILE 4 mm INTO NOVACULITE
FRONTED WiTH 3-mm OF TUNGSTEN
FOAM AND IMPACTED AT 0.6 mm/usec
BY THE LAMINATED PROJECTILE "OF
.FIGURE 3, SCOPE .23, SHOT 909. The
stfucture- at the end of the main pulse -is
the gage failure signal; it is not part of the
‘loading pulse.
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For a projectild velocity of 0.63 mm/pscc) the rise time -of thé"
0 to 20% maximum stress signal is approximately 2:5 psec and that of the
20-90% peak stress signal is about ‘0.1 usec. Although the profile in
novaculite is indeed smoother :in -Shot 909 than in Shot 908 ‘(see Figs. 5
and 7), the strain rate is significantly lower only during the initial
phases of loading and not at higher stresses near the HEL. On the basis

of Shots 908 and 909, we concluded that laminated projecti¥és do not
generate sutficirntly uniform loading to ailow resolution of the HEL. For

our subsequent reduced strain rate- loading experiments in granite, we used
a fused quartz front disk on- the -target to spread the shock théVgesired
amount in the manner suggested by Barker and Hollenbach3® This teéhhique
cannot be: applied to novaculite with its high HEL, because fused quartz

is dispersive only below about 40 kbar.

The two .experiments in which the HEL of novaculite was exceeded‘weref -
also fired on the gé-inch light gas gun, To reach the stresses required
in these -experiments, we used a lightened: 7075. Al projectilé body with
internal ribs for additional gtrength and a swaged-in brass head for high
shock impedance. These projectiles weigh approximate}y3230 g, supporti

6000 psi laterally dn the gas.:gun breech, and rveach a velocity of ~1 mm/pusec.

Previous determinations of the .novaculite HELylg’eékmgdé using inclined
mirrors to monitor free surface motion and the free surface velocity
approximationls,2¥ for'd;ta reduction, havé yieldéd a range of values
from 40 to 140 kbar for pgak pressures from 100 to 400 kbar, The‘pufpose
of the first high velocity shot {Jhot 970) was to .Observe the profile of
the novaculite precursor and measure its amplitude for a peak stréss -of

about 100 kbar.

In Shot 970 the tight weight 'projectile impacted a 1/4-inch. thick
novaculite target backed with a thick c-7 epoxy disk containing a maﬁggnin
wire stress transducerr2 mm from the:.novaculite C-7 interface. A»élaésic
two*Waye.profile was recorded in thé C-7 as sﬁown in Fig. 8. Thelémpiitude‘
of the precursor was 25 kbar and. that of the main wave was 4iﬁkban,~both
in C-7. These figures correspond to a 60-kbar HEL, in novaculiﬁe'dy}Vén
by a. 100-kbar main wavé. Projectile velocity~Wa3wq.97ﬁmmfgsec. Rise times-
are not reported since théy are strongly dependent on thé_WaVvaropaéétion
properties of C-7. '

18
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GP-7852-20 |-

STRESS PROFILE-OBSERVED IN C-7 MANGANIN
‘GAGE PACKAGE MOUNTED ON: %-INCH THICK
NOVACULITE TARGET SHOCKED TO 100 kbar,
SHOT 970, SCOPE 30

‘FIGURE 8

In Shot 982 the same type projectile impacted a novaculite target
containing three manganin foil gages. Figure 9 is a side view drawing
of the target showing the relative positions of the three gage elements.
The -objectives of this shot were to measure precursor rise times; to
obseive the HEL directly, and to determine the effects of underlying
cracks and gage elements on subsequent flow, Referring 'to Fig. 9, one
sees. that gage 1 ;ecords the intrinsic {HEL 9 mm into 'novaculite, gage 2
sees the precursor after it has .passed over and interacted- with gage 1
and traveled an- additional Srmm, and gage 3 sces the precursor abter it
has~cno$séd an open 0,902-inch crack and traveieﬁ‘ﬁfmm. The stress records

obtained. fa2'doin the three gages are shown .in Fig. 10,

Each transducer -measurement was xecorded differentially, as suggested
:by -Petersen, Grine, and Muwri,? to climinate external noisc (Such as
piezoelectric signals Lrom the quartz .grains) common to the voltage leads.
This system--produced very satisfactory noise levels 'as can be seen from

Fig, 10; however, all :three gages failed about 1/2 usec a2f{ter the precursor

darrival. The reason for th{s prematyre failure is not known definitely,

‘but it probably is caused by shearing of the.gage leads either at the

~p
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FIGURE 9 SIDE VIEW OF NOVACULITE TARGET, SHOT 982, SHOWING RELATIVE

POSITIONS OF GAGES 1, 2, AND 3
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‘FIGURE 10

PR SUEE G

o

MANGANIN GAGE RECORDS FROM GAGES 1, 2, AND 3, SHOT 982;
THE RELATIVE LOCATIONS OF GAGES-ARE -SHOWN IN FIGURE 9.
All scopes are swéeping at 0.5.mm/usec. See text for discussion of
stress profiles; i
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lateral boundaries, -or within the target disk. This shearing occurred even
‘though the -normal precautions werée taken to -prevent it: the target was
oversize with respect to the projectile; and the leads were mechanically

shielded where they left the target, 1In all subsequent shots, this

problem was avoided by bringing the leads: out .the ‘back of the target

through drill holes.

Analysis of the records from Shot 982r yields the following elastic
precursor data. Rise times ‘monitored by all three gages aie 40-50 nsec.
Gages 1 and 2 indicate that stress amplitude at the leading edge of the
precursor is -about 40 kbar with an increase to 50 kbar by thc.tihe the
record terminates. Gage 3, above the open 0.002-inch crack; sees an
initial amplitude of 60 kbar decreasing to about 50 kbar at the end of
the 'signal, The.peak stress is not recorded due to failure of the gages
prior to arrival of the main wgve;—hdwéVer, for the recorded projectile
‘velocity of 0,97 mm/psec, the value computed by impedance match {s about f?_ !

100 kbar as in ‘Shot 970,

In reducing the raw gage data to stress profiles, we-.considered the e
effect -of stress~induced changes- in lead resistances ‘and found: a 4% correction
was .required. It also should be pointed puf that 'the manganin piezoresistive
coefficient used to analyze Shots 970 and- 982 is a value (given in Section V)
which has been measuréd for gage elements embeddedfin'@gteriais shocked
above their HEL2! There is some indication from low stress gage work now
i‘n.px:ogress24 that manganin in elastic materials has a coefficient as much
as 30% lower than this. This coefficient is normally checked by comparing
peak gage stress with an impedance match solution; however, this is ndf
'possible in shot 982 because of the premature.gage failure. Consequently,
although it is valid to comparé gage- records in this shot, the caiculatgd
precursor amplitudes may be signifiéantly low. This qualification does
not apply to Shot 970 since in that experiﬁent the gage element. is embedded:

in ¢-7, for which a reliable calibration is available,
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The similarities of stress profile and amplitude recondedAby;gagcs
1 and 2 in ‘Shot 982 indicate that ‘the presence of a 0,002*%inch manganin
foil gage has a negligible effect on subsequent wave propagation., In
particular, preseénce of the gage does not initiate local rock yiclding
which can be resolved at later gage stations., The significantly greater
HEL -observed at gage 3 is attributed to specimen variation since we .do
net see how it can be an inherent result of propagation across an open
crack, Alternatively, the behavior recorded by gage 3 ‘may result from
a stress relaxation effect .due to the open crack or from a time-dependent
yield process in novaculite. No- additional experiments were performed-

on novaculite to resolve these questions in order to conserve time .and

funds to investigate the .dynamic fracture of Westerly granite.

B. Westerly Granite

The eiastic precursor amplitude -of Westerly granite was. measured. as
a function of distance from the impact surface to a maximum of ~35 mm for

dry, dry microfractured, and water~saturated Westerly granite, and for dry

Westerly granite loaded at a reduced rate. From these experiments the
sensitivity of the dynamic shear strength, or more directly the HEL, to
variations in the initial microcrack;density, the moisture content, and

the strain rate was determined. The injtial portions »>f the release paths
were alsomeasured in two of these experiments. Samples of shocked granite
were recovered from two experiments for examination. Following a déscription
of the samples, the results. of the instrumented and the recovery experiments

are presented under (2) and (3).

1. .Specimen Description

The Westerly granite specimens studied in the: present work were
obtained from -the Bradford quarries located about 5 mileés east of Westerly,
Rhode Island. A comparison of the compositions of granites from Westerly
and Qradfbrd by Chayes®® reveals that both. are fine-grained granites of
similar appearance, but that Bradford specimens are generally about 5%,
;poorer in.quartz and 8% richer in piagibclasp. He aléo noted that the
biotite flakes in‘Brédfordfgranite are broader by several tenths of a
millimeter and comprise a larger percent of the total than those¢ in Westerly

granite. A detailed: quantitative description of a sample of Westérly«granite

= 23




examined in a cooperative effort by 34 labdrafories is given .by Fairbairn
et al.,;®® and a description ©of a Westerly granite stidied in several stutic
and dynamic investigations at General Motofs~is¢pré§énted by- Green: and

12

Perkins and again ty Jones and Froula,!3

The granitc 'studied in the present work has an -average density of

T ,

2,65 g/cm® and a porosity of about 0,015 by -volume; calculated from the
ability of the rock 'to absorb water. Petrographic analysis of six thin

sections indicates the average composition is about 25% quartz, 40%

A

plagioclase, 30% potash feldspar, less than 5% biotite (mica), and abotit

1% accessory minerals, The average grain size of the three primary

l_..\vanvr

constituents is under 1 mm with a maximum diameter of about 2:5 mm.
From thin sections taken in three orthogonal directions, a slight trend

toward, a: biotité orientation was noted, but so many grains had orientations

contradictory to the trend of lineation that it is: not considered signif-~

icant and the rock .can be called ‘isotropic.

- ‘We .measured the zero-pressure, longitudinal 56unq velocity of our
.specimens to be about 4,2 ‘mm/puséc with a 10%7Varia€iqn,from specimen; to
'specimen. These values agreé in both magritude and reproducibility with
the results of Simmons aud Brace®’ and of Birch.®® The sound velocity.
data, taken at 5 locations on each specimen, along wi?hﬁx-ray examinations

for internal cracks,were used to sélect like specimens for each experiment.

We also compared: our granité with a Westerly granite studied in tri-<
axial failure test$s by Brown -and Swanson.® (This is ggpérently the same-
.granite stock studied in the General ‘Motors work.'®»12) The reported
density of this material is 2.619 g/cc with-a pdrosity of 0.007 by -volume.
Our petrographic angiysis &hows .the quartz céntéﬁt and. total feldspar
content to be about the same as in puf_s}pck} however, the ratio of pocash
to plagioclase feldspar is inverted, and- less. of the potash feldspar is
miérocline. The .grain sizes of the major constituents .are fractionally
less in their -material. For the purposes of thig report, pl{'the granites
dirscussed above, including our matcrial, will ke referred to as. Westerly

granite.
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- In summary, the'materjaks chardcterized- ih: the literature as Westerly
granite are 6bviogsiy similar, Measurable and reproducille differences
in qoumosition>do-exist,~and‘§I$boqgn not upusuél‘inygéolq§i¢»maxeniarﬁ,
they -should be borne in mind wheh combaning\ﬂiﬁterénf ihvééf&géﬁ@rg?

measurements of structure-and 49fec£*sens;tiveinvépgu§%es,,spgh‘gsfsheay

‘strength.

2. Lagrangian Gage Experiments:
"‘a. Westei'ly ‘Granite, Dry.. ;
In Experimeint 7852-0-Y wé deteérmined: the HEL. -and ihﬁ-compieséiph

and partial release paths for dry Westerly granite shocked tc @ peak

stress 'of about 60 kbar using the' SRI 4-inch light gas gun. Thesi results

were calculated using the»Lagpang;gn,étrgss~§agg ﬁgglysférvirg discussed.
ihASection.I;Ia The andlysis wgsiggnfqrmeg using -a cumputer ‘proégran

described by Murri and.:Smith.*#

Thrae iﬁ-mageriai<mangén;ﬁ stress tngﬁsduéensAwere;ﬁbaééquetWeén
four 3-inch digmetersgranite\diskg_in the configuration 'shown in Fig. 3.
The face of each disk waswgtouna‘fiat and /pargllel to:within g '0+0005
ihch. In additionrto"ghg bulk’denémty measgrement§»pormaliy>qué on. each
disk, -each- was. X-rayed and ‘had: the longitudinal séund: ¥elocity measured
aﬁ 5 positdions. Theé sound vgiocitynyeagurémﬁﬁts are reproducible to x 1%
although: the absolute -accurdcy ;g:nO'bettér thég&S%. They typicariy show
a variation within a single specimén of 5% angcQariatiog>£rom specimen to
specimen- as high as 10%. The four mating «disks selected for each experi-
ment :did not have observable open intérnal cracks and usually had less

than. 5% variation: in sound velocity.

The xhree—gagesAwéré ioQated alpué the. axis ox ;hescylindricaintarget
at about 1/2, 1, and: 1-1/4 inches.from the &mpaCt plane‘(iront face of
the cylinder). To ensure full recording time :and accuracy, the leads
for each gage wére brought»out the bagk of thgtfarget tﬁrough drill holes
packed with amalgam., “This lead conf}guration was ﬁsed in lieu of hringing
the leads out ‘the side, which,. althoughxébmbler to ébnsﬁrpch, was found
to result in prémhture-gage failure in ththovggg}ife7sﬁB;,reporteq
previouslv. The first two gages were cﬂt.fr0§£0.bbl-incﬁ thick manganin

P = D T U, ¥R .- -
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foil aiid had an aspect ratio- of about 100, For -comparison -of gage
»pidzoresistivercoefficient and noise pickup, the third gage (farthest

Y - from impact) was 0.093-1gch’giameter manganin wire flattened to .an aspect

3 ratio of about 10. Differential amplification of :gage records as described

earlier (see ArKansas novaculite) was used to reduce noise.pickup.

The target assembly was impacted by a 4-inch diameter steel-headed
projectile traveling at 0.625 mm/fisec:. This projectile was a ‘knockout
head  type designed to allgﬁ recovery of shocked granite. The results
of the recovery aspect of the experiment are:discussed in Part C of this

section.

The differential amplification of the gage signals in cénjunction
with the gage and lead geometry produced records with very low noise,
Slightly less .noise was .recorded from. the wire than frqm-fhe £6il -gages,
as would be éxpected:.because ot;theArelative aspect ratios and thicknesses.

All three gages lasted longer than. the duration of the stress pulse,

- The ox-t (axial stress-time€) histories from the -three gage records
are plotted on a common: time axis in Fig. 11. The calculated records are
arbitrarily terminated at or shortly -after the arrival of- the lateral N

rarefactions. The stress-time profile from the first gage is essentially

1

« b sen e s s e e o

lTinear [rom less ‘than 5 to-abdut 30 ‘kbar. The rise time is about 10
nsec/kbar, -or léss . han 0.3 psec. for ithé :precursor, and increases at
higher stresses. The second and third gage records' show similar behévior
and differ from the first primarily in that thg>prechrsog is fanthgr ahead’ : E
of the peak and that the trailing rarefaction catches.-up tp;qﬁﬁ overtgkes ;

the peak (gage 3), causing attenugtion; ) ) j

From these records the HEL of Westerly granite is between 27 and 37
kbar. Since 27 kbar is the onset of deviation from lﬁgearfty in»ail
records, it will be taken as. the HEL.. Above 40 kbar, the third gage
record: shows that ‘the cpmpressionélspulsg is béginning to ste€epen. Thus,
the stress-strain curve, the slope of wﬁibh is related to the compressional
-wave velceity, is.concave upward abcve 40 kbar; from this we conclude that .
10 kbar 4s clearly above the HEL, although a time-dependent. yield process

may still be occurring at this §tréss.

26 , ‘ S
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material.

The axial stress-specific volume ﬁy‘-v) loading curve for some mass
element between the first and thind gages, calculated using a computer
to perform the Lagrangian analysis, is..shown in PFig. 12, This is.-a

material average since the three*gage analysis shows C is a slowly

varying function of position, being relatively independent of position
below 20 and above 50 Kbar with the major variation in the yielding

range, from 30 to 40 kbar., This variation indicates the yield process
either may have a different stress dependence in the two gage intervals
(caused possibly by specimen variations) or may still be changing with

time and propagation distance.

Below 25 kbar, the ox*V relation is nearly linear and is identified
as the clastic .portion of the:Hugoniot. At about 27 kbai, deviation f1rom
lincarity becomes apparent, hence-this stress is confirmed to represent
the HEL. From the slope of the elastic portion of the ox;v loading curve,
we calculate the longitudinal sound. velocity to- be 5.59 mm/pseciin very
close agreement with the value of 5.60 reported by Jones and Froula.'®
This agreement supports the ddentification of the first linear portion of
the loading curve with the elastic Hugoniot. The initial unloading .path

in Fig. 12 has nearly the same slope as the elastic Hugoniot indicating that

_the granite is first releasing elastically, like an ideal eldstic-plastic

To confirm this hypothesis we would need to show that the -unload-
ing path in fact lies below :the Hugoniot in ok-V space. Although the
Hugoniot curve has not been accurately measured in this stress range, it

is extremely unlikely that it is sufficiently qyrved'softhat the tangent

to it at 60 kbar (which is also tangent tb the réleasc isentrope inter-
secting the Hugoniot at 60-kbar) could have as large a negative siope as
does the unloading path we observed. Release data to lower pressures.

would be required to determine whether there is an elastic-plastic transition

in release corresponding to the HEL in compression.
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b, Westerly Granite, Dry, Microfractured

1t has been demonstratéd by Brace et al.,®® and by Brown and:
swanson® that Westerly granite, and many other geologic materials, when
statically and uniaxially stressed to about 1/27the ultimate fracturé
strength exhibit a volume dilatation. That is, above the dilatancy
threshold stress, the observed granixe'volume}stréin is' less than' the
expected. elastic Volume strain (which increases linearly with increasing
load). The effect is described in detail in references 29 and 9 for various
applied triaxial stress configurations, Brace et al. did compressibility
experiments to demonstratz—that the inc?ease in volume compared .to the
elastic volume strain was due to open microcracks orieﬁted predominantly
in the direction of axial compression, and they suggested' several mechanisms
whereby such cracks could grow ét favorably oriented grain boundaries. _
Peng and Johnson®® have perforied a detailed petrographic study in which
they actually observe the microcracks postulated by Brace et al. and record
the nu@per, orientation, and length of these cracks as a function of
incyﬁ%?ing axial stress. In the preéent work we whntgﬂ?tp determine the
effect of an increased microcrack density on dynamic strength. Consequently
we microfractured samples of Westerly granite prior to shéck tests, as

described  below:

The faces of cylindrical 3-inch diameter granite disks bf the thick-
ness required for Lagrangian gage experiments .were ground flat and’parallel
within £0,0005 irch., Circumferential strain gages abcut 1 inch long were
attached Qsing standard strain-gage bonding methods, The instrumented
disks were stacked between steel platené ‘to which 3-inch diameter Westerly
granite doading cylindeis were attached with epoxy. The purpose of these
loading -cylinders was to. prevent platen-sample interactions, such as end:
éplitting, in the specimen disks, The total granite column had .a length-to-~

diameter ratio of at least 2.5 to l. Mogi .demonstrated that with this

-aspect ratio end effects in granite are inSignificant.gl The specimens

were loaded. in uniaxial -compression to-about 1.8‘kbar;about‘80% of the fracture
strength, using a 300,000-1b press. The -period for the -compression: and

release cycle was about 30 minutes. Both thé strajin gage measurements -and
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and' subsequent measurements. of 'bulk density indicate the residual -decrease
in density for the specimens microfractured in this way to be about 0.1%;

the same order of magnitude reported by Brace et al, -

The microfractured specimens. were used to construct a Lagrangian
gage target assembly essentially didentical to the granite shot; 7852-0-1,-
described previously. The samé: sample selection and:-.gage construction
fechniques were used. This target was. impacted by & 4-inch diameter
steel~head projectile traveling at 0,60 mm/psec; Tre three¢ stress. gage
records obtained for this shot are shown in Fig. 13. Analysis .of the
records was terminated:- about 6 psec after impact—when an extraneous
:2lectrical pulse of unknown origin was recorded by all three gages., For
gages 1 and 2 , this event occurs after the release ‘process has been
underway ‘for Some time, however for :gage 3 it happens. just as the rarefaction

arrives.

The cx—v path calculateﬂﬁkg‘ﬁﬁ"fﬁﬁgian analysis is shown in Fig. 14.

The loading path.-was calcdféfzd using all three gage records and the fuil
Lagrangian analysis, whereas the unloading path was calculated using onlj
gages 1 and 2 because of the noise in the record from:gage 3. The two-
gage Lagrangian .analysis includes the assumption that qU is not a functioi
of position. Based on the results of Shot 7852-0-1, this assumption is

probably quite good. since the elastic ,portions of the flow in that experi-

-ment were shown to satisfy it.

The ox-t records and the calculated o*-vrpath‘fgr this ;shot are nearly
identical to those from the dry unfractured specimens. The HEL as indicated
‘both by the stress=strain-.path and the wave profile is again 27 kbar and
the sound velocity calculated from the slope of the elastic. portion of
ox-v path is again 5.6 mm/usec. The conclusion is that the additional
‘iicrocracks do not affect either the dynamic shear streugth or the elastic
constants to the precision of the present shock wave measurements, The ~
fact that the HEL of dry granité is independent of variations -in micro-
cracking over thé range of the presént expériments is-an unexpected and’

important result,
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c. VWesterly Granite, Saturated

Samples of Westerly granite were saturated with water in the
following manner. The specimens were first baked and outgassed. While
under vacuum, they were submerged in degassed -heated water and then raised
to atmospheric pressure. At this stage in the saturation process 1 atm
pressure drives water of reduced viécosity (because .of the heating) into
the evacuated pores. To accelerate the absorption process and to ensure
that the rocks become completely satuwaled, we imposed. a- 100-psi external
pressure. Our data indicate that the additional -overpressure is required
to totally satuvate this rathér impermeable rock. The rock porosity filled
with water by this procedure was about 1.5% by volume and is. assumed to

represent 100% saturation,

A three-stress=gage Lagrangian ;tdargéet assembly of the same.config-
uration used in Shots 7852-0-1 :and 7852-0-2 was assembled using the
saturated disks. The saturated granite target was mounted on a high lead
brass driver plate and surrounded by a water-and vacuum-tight cell»oﬁ
sLigﬁ%ly larger dinternal: volume than the target. This volume was filled
with water to ensure that the granite did not lose moisture during the
fiving sequence. The assembly supported the 100-4 vacuum to which the

muzzle of the gun is pﬁmped prior to shooting.

All three gages were cut from 06,0007 inch manganin foil and were the
same coufiguration used for gages 1 and 2 in Shots 7852-0-1 and 7852-0-2.
They were elecctrically insulated from the saturated rock by a thin layer
of C-7 epoxy on each face of the laminate disks. The total thickness of
each gage layer was about. 0,0015 inéh. The leads were brought out -thé

back of the target through insulated holes.

The '0.2-inch tfiick high lead brass-.driver plate oh which the granite
target was mounted was impacted .-by a 4-inch gas gun projectile with a high
vead brass head. Projectile velocity was 0.51 gsec/cm-and the peak stress
in the granite was about 50 kbar., The first gage was about 1/4 inch‘into
the granite from the granite-driver interface, .and each.gage was separated
by 1/4 inch of granite, so that the measurements were made between 1/4 and:

3/4 inch- from impact. The last,grénite disk was. 1/2 inch thick to keep any
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signals from the rear surface from arriving back at the gage positions
during the measurement period, Instrumentation was by the diflerential

amplification scheme to reduce external: noise pickup.

Tbe'ox-ﬁ stress profiles are shown in Fig. 15. Compared to the
records for dry granite and -dry .microfracturec granite these are-guite
linear -and do not show the type of two~wave structure that developed 7
ratheér clearly in the third gage record in the previous two cxperiments.
The maximum gage distance from impact was 374 inch in this experiment
and about. 1-1/4 inches in the previous experiments, Rarefaction data were
not obtained in this experiment because the projectile head was thick for

optimum recording of loading data.,

The Ux—V loading path from a 3-gage Lagrangian analysis is presented
in Fig., 16. This path is linear within experimental efrror as opposed to:
the marked curvature noted in the previous two experiments for dry graunite.
The slcpe of the loading path is significéntly'less than in the previous
two experiments. A hypothesis which accounts for all the observed differences
‘between the data for dry and water-saturated granite is that the dynamic
shear strength of saturated granite is markedly less (at least an order of
magnitude less) thah that of the dry granite., Evidence to support the
conclusion that the shear strength of wet granite is essentially zero is

presented in Section v,

d. Westerly Grahite, Dry, Reduced Loading Rate

Barker and‘Holleanchzé have recently confirmed Wackerle's
observat;ion32 thaﬁ, below 40 kbar, fused quartz is dispersive to shock
loading; that is, it has the unusual property of causing a steep shock
front to spréad with propagation distance. This behavior results from
‘anomalous curvature of the fused quartz elastic Hugoniot below 40 kbar:
Bec¢ause of thiy property, a thick fused quartz‘p}éte>mountéd in. front of
a targét specimen in ‘a shock experiment can be used’ to reduce the loading
xrate i the target compared to direct impact. The technique wild work
only if the maXimum stress in fused-quartz is less than 40 kbar., .Since
the HEL measured for dry Westerly .granite is. below 40 kbar and granite

thas. a slightly higher shock impedance than fused quartz, we can use the
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method to .obtain reduced ratés of loading in grénite and still cxceed
the KEL. We performed such an experiment to observe the dependence of

dynamic shear strength -on loading rate.

A one-inch thick, 4-inch diameter disk of G. E. Typé 151 ‘fused quartz
'was epoxied to Westerly granite target assembly. This tanrget gssemb}y

consisted  of thrce in-material manganin foil gages 's:parated from the

fused -quartz and each other by 1/4-inch thick, 3-inch dismeter granite disks,

sand ‘backed with 1/2 inch of granites The 'details .of target design and

.construction dare the same as for the Lbeviqus granite shots, The fused

quart< was impacted by a standard 6061-T6 4=inch gas gun projectile

traveling at 0.53 mm/usecc..

The three cxjt,records are shown din Fig. 17. The rise time from
0 to 30 kbar at gage 1 is about 0.8:psec, or a decrease of about a factor
of 3 compared to gage 1, .Shot 7852=0-1. Thg préiﬁ;é steepéns .and becomes
More linéar as it passes gages 2 and 3. The O- to 30-kbar rise time at
gage 3 is about ‘0.55 psec. Above abéut 30 kbar theé slope of the ot
profile begins to decrease and the stress continues to rise until the
récords terminate. No distinct second wave is seen. These records are
consistént with an HEL of .about 30 kbar, but the propagation distance
is not long enough and -thé final stress not high enough to determine if
a two-wave structure is definitely develog;ng. Unfortunately these
parameters arée limited by the diameter of thé gun -and equation of state

of fused: quartz, respectively.

?he~cx-V‘loading path is given in Fig. 18, It is linear to just over
30 kbar. If this linear section is identified with the elastic Hugoniot,
theé sound- velocity calculated from- the slope is 5.53 'nm/uséc or about 1%
less than -the value measured in .Shots 7852-0-1, 7852-0-2; and by Junes

and Froulaulé‘ This agreement supports the Hugoniot interpretation. ihe

méjbnlcohplusion Trom this Eiﬁéfiﬁéﬂﬁ is fﬁﬁf‘fﬁéjﬁﬁi~i§ not sensitive N

to- small changes in loading rate,

N
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"GAGES, SHOT 1033, DRY. WESTERLY“GRANITE LOADED AT A

REDUCED RATE. Gages.are 6, 13, and 19-mm from the fused quartz.
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E 3. Recovery Experimehts

Two gxperiments.wefe performed in which Weskerly granite=shock§dA
above its HEL was recovered., The first -of these was Shot 7852-0-1, the
instrumented dry Westerly granite shot described previously in which, the
peak stféss»waé about 60 kbar. Tn this experiment the in§ide diameter
% ‘of ‘the projectile body waswlarger than the outside diameter of the granite
3 target. The steel head of thé projectile was designed to allow it to be
: ‘knocked out through‘the‘proiectile?b0d§~upoﬁ impact with. the granite'fargct.
. The projegtjie body then passed over the granite target; and the: granite,,
é: thegprogectile-body, and knockout head iwere .all caught in-a small tank.
é‘ This tank is free to move in ‘the direction of projectile motion within

a large evacuated catcher tank. at the erid of the muzzle and is gradually

stopped- by rags loosely stuffed in the large tank..

The recovery system worked as designed and about 90 .g of granite of
the original 430 g were separated from the shot debris. The recovered
‘material: was a fine dust; 90 mass percent of -the material, as detevimined
. by sieving, was between 40 and 600 -y in size. Phe average grain éize of

the virgin material was found by petrographic examination to be just undgr

one mm (1000 p). The 90 g of recovered materiial was found to obey -:a log

normal distribution by mass; that is, the log iof the mass percent of

oy i1
M
4

material passing thrdugh a given mesh versus the log of the mesh size is

a linear relation. Such a distfibutiog.is:usually indicdtive of a random
pulverizing of a brittle materiali However, 'this result must be consjdered
quite tentative since only aboqf 1/4fof the naterial was fécovered. Only
L if ‘the recovered 90 g was a perfgctly randpmzsampling»oﬁ the fractured:

T:i ] rfock (which it .probably isn't since dust smailef than 40y is probably not.
recov.éred) would: the log normal distributiom be characteristic of the shock

~ fracture process.

= - This ‘experiment has two fajor Timitatibns. The first is that the

E target aséembLy had. no surrounding momentum; traps .and henceée experienced
rareféctions originat;ng,atfaiiifree bqund@?iés, Consequently, the strain
expericnced‘by_some of the sample was: not uUriiaxial and the stress history

- of any recovered piece is not wgrltdefingdi The'seéoﬁq limitation is that
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not all of -the target can be recovered for later analysis, 7To remove

both these limitations a second recovery experiment was performed. The
eritire granite disk was shocked heyond the -HEL and;veleased to zero axial
stress in uniaxdal strain, and all the granite was recovered. This experi-
ment was performed using ah explosively-driven flyer plate xrather than

the gas gun to load the sample.

In this “clean" recovery experiment, we kept the flow uniaxial
throughout the granite specimen by encapsulating it in almost fully
dense pressed NaBr. Since the shock impedance of NaBr closely matches
that of granite, the rarefaction$ that would otherwise originate at the
Tateral boundaries of the granite and alter the uniaxial nature of ‘the
flow do not form, The rarefactions which do originate at the lateral
boundaries of the NaBr .do not reach :the granite until after stress has

been released from -the -back of the flyer plate..

The granite specimen was .a disk of about l-inch diameter and 1/4-inch
thickness. This specimen was nominally drvy, but in contrast to the gas
gun experiments in which the dry specimens are exposed to the muzzie vacuum
prior to shooting, this specimen was not evacuated and hence contained
some moisture picked up from the atmosphere prior to encapsulatioﬁ. When
it was encapsulated in NaBr, the final ‘target dimensions were about 4 inches
diameter by 1-1/4. inches thick. The granite disk was positioned cohicentri=
cally within. the NaBr and about 1/8-inch from the impact surface. The
encapsulation was accomplished in three separate pressings., From the
first pressing, we obtained a disk .of about 1-1/2 inches in diqmgter with
a NaBr density greater than 95% of the»theoreticai value-- 3.2 g/qé-—Whpreas
for the final 4-inch NaBr disk, the average density was about 90% of
theoretical, Such a density gradient is -satisfactory for lateral momentum
trapping, while the highs NaBr density near the granite ensures a good
impedance match, We used. an éxplos;gg;plgng wave generator to' project .
a:; 1/8~inch- thick Al flyer plate}into the target assembly at about 0.7
mn/usec, generating a peak stress of about 50 kbar in the gianité. The
necovery was accompiished by firing the shot into-a- small tank of water,
Tﬂé water of coursec greatly simplifies the separation of granite from the
soluble NaBr although -the o’ientation .of the recovered: matéerial with respect

to the shock axis is lost.
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The size distribution-of the recovered granite pieces was again
determined by passing thém through a sét of graduated mesh sizec sieves.
As in the previous aecovery shot in which 1atéra1 rarcfactions were not
prevented from propagating ini-the granite, the recovered piccés followed
a log normal distribution by mass. Some 95 mass % of the recovered fragments
had diameters between 0,05 and 1 mm, soO many pieces were again of subgrain
size. However, in contrast, to ‘the first reccovery ecxperiment, the c¢lean

experiment ‘yielded two relatively large pieces, several millimeters in

_diameter, and iict -nearly so many particles of less than 50g in size.

Thus, as expected, lateral rarvefactions such as in Shot 7852-0-1 scem to

‘produce a higher density of intragranular fractures and .more dust-sized

particles than does -a single uniaxial strain rarefaction alone.

The two-largest recovered pieces -are shown in Fig. 19. A single thin
section was prepared‘from the larger recocvered piece. A»phofbmicrograph
of a part of it and of a -nonshocked piece for comparison are shown in Fig. 20.
Grains in the shocked 'piece are traversed by -an irregular mosaic of ‘micro-
fractures, sgge54f~which cross grain boundaries., By comparison grains in
the virgin material look nearly perfect. In addition to- the microfractuce
damage common to all three of ‘the major constituents, some feldspar grains
show granulatioh. That is, within a given grain, subgrains have formed
and rotated with respect to the original orientaticn; this type of damage
is common: to feldspars shocked to :moderatée stresses. The quartz grains

are microfractured but do not show either granulation or planar fecatures,

The mica dis microfractured and contains kink bands. Sphene grains are

41s0 severcly damaged but do not show evidence of granulation. The grain
boundariés are very tight. 'These features are ajl charactefistic of granite
shocked to moderate stress levels; say 50 -to 100 kbar, Petrographic
examination to date has not indicated -damage features whiéh distinguish this
thin section Joaded .and- released in strict -uniaxial strain fromrgranites

shocked to similar stress levels in othel geomelries.

An attempt was. made to reconstitute a granite sample for HEL meashre-

ments Lrom the material recovered in Shot 7852-0-1. The recoyeréd—dust
was- loaded triaxially to -over 30 kbar. The sémplc ép obtained- showed-

some integrity but was not deemed strong endugh to hoid together qdring
shot construction,. Tha attemnt tQAﬁiP%iaggﬂgﬁiShOt on Eecbvefedibatevial .

was not pursued further., - -
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TWO OF THE LARGEST PIECES OF WESTERLY GRANITE RECOVERED:

AFTER SHOCK ‘LOADING "TO 50 kbar
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PHOTOMICROGRAPHS OF THIN :SECTIONS OF (s) UNSHOCKED AND.
(b) SHOCKED AND RECOVERED WESTERLY GRANITE
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i V  DISCUSSION OF RESULTS

.

j From our Arkansas ngvaculite experiments we observed an, HEL of [rom

é 40 to 65 kbar for a peak shock stress of about 100 kbar. The best weighted
average of these values is 55-60 kbar. This value is méar ihe iow end of

i = the range observed in high explosive shock experiments on polycrystalline?s,?®

z and single crystdal quaitz.'9’2%:%% gince, in this stress range, the pe~

; cision of the present experiments is signific2ntly greater than that in

g the earlier high explosive work; we consider 55-60 kbar to be the ‘best

3 currvent value for the HEL of novaculite shocked to about 100 kbar.,

; Close agreement is demonstrated: in Figs. 5 and 6 between predicted
and observed loading profiles for novaculite shocked €lastically by a

lahinaced projectile:. ‘Two PUFF simulations of this expefiment were per-
formed using different assumed :elastic equations of state for .novaculite.
In one it was assumed that the cx-V relation was linear (equivalent to
linear gx-e) and in .the other thdt cx—p was linear., Published Hugoniot
data were not 'sufficient to distinguish between these two; however, the
- associated wave propagation properties are quite different. The first
relation has the property that a wave front propagates without changirg
shape, whereas the linear ox-p relation predicts. that a .given wave shape
will steepen as it propagates. Our expefiment«agreed:muuh more closely
with the profile predicted by PUFF using the liﬁear'ox-v relation and
hence we conclude that this is -the best cqjstitutive relation. for plane-

shocked novaculite velow its HEL.

A novaculite HEL -expenriment, Shot 982, was designed to determine ‘the
effect of an in-material gdge on local strength. No décrease in strength
was observed. This ressuls denonstrates tnat the:HEL is not sensitive to-
inclusions even with lange vairiations in shock impedance as long as theée

are sufficientty thin.

We measured the HEL of dry Westerly granite specimens up to 35 mm-
thick to be about 30 kbar; in.contrast to the observation by Jones and
Froulalaion 12,7 mm thick specimens that granite is elastdic .to over 40

‘kbar. Hovever, Eﬁé&r:ékpéfimentgi%hed§ﬁﬁéﬁénﬁs~we}g made using qﬁaﬁﬁé‘”*'“
gages and suffered from severe noise problems above 20 kbar., Our measure-
ments had no such noise problems but they .require knowing the piezoresistant
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coefficient of manganin. Weé used the constant value reported by Keough®?
from many measurements between 20 and 290 kbar:

- -
[(0.29 & 0.01) x 10727}

wa):%

Both our work and qqnes and Froula's indicate the eldstiic precursor
velocity, as calculated from the slope- of the elastic Hugecniot for the
loading curve, to be about 5.6 mm/bsec. This agreecment incdicates good
correlation. between cur respective stress gage calibrations, Because
wave profile resolution increases with specimen thickness and. wit, gage
signal-to-noise ratio, we feel our observation of a '30-kbar HEL for diy

granite i§ a more reliable determination.

Gregson et al.,33 on the basis of their own laser interferometer
data and a reanalysis of Jones :and Froula's data, reported: a 17-kbar
HEL in Westerly granite and’ a second anelastic limit or phase -trans-
formation at about 40-kbar. We did nét resolve a 1l7-Kbar 3lastic pre-
cursor. It is possible, hoWever! that before the dynamic .shear yielding
at the 30- or 40-kbar -HEL, another stress~induced anelastic process occirs.
If such a process does occur in the shock front, it does not cause a
sufficient change in the elastic moduli to be: detected in our Lagrangian

gage experiments.

It is interesting to note that in recent static tuiaxial tests of
Westerly granite conducted by Brown and Swanson,® it was found that the
uniaxial strain loading path never crossed the granite triaxial fracture
envelope. In fact, they found the fracture envelope and' the uniaxial
strain loading path were Qiverging at the highest slresses they studied.
This impljés that the granjite triaxial shear strength increases faster
with mean stress than the stress deviator. However since the maximum
axial stress Brown and Swanson reached in uniaxial striin was. ohly 11 kbar,
it is. possible that their results do. not hoid -at 30 kbar,. the HEL we measured
for Westerly granite. Brace'® ‘has extended the static uniakial strain
-data for Westeriy granite to-about 25 kbar without failing the specimen.
llowever, his work does not also extend éhe fracture envelope, so we do-

.not know whether thé triaxial strength of the granite is continuing to
diverge from the stress deviator at these siresses, or whether they have

begun to converge,




Partial release paths*fdr-dry ¢é$tevyy granite are shown ir Figs,
12 and }4. The slope of these paths is quite close to that of ‘the elastic
Hugoniot, indica@ing that granite releases as .predicted ﬁy simple elastic;
plastic theory. 'This behavior is significant in that ¥t indicates the
shear strength of shocked granite is not negligible immediately after
shock compression: Note that another estimate cof the-dyﬂamic sheax
strength at -the Hugoniot state in the present experiments (about 65 kbar)
could be obtained from the offset between ox measured in our experiments
and the hydrostat at the final volume, if we had a good estimate for the
hydrostat at this volume. Because of :the difference in time scales,our
result of a non-negligible shear strength at 60 kbar Lor a laboratory
specimen is not inconsistent with the hypotﬁesis of Godfrev' that the
shear strength of granite in large scale or nuclear events is probably
a fraction of a Kbar. The increase in slope at the end of our release
data is probably caused by atrrival of the lateral rarefaction and is not

significant,

-One -of the important findings of the present wbrk is that the HEL
of dry granite is not affected by increasing the microcrack density. The
actual microscopic process which limits. tiie dynamic shear stress a'iove
the -HEL may not dinvolve microcrdcksAat«allﬂ or at least microcracks of the
orientation induced by the dilatancy procedure we employed. This seems
unlikely since microcra;ké are probably uamong ‘the .areas of least shear
strength in the rock. Therefore we conclude that although varying the
microcrack dénsity may affect the mechanism of plastic -deformation
significantly (for example in size of fiacture products, of time dependence
of fracture) it does not affect the threshold stress for«activation,
the HEL., Since these microfractures do not lower the:HEL, they do
not play the shear-stresc-relaxing role .assigned to block boundaries
in Godfrey"s wheological model. Thus, micrcfiactures can apparently

be -neglected in characterizing a material fory stress wave -calculations,

‘We: also noted. no- decrease in the HEL wheén the loading rate was

reduced a factor of three compared: to diréct impact éhock loading., The

“
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3 The shucked, recovered granite thin section shown in Fig. 20 1is

unusual in that the loading hiswvery was vecy well delined--planet, shocked
to 30 kbar for just under 1 gsec and released in unidxdallsunnju. The
recovered material thus has gone through bisically the same cycle as the
material on which ¢ madé our Lagrangiaw measurements -and 4t wqé alsn 4
nominally dry. The pertinent features of ‘the recovered picce are that the
grains ave still tightly cemented, all the grains are apparently randomly

microfractured, and no unusual, features that can be related to the uniaxial

vy -

strain coustraint are readily apparent. It is not known whether tlie observed

SRR

microfraciuring occurs near the HEL or at some other stage ih :the load-
retease cycle, possibly -the radial flow phase occurring after .the axial

stress has reached zero (see Fig. 1).
A mechanism for the plastic deformidtion -taking -place -at :the HEL which
is consistent with the results of the present investigation is- the ﬂollowiﬁg.

Planes of weakaess -eXxist in the dry rock, probably the surfaces of micro-=

cracks. There is a threshold shear stress in, uniaxial straim needed to -
activate slip along these planes. This stress is estimated, assuming a
Poisson's ratio 0.25 from Brace!! and an HEL of 30 kbar .from the present

measuremepts, to .be S

Hemed Sy .
lo 2 = 99019 = 10 kb (mean stress == 177kbar1and normal stress = 20 kbar)

‘e

Thisrisrslightry Tess -than. the 12,5 kbar value calculated from ﬁyerree's

measurements of the coefficient of static fraction across ground surfaces

of Westerly granite for a normal stress of 20 kbar.?® Although the dis*

" agreement is not large considering the sinplifying assumptions .made in the

ke . calceulations and tﬁe uncertainty in the value of Poiuson's ratio, it is
5 in- the wrong direction since ‘there is undoubtedly additional asperity locking
3 across;ﬁéLmﬁaé surfaces and ‘the differeiice in loading rates would be .
c expected also ¢» increase the shock value.. Thus it is quite possible théh
other slip hochﬁﬁfsms with somewhat lower tﬁreshold stresses are also . ‘
actave din the dry granitte at the HEL. There is no reason -to ekpgct either
a frjctibn-locking process or other glip.processés in the dry matéri31~to, .
i » 52 * - .
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be sensitive to small changes in rate .at thesﬁ high puates, and we saw no

- rate degendence. =éhaﬂginé the microcrack éensi$; or orientation a « not
alfect the thréshold stress, so we conclude that the number of slip f'hnes
in ‘the dry unmicrofractured material is suffdcient to mucleate the reguared

plastic fYow, -

S&éunating the specimen with water ccompletely Lills the connected
microcrdacks. When the novmd} stress across the ceracks bualds rapidly in
the shock front, the water?hﬁs nowhe;e ‘to go- and, hecause of its lack of
compressibility, it holds the crack sunrfaces apart c¢ven at nigh sormal
Sstresses. The shear stress -supportable by the._ separated surtaces is
essehitially the value they can support at zero normal stress. This shear
strength may be approximated as the shear strength of the dry rock with no

normal -force ucinss the crack, . - i

Our model says that {illing the microcracks with water introduces
- {planes in the granite which can support only megligible shear and causes
thg«ﬁEL to drop dramatically. The model does not prove, however, that
‘the microcracks are the controlling planes of weakness which determine
the HEL in dry rock (altliough it seems likely)., Lt is possible that
plastic defonﬁations also_occur in some constituent ov’qonstjthents;
such as shear or kink banding in the mica, and thoi these are also

important in détermining the HEL of dry granite.

A1l of ‘the results discussed in this-section suggest that the process
occurring at the HEL is mot complete fracture of the rock as is usually
- assumed, but instead is. a ocalized- yield and plastic flow which leaves

the specimen macroscopically intact,
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