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I). A S c k T 5 * aVe experiments were conducted to determine the bhavior of the dynamic

shear strength near the Hugoniot elastic limit (HEL)f or two low-porosity sili-
cate rocks. The materials studied were Westerly grantite and Arkansas novacu-
lite.,, The HEL of -d-:Fy novaculite wis found to be 55-6 ,0 kbar at 100 ,kbar pea
stress , And that of dry granite .wAs 30 kbai- at 60 kbar peak stress,, as deter-
mined usitgmultiple 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 fvoatures. Several

signaiacant new results were .obtained in thsrga. Th .h o dry granite
wki found 'to be insensitive to variations in -micr'ocrack density zifd shock!-
loading rate over the ringes' of 4ariation -investigated. The \inloading
resporse of dry' granite from stresses- above the HEL 'is apparently initiall'y

elast!,-. An unexpectedly large decarease -was observed -in the HEL of granite
when it was fully saturated. with -water 'prior -to shock loading, These results
have allowed, us to suggest a- mechaffiism for the internal processes, occurring
at the HEL. The'n-ajor feature of the proposed yielding riiechanism is that by-
-totally filling all connected miicrocracks with water, we have constrained
-these cracks to remain open during shock loading. In this configuration they
can support only a negligible shear stress is compared to evacuated microfcrack
khich can close and friction-lodk during shock compression.
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ABSTRAC'I'

Shock wave experiments were conducted to determine hiie beihavior
F of the- dynami shear strength near 'the flugoniot -plastic limit (III.JL)

for -two -low-porosi:ty silicate rocks. The materials studied were !oesterly

grahite and Arkansas, hovacul-ite. The IHEL of dry novaculite ws fodd to

be. 53-60, kbar at 100 kbar peak stress, ard that of dry granite was 40 kbar

at '60 kbur peak stress, as determined using ntulttple in-maternal. nmanganin

stress transducers,. Examination of a recovered dry graniftfel -S*pecimen

?. -shocked- to 50 -kbar and rleased, in uniaxial strain revealed it -t hav',

well cemented grain boundaries, extensive -andomMi-crocracks c rossing-

-the grai -boundariesi and no planar features.

Several significant new results were obiainedr in thris',program. '116

HIEL of ,dry granite was- found- to be insensitive to vaiations in micr-o

,crac, density and shock-loading rate over the ranges- of variation investi-

gated& The unloading response of, dry granite from stresses, above 'the
-IEL is apparently initially-elastic. An u1nexpectedy 1 ~arge decrease was

observed in the HEL of gianite -when 'it was fully saturated with. water

prior to shock -loading. These results have allowed- us to,-suggest a

mechanism for the internal -processes occurring .at the- IIEL. Tht .iajor-

feature-of -the proposed yielding mechanism is that by totaliy 'filling

all -conected microcracks With eater, wvel'have constrained these cracks-

to remain open during shock loading. In, this, configuration they ,can,

support only a negligible shear stress as coinpared' to evacuated micro-

cracks which can, close and friction-lock during shock colPression.
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I IN'rI)OUCrION

During the past decide considerable effort- has been exerted toward

understanding and predicting the propagation in the earth of large

amplitude stress waves, -such .as those generated by chemical and nuclear

explodsives or by impact of ,extra terrestrial bodles. - Although- progress

has been made, it is -not yet possible to predict the entire flow resulting

even from :a planned and, controlled energy release experiment in the

earth. In particular, the tw6-dimensional computer code simulations of

nuclear eve-ts in hard rocks (e.g.,, PILE DRIVER), are substantially in

error in? their -estimates -of both far-i-.eLeJ particle displacements and

intermediate station flow stresses.1

'Since th '..accuracy of such, code simulations is limited both by ,the

validity of' the :rheological model -being used and by the precision -to

which the input parameters are known, experimeital programs have been

undertaken at SRI2 -s and other laboratories- ,-rs to evaluate the

constitutive relations which characterize hard rocks in the codes. 'In

the present research program we examined, the dynamic shear 'strengthi "as

defined by ,the Hugoniot elastic limit , IIEL) and -the dynamic unloading

* behavior -of hard rocks, since neither ,had been well determined ind since

the iesults of, code calculations are sensitive to both. The specifie

objedtives-of this prografi were (1) -to- determine the- dependence of the

HEL of typical hard rocks on initial specimen state and loading rate

and '(2) to obtain- shock-lbadiig aid' unloading data -fdr these, ro~ks..

Arkansas novaculite', a fine-grained naturally occurring poly-

- crystalline quartz, and'Westerly granite were selected as the study

materials-, These materials -were shock loaded using either the SRI'

-2J-iilch1 4" or the 4-inch light gas gun., In moset exper3iments the specimens

Were ihstiumented. with- mul-tiple in-material manganin stress transducers,

and the resulting stress-time data -were, reduced using 1 dgrangian dIta

- analysis methods. These methods allow -release -paths- to be measured

without making the -restrictive and pex'haps invalid -assumptions oil the

nature of the release process (such as that it is isentropic), that

were required inprevious investigations. Two recover y experiments were also

performed to- permit examination of fnateijal -shocked- above the -JIEL.

C -
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Section II o~f this report is -a summary of the results an~d conclusions

of the ,present investigation. Section 1-11 de6sbribes the shock wave

the-ory and terminology relevant to measuring the shock strength. and'

unloacdini. behavior, of hard- rocks and includes a discussion of stress

transducers and 'lagrahgiaft data analysis. Section IV is a detailed

presentaltion of The experimental methods and, results, and in Section V

we discuss our conclusions.



I-I SLIMARY'

The major results of this, investigation are:

(1) The HEL of Arkansas .novaculite shocked- t6 about lO0-kbar-peak

stress is 55-60 kbar.

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

wave propagation calculations by a linear 0x=V relation-.

(3) The HEL of dry Westerly granite shocked to 60 kbar is about

30 kbar.
(4) The HEL of dry' Westerly granite is Independent of (a) changes in

microcrack density caused by uniaxiil 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

graniteis fully ,seturatbd with water;

(6) 'The initial release of dry, shock-loaded Westerly granite' is

nearly elastic.

(7) Recovered samples of Westerly' granite shocked above tfe 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 plastic~process

occurring at ehd,HEL.

Of these results, the most surprising-and significant are (4)-(7), and

in particular (5), that fully saturating granite with water causes the-

HEL to -become negligibly small compared ,to that of the same granite dry.

It is these pbservations which provide the basis' for the microscopic

model (8) which we have suggested.

I--
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iII TECHNICAL BACKGROUND

A. Shock-Wave Relations for an Ideal Elastic-Plastc H1ard Rock

-The Rankine-Hugoniot relatioin [iugoniot], sometimes known as the

shock adiabat,, is the rocus 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 Hugonio; Is usually speci'fied by giving

the axial component of the stress tensor (the major principal stressJ

as a function of some strain variable such as specific volume or ,volumnetric

-strain. (which is equal to axial stra-in for plane shock-wave geometry).

Alternatively -for steady-sta'te flow (no time dependence), one can use the

two Rahkine-Hugoiot jump donditiron05- which express the conser-ration of

mass and momentum to conivert the Hugoniot from the stress-strain plane to

any of the six, po sibie planes defined-:by -the Toiur flow variables: stress,

strain, -shock- velocity, and particle velocity., The :Hugoniot is the

constitutive -ielation, or partial equation of state, which, because of its

relative ease of measui'ement, is most often used to, characterize ,earth

materials in the stress range above aboujt 100 kbar where strength effects

are assumed to be negligible.

The Hugoniot, and al. shock-wave- experiments performed on -tnis

f i[rogram, pertain to uniaxial strain. There may be local instabilities in

the flow,,, caused ,for example by specimen flaws, at which this condition

is temporarily violated. However, the lateral boundary conditions, and

1ocations, and- ,the -specimen -nomogeneity and isotropy in planes norma'l to

the 'flow ensure 'that the constraiht holds macroscopical,.

-In plane shock-wave experiment-s, i't is usually assumed -that, tile ilit-lal

mechanical loading respoise- of a nonporous hard rock is -elastic. During

this ,phase of -,oading as th-e axial stress associated with the shoeuk front

increases, the specfinh develops i radial stress of thg -magnitldb required

- to maintain uriaxial siArain. The diffevence between these two represents

a shear stress, -or -stress deviator, which increases as the shock ampl-itude

increases. When- the stress -deviator exceeds the specimen. shear strength,

a stress-relieving process, which we shalT refer to, as plastic flow, occurs.

- The further response p.f the rock, specimen to additi6nal loading is

i5
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characterized as plastic. The axial stress at the elastic liiiuit -is

known as the ,flugoniot elastic- limit (IHEL) .

After ccinpression,, the- rock is unloaded-.:by a stress reli-ef or-

rarefaction wave. This rarefaction must originate a" a, f-re surface

oriented perpendicular to the direction of uniaxial flow to maintain

the i-D geometry during utiioadlg. For an ideal elastic-plastic material,

the iit$ial. -unloading will be elastic. That is, as the axial stress is

reducd by th.- raretactiont the stress deviator can decrease and cease to

drive plastic now. However, in analogy to the compression prloce:s, as

,unloading continues the stress deviator continues to decrease- until it

again becomes. large enough 'Jnie negative directcion to cause -plastic

,S--ox'. These concepIrs are illustrat-ed -in Fig. 1', which shows the flugoniot

and' release path in stress-speci-fid volume -space, for an idealUzed--haid-

rock. Also shown is the Rayleigh line, 5 the ioci of actual Crx-V states

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

Hugoniot state, and the hydrostat, the locus of stiess-speeific volume

states atuained -under hydrostatic compression, i.e., with a a
_x Zy

In shock-wave calculations, the ass umptionf; is usually made that after

thermal, corrections,, the hydi'ostat gives the mean stress, (Or i, : +,a )/X3, ,,

at a given s pecif, 6 volume -for any applied stress configuratioh- and, in

part'cular, for the idealized, unjaxial srrain cycle ,of Fig. 1 Whereas

'the Hugoniot is -the locus of final stares which can be reachel by various

amplitude shocks but is- not -the path actually' followed in a shock c-om-

pression, the release path, Rayleigh line, and- hydrostat in Fig. 1, each

represent s ates actually, occupied -during -the shock-release -cycle.

Note in Fig. I that, after the axial stress has been- reduced, to zero,

a volume compression, and 'hence a- non hero miean stress :rer.ain. In ti- sliock-

wave experiment -these are reduced later by -rarefactions -propagating into-

the specimen from the lateral boundaries. Because of 'these lateral

raretactiohts n ieven an ideal shock-wave recovery -experiment, it is

impossible to avo'id some lateral flow. This lateral flow -may, significant,y

affect interpreta'tion of features observed in recovered specimens.

C6



Il; - mean -

P'AYLEiGH LINE

- - , - /ILASTIC H-UGONIOT

HEL

zHYDROSTAT

V
GA-7852-1

FIGURE 1 STRESS-SPECIFIC VOLUME RESPONSE OF AN IDEAL HARD
_ROCK (SIMPLE ELASTIC :PLASTIC) DURING AN UNIAXIAL
STRAIN'LOAD-RELEASE CYCLE. 'The arrows indicate the

t ~directior:. -these- paths fallow during- the cycle. Note that below
the 4IE'L the, Raleigh line and the- elastic Hugoniot coincide.

What is the -rheological esponse to plane shock loading of a material

-having the -dealized mechanical properties represente~d by Fig. 1 ? For

slio~ks 'of amplitudle less than the HEL, W m l sock f ront ref erred- to

as tile.-el-astic 'precursor ,propagates through11 -tile specimen. -for the 1in'ja

- C erastic response shown in Fig. 1, the precursor travels -with- thie stress-

independent longitudinal elastic veloc-ity wichl may-be evaluated f romn

-Fig. 1-us-Ing the well-known- r~elation -

.7'



For, shock amplitudes grecater, than- the IIEL, a singe -f-ront is not stable,

and the shock separates Jnto an elastic precursoir traveling with -velocity

C and-, a slower- plastic wave whose velocity U may be ca-lculated[ using tile

Rank Lne--Illq onio t jamp conditlon,,16 I- 1 thle flow is steady (no time dependence)

This separation of the loading %Yave- into multiple fronts ocdurs not only

at the IIEL, buIt whenever- the a- ,-V Hlugoilot -has A -disconttinuous-, increasex
in 5101)0 with increasing a (Of- the second derivative of the 1[ugonliot with

respect to volume dqr not become posditive) such as at a first-order,. time-

independent phase tiansforma tion to a denser phase,

The irai-eactioui wvfich unloads the specimen also separates for a

material having the mechanical response modeled in Fig. 1. -The initi-al.

unloading, pulse- is elastic and again travels into the mat-rial, ahead with

velocity C. The slower 1last-1c unloading pulse spreads with time since

-each :tncrement-al -raref-ac tion -travel s9 at stress-!dependent -veloc-i-ty--C@o-_)-,
xI where for- a 1aticulal' a,= ax

For- a, r-aref action -origitiating on the same side of the specimen as the shock

-(from 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 raref-action -due to mass flow are ignored.

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

occur- at a- single stress (the Hlugoriiot usually is curved', not just "kinked-,

at the I'iEL)-, (2) there are trans-lent effects which do not disappear until

the -flow becomes steady, (3) there are complex finite elastic deformational

and inelastic material processes occurring during both the so-called elastic

and plastic phases of- loading,, and (4) there are thermal effects due to the

i-evesibility of the shock process itself', all of which cause deviations

from the idealized behavior modleled: in -Figs. I and, 2.



C -- -

_1WU Ox

i- GA-M82-2-

FIGURE 2 AXIAL STRESS-TIME PROFILE SEEN,. WY A
MASS ELEMENJT DURING THE LOAD-RELEASE
CYCLE 'OF FIGURE I

B. Lagranigian Analysis

V For real, flows which are not in general steady oi- i~sentropic, the

shock wave- data analysis techniques which are usually used, the Rank'ine-

-.Hugoniot jump conditions for-calculating Hugoniot states and the Riemann-l

,average axial stress--spdcific volume states achieved- both in -compressioninain1  o acltn ees sae- r o ai- ~wvr h

and: ielease by ra nmass element at somne point, in the flow may still be daicu-

iated using the Lagrangian gage method -suggested independdhtl -y by Fowles

at Physics' International and W1llianms at SRI.1 The analysis has rcceritly

-b~en further developed by.Cowperthwaite and William's.18

For a general- f-low, the st-ress-gage version- of -this technique r-equiries

correlhted stftess~rtime records to ,be obtain-ed at ai minimum-of three -points

in- the fflow. Figure 3-schemnatically shows -a typical ,Lagrangian gage con-

f-Igurat ion with 'three vertically stacked-in-mtaterial gages,. - From the

-resul ting s tiess- records, we -calculate C--,, -Vie velocity with which constant

9



GAGE LEADS
(SCHEMATIC)

IMPACT -IPC
IMPACTGA-78S2-3

FIGURE 3 TYPICAL LAGRAN4GIAN GAGE CONFIGURATION, EXPL~oDED AND SIDE VIEWS.
Note- that -the four terminal n- gages- are rotated with respeii to each other so that
,ine leads from one gage will not interfere with those from another when1 they are
brought out- the ,ba6k of the -tRget;. -If the leads are brought out the sides in the

-lamination -planes, this rotation-is not necessary.



s,tress elements. of the flow propagate in Lagrangian coordinates ( the

velocity with which these elements propagate from one- gage to the next

in a referenc, • -frame in which the coordinate system. moves with the gages).

The values of C are used to- integrate the diTferential f-low equations

expressing the conservation of mass and momentfim, according to lhe scheme

described- by Cowperthwaite and Williams. No assumptions oin tie nature of

the flow are made other than that it is uniaxial, however,, accuracy is

dependent upon the number of gage stations at regions in which C is a

strongly va-ying function of Lagrangian position. At leas-t three gage

positions, defining two measurement intervals, are required to observe

the dependence, if any, of C aon position.

The or V states calculated using the Lagrangian analysis are analogous

to the Rayleigh line and release path of Fig. 1. That is, they represent

the actual states traversed by a mass element during compression, and release,

the loading and unloading pa ths. In the -event -that the flow is a steady-

state compression or an isentropic release,, they are i-eadily shown1 7 , 1 8 to

correspond ,precisely to the Ravleigh line and isentrope xrepresented' in:

Fig. 1.

If the '" " is not steady, the technique is, still applicable however,

it is not exact sinc6 C is approximated in the interval between two gage
-a

positions by its average value in that interval. It is for this reasoit

that the aX-V path so calculated is said to- represent a material average.

It is an estimate of the states achieved' by a ,mss, element,,nenr tie "mrdd]-e"

of the three-gage interval. (For a steady flow, all -mass elements pass

through the same states, of course.) One of the purposes of th!e resent-

research program is to obtain compression and, reltease paths foi hai'd rocks

shocked -to near the HEL without making the assunr, tions on the natu:e of

the flow which were necessary before stress'gage technology was dmprovcd

and the L agrangiari analysis -mietiods were developed.

Il
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IVy '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 11ampshire and have

previously been described&9 as homogeneous, isotropic, nearly nonporous,

with an average grain size of-.-O.OI mm and a silica conte-t of greater

than 99o. 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) i.t is basically monomineralic

(SiO2 ), and therefore may provide insight into the f1)46 re mechanisms

in moie complex silicate rocks sUch as granites.

Four shock experiments were ,performed using novaculite targets. In

two of these the shock amplitude was less than- the HEL and information

was obtained on the elastic portion of the Hugofiiot and' on the feasibi-lity

of using laminated head projectiles 'to generate reduced strain-rate dynamic

loading data. in the other two experiments,. novaculite was shocked to

-higher final stres'ss to allow measurements of the HEL and of the effects

on the HEL of underlying gage plane cracks-and inclusions in the specimen.

The two shots in which novacuiite was shocked below its HEL are discussed

first.

The laminated-head 21-inch gas gun projectile shown in Fig. 4 was

desighed-to, provide straih rates about an order of magnitude less than

are obtained in conventional gas gun experiments on-ihard rocks. The-

components- of the projecti-le head starting -fromf the impact surface are:

-.(I) .0.5 mm foam, composed of phenolic ,microbal-loons and C-7 epoxy,

_f abricated at SRI to a uniform density of 0.50 g/cm3 , (2) --0.5 mm of C-7

epoxy, -1.18 g/c0,, (3) -I mm, of 2024 Al, and (4) - 13 mm of high lead

brassy, Both faces oi -each laminate were machined,'flat and pa'iralvlel to

within P.001 inch (.1625 mm), and these tolerances were main'taim dd during

assembly. As shown in Fig. 4, the first three laminates were of slightly

smaller diameter ,than tile fourth (brass) laminate and projqtile body so

'that these latter wouldprovide both--a good reference surface and -electrical

13 mPECEDING
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13mm1/2 mm

- - I 1/2 mm

2.5 in. AR BRASS '2.2 in.

41 1 MM
1 I 3.6 in. '

GA-7852-4

FIGURE 4 LAMlNATED-HEAD. PROJECTILE FOR 2!4-INCH GAS GUN.
the three thin laminate layers startirng from the- impact side
are An epoxy-microballoon 'foam,, C-7-, epoxy; 'and 2024-AQ,
respectively

con tiiuity to the gun bai~rel as required for proje'tile veloiymaue

ment. The choice- of laminate materilals-arid thickn~esses was checked and-

optimized usinrg 'SRI 'P UFF, 2 0 a, one-dimensional artif-icial -viscosity computer

code.

The stress recor'd obtained using a conventional 4-terminal manganin

r Oil ge21 embedded .--I mm into nov aculite f rom the impact surf ace is

shown in Fig. '5-. in -this -experiment -(Shot 908, ) the projectile velocity

was 0.,62 mm/psec.. the peak stress in. novaculite was 64 kbai -calculated

from the maniganin piezoresisti-ve -coefficient reported-by, Keough2 l -of

-.0.29 x 10or2 611/11R where R- is the resistance of -the gage- el6ment zprior

to shock loading and 611 is shock-induceid- change in, resistance. 'The -rise

time of the compression, wave is --- 6- g sec, 5, to 60 'kbar, with -shock planarity

14-
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GP-7852-5

FIGURE,-5 MANGANIN GAGE' RECORD 4 mm, INTO NOVACULITr- GENERATED BY- LAMINATEI;
PROJECTILE ,OF FIGURE 3 TRAVELING AT 0.6-mm;psec. SCOPE 29, SHOT, 908. Th
*structure at the-end of the record is the gage- failure signal; it- does not reflect- the actuat
stress int-the- novaculite.

across the gage <0.1l p.sec. For comparison, tile stress profile 6 mm into

a novaculite predicted by PUFF for a projectile velo6-ity of 0.8WmwVusec is

shiowfi in- Fig. 6., The significance -of the good agreemnent between, the stress

.0rofiles of Figs. 5 and 6 is discussed in- Section V.

-In Shot 909 another laminated head urojectije was impacted into, a

novacul ite target fronted with -a 3-mitr tnick disk -of 70%,1 dense tungsten f oam.

The purpose of the tungs-ten foam- was to generate a smoother stress-time

loading profile than that obtained- iiV -Shot .908- (Fig., 5). Hlowevef', the

tungsten -f ohm -actually -caused the 1ow -stress portionl -of thle comRIession

pulse to sprecad and- thle high stress portion- to- shock up, a s can be sen

from the manganin- gage -record in Fig., 7'. -
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80

60

40'-

20

0 0.5 1.0 1.5- 1~0 2.5
psec

GA-7852-6

EIGUF E 6 PUFF PREDICTION OF STRESS PROFILE',6-mm INTO -NOVACULITE- GENERATED
BY LAMINATED, PROJECTILE OF FIGURE,3 TRAVELING AT -0.8 mljsec. 'Small,
high-frequency oscillations in q, generated, irterpally -by PUFF, were present for the
-first O.4psec but are not shown,.here,,as they -could be- eliminated by ~refining the
mesh size.
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LBEGINNING MAIN
OF COMFFiESSION PULSE

FIGURE 7 MANGANIN GAGEI RECORD OF STRESS
PROFILE 4 mm INTO NOVACULITE
FRONTED WITH .3,Mm OF TUNGSTEN
FOAM AND IM PACTED AT 0.6 mm/pspc
BY THE LAMINATED PROJ ECTILE 'OF

FIGURE 3, SCOPE .23, SHOT 909. The

stiucture~ 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 projectile velocity of 0.63 mm/4sec-, 'the rise time -of the

0 to 20% maximum stress signal is approximately 245 psec and that of the

20-90% peak stress signal- is about 0.1 usec. Al'though 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 loadii, and not at higher stresses near the -HEL. On the basis

of Shots 908 and 9O9, we concluded that laminated projectiles do not

generate su'tfic-ilitly uniform loading to allow resolution of the HEL. For

our subsequent reduced s'tiain rate- loading, expdxr-lments in granite, we used

a fused quartz 'frofit disk on the -target to spread the shock thb -esired

amount in the manner suggested by -Barker and Hollenbach 2  This technique

cannot be, applied to novadulite with its high HIEL, because fused quartz

is dispersive only below about 40 kbar.

The two experiments in which the HEL of novaculite was exceeded were,--

also fired on the 2J-inch light gas gun. To reach the stresses required

in these ,experiments, we used a lightened, 7075, Al projectile body with

internal ribs fox additional strength -and a swaged-in brass head for high

shock impedance. These projectiles weigh approximately'230 g, support

6000 psi laterally in the gas.-gun breech, and reach a velocity of -1 mm/psec.

Previous determinations of the novaculite HEL,16 ,23 made using inclined

mirrors to monitor free, surface 'mot-ion and the 'free surface' velocity

approximatdon 5 ,23' for 'data reduction, have yielded a range of values

from 10 to' 140 kbar foi- pbak pressures fxrom 100 to 400 kbar. The purpose

of the first high velocity shot (Zhot 9-70), was to -observe the profile of

the novaculite precursor and measure its Amplitude for a peak strdss ,of

about 100 kbar.

In Shot 970 the light weight project-ile impacted' a 1/4-inch thick

novaculi'e target backed with a thick C-7 epoxy disk containing a manganin

wire stress transducer 2 mm -from the novaculite C-7 interface. A-classic

two-wave profile was recorded in th6 C-7 as shown in Fig. 8,. The, amplitude"

of the precursor was 25 kbar and that of the main wave was 47T'kbar, -both

in C-7. These figures correspond to a- 60-kbar HEL, in novaculie dri-en

by a- l00-kbar main wav.. Projectile velocity -.was-Q.97-,mm/4sec. Rise times-

are not reported since, th'ey are strongly dependent on the wave propagation

properties of C-7.
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ELASTIC WAVE-

'FIGURE 8 STRESS PROFILE -OBSERVIED IN C-7 MANGANIN
GAGE PACKAGE MOUNTED ONWY-INCH THICK
NOVACULITE TARGET SHOCKED TO 100 kbar,

SHOT 970, SCOPE 30

- In Shot 982 the same type projectile -impacted a novaculite target

containing three manganin foil gagcs. Figure 9 is a side viewv drawing

of the-target showing the relative positions of the three gage elements.

The -objec'tiv~s of this shot wer-e to measure precursor rise times, to
obsei've the. IIL 'di-rectly, and to determine the effects of underlying

cracks and- gage elements on subsequent -flow. Referring 'to Fig. 9, one-

I'sees that gagb 1 rec,9rds the intrinsic IIEL 9 mm. into 'novaculi te, gage 2

sees the pr-6cursor af ter it 'has passed over 'and interic ted- with gage 1

and traveled an- additional 5 mm, and gage 3 sees the precursor after it

has -crossed an open 0,002-inch crack and traveled' 5 'mm. The stress recoi-ds

obtained- f-rin the three gages are shown -in- Fig. 10.,

Each transducer 'measuremefit was ;recorded dif-ferentially, as suggested

-by -Petersen, Griple, and -Mu'lrI L.i,3 to e'liiminate external noise '(Auch as

piezoelectric signals 0ro the qjuartI grgins) common to the'vlgeeds

U This system--pi-Educed very satisfactory noise 'Levels 'as can be seeni from

Yi Fg. 10; however, all -chree gages fa~iled about -1/2 psec after the precursor

I' arrival.. -the reason for- tis prematre Tailure is not known (lefifli-tely,

'but it probably is caused by shearing of, the gage loads either at the

19M



TRIGGER,
PIN LEAD

~GAGE 2" 6mmI

-MANGANIN -, 6 j MANGANIN
GAAGES GA"""'1 GE 3

GAGE1 848mm
6mm' 00

___._C)02_in. SPACER, AT LEAST

10m FROMANY
6 1 m I GAGE OR GAGE LEAD

IMPACT
GA-7852-21

FIGURE 9 SIDE VIEW OF NOVACULITE TARGET, SHOT 982,- SHOWING RELATIVE
POSITIONS OF GAGES 1, 2, AND 3
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II

-FIGURE 10 MANGANIN GAGE RECORDS FROM GAGES 1, 2, AND-3, SHOT 982;
THE RELATIVE LOCATIONS OF GAGES ,ARE -SHOWN IN FIGURE 9.
All scopes are swieping at 0.5 mm/psec. See text for discussion of

- stress profiles;
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lateral boundaries, -or within the -target disk. This shearing occurred even

-though the normal precautions were taken to prevent it: the target was

oversize with respect to the ptojpectile- and the leads, were mechanically

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

problem was avoided by bringing the leads- out the back of the target

through drill holes.

Analysis of the records fi'om Shot 982' yields the following elastic

precursor data. Rise times n6itored by all three gage9 are 40-50 nsec.

Gages 1 and 2 indicate that stress ampl'itude at the leading edge of the

precursor is -about 40 kbar with, an increase to 50kbar by the-tite 'the

record terminates. Gage 3, above the open 0.002-inch cracki 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 wave; -however, for the recorded projectile

velocity of -0.97 mm/psec, the value computed byV impedance match is about

100 kbar as in Shot 970.

In reducing the raw gage data to stresi 'profiles, we--considered- the

effect -of stress-induced changes- in lead resistances and found: a 4% correction

was required. It also should be pointed out that 'the-,manganin piezoresistive

coefficient used to analyze Shots 970 and- 982 is, a value (given in Section V)

which has been measured 'for gage elements embedded in -materia's shocked

above their :HEL..1 There- is some indication from low stiress gage work now

ii progress2 4 that manganin in elastic materials has a coefficient as much

as 30% lower than this. Thits coefficient is normal-ly checked by comparing

peak gage stress with an impedance match solution; however, this is not

'possible in shot 982 because of the premature -gage failure. Consequently,

although it is valid to cdmpare gage-records in this shot, the calculated

precursor amplitudes may be significantly low. This qualification does

-not apply to Shot 970 since in that experiment the gage element, is embedded,

in C-7, :for which a- reiiable calibration is available.
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The similarit-ies of stress profile and amplitude recorded by gages

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 propagat1on. in

particular,, -presence of, the gage does not initiate local rock yielding

which can be resolved at later gage stations. The significantly greater

HEL observed at gage 3 is attributed -to specimen variation since we do

not see how it can be an inherent result of propagation across an open

crack. Alternatively, the behn'vior 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 aild

funds to investigate the dynamic fracture of Westerly granite.

B. Westerly Granite

The elastic precursor amp!,itude -of Westerly granite ,vas, measured as

a function of distance from the impact surfade 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 initial portions 'f the release paths

were alsoimeasured in two of these experiments. Samples of shocked granite

were recovered from two experiments for examination. Following a description,

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 miles east of Westerly,

Rhode Island., A comparison of the compositions of- granites -from Westerly

and Bradford by Chayes 5 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 plagioclase. Ile also noted that the

biotite flakes in-Bradford-granite are broader by several tenths of a

millimeter and comprise a larger percent of the total than those in Westerly

gianite. A detailed! quantitative description of a sample of Westerly granite

* 23

-



examined in a cooperative effort by 34 laboi'atories is g iven ,by Fairbaii-n

et al. ; and a description of a Westerly granite Sti-died *in several stAtic

and dynamic investigations at General Motors- is "presented by- Green- and

Perk-ins 1 2 and again l, Jones and Froula.1 3

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

2;65 g/cm 3 and a porosity of, about 0.015 1by -volume, calculated from the

ability of the -rock to absorb water. Petrographic analysis of six thin

sections indicates the average composition i's about 25% quartz, 40%

plagioclase, 30% potash feldspar, less than 5% bioti-te (mica), and about

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

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, biotite 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 sound velocity of our

specimens to be about 4.2 ,m/hlsec with a 10% Var-iation- from specimen-, to

specimen. These values agree in both magnitude and reproducibility with

the results of Simmons and Brace2 7 and Of Birch.28  The sound velocity

data, taken at 5.locatidns on each specimen, alozdg with, X-ray examinations

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

We al.so compared, our granite with a Westerly -granite studied in tri-
axial failure tests -by Brown -and Swanson.9 (This is apparently the same-

,granite stock, studied ih the General Motors work.1 2 'a) The reported

density of this material is 2.619 g/cc with a porosity of 0.007 byvolume.

Our petrographic analysis i~hoWs the quartz content and, total feldspar

content to be about the same as in our stock; however, the ratio of potash

to plagioclase feldspar is -inverted, and- less, of ,the potash feldspa r - is

-midrodl-ine. The :grain sizes of the -major constituents care, frac~tionalrIy

less in their material. For the purposes of this- report, all -the granites,

(IPF.cussed above, including our matorial-, will be referred to as-Westerly

granite.

24

Vz



in summary,- the materials charac-terized-ii: the liteiature as Vestevly

granite are obvious'ly similar. Measurable 'and reproducib .e d iXTerences

in composition do -exist,. -and. a.-*thougn not unusual in g ol c hatori nq

they -should- be borne Jn mind' when comparifng d'g ferent lhves vigi odrs'

measurements of struc'ture-and defec-sensitive ,pr6pqrt-Je, pslch as shear

'strength,.

2. LagrangiAn. Gage Xk erinients:

a. esterly Granitei, Dry;.

'in Experimenit 7862-0-1': W& detdriyihed the HEL -and the -compr ession

and partlial release paths for di:y Westerl'y gcrani:te shocked to 'a peak

stress 'of' about 60 :kbAr using the- RI 4 -inch light ga gun. Thesb, tesults

were caicuiated using the -Lagrangian. §tress, gag analysis'T' - discussed.

ifi Section. IlL The analysis was pezjformed using -a cumputer 'pr6gral-

,described-by Murri nd.Smith.4

Three in-materialnmanganin stress transducers were pl',aded':bet*een

four 3-inch diameter :granitedisks in the corfffiguration shoftx in Fg,.- 3.

The face of each disk was,.ground' flat and ,'pArdllil tbwithii k '0Q.-0005

inch. In addition to the bulk 'density measurements normaliy ,Made on. each

disk, -each was .X-fayed and -had; the longitudinal sbund velocity measured

at 5 positions. The sound veiocity,-!measuremeiits ai-e reproducible to 1 1%

although the absolute accuracy is: no better 'than <57o. ,they typical'ly, show

a variation within a single specimn qf 5% and, 'var-iation f-rom specimen -to

specimen as high as, 106. The four iiatink ,disks- selected for each experi-

mentdid not have observable open internal cracks and usually had less

than 5% variation- in sound velocity.

The .three gages, were located along the axis or thecylindrical, target

at about 1/2,, 1, and: 1-1/4 inches- from the impact plane- (front face of

the cylinder). To ensue -full recording time :and accuracy, the ,leads

for each gage -were brought otit the backof the, target through drill holes

packed with. amalgam. "This lead conf"'s uration was used in 'lieu of bringing

the leads out -the side, which,, although s0,mpler to construct, was found

to result in premature-gage failure in the heivaculite shot ieported

previously. The first two gages were cot, fr6r-0.0ol-inch thick manganin-
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foiol aiid had an aspect ratio of about 100. For -comparison -of gage

'piezoresistive coefficient and noise pickup, the third. gage (farthest

from impact) was 0.003-inch' diameter manganin wire flattened to an aspect

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/4sec This projectile was a -knockout

head- type designed to allow recovery of shocked granite. The results

of the recovery aspect of the experiment are di-scussed in Part C of this

sect-ion.

The ,differential amplification of the gage signals in conjunction

with the ,gage and lead geormetry produced records With very low noise.

Slightly 1ess ,noise was ,recorded from the wike than from-the f6il gages,

as -would, be 6xpected-,because of the relative aspect ratios and thickhesses.

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

The a -t (axial stress-time) historie's 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

rarefactions, The stress-time- profile from the fijrst gage is essentially

linear from less than 5 to abdut 30 'kbar. The rise- time is about 10

nsec/kbar, -or less_Than 0.3 ptsec -for th6,,precursor, and increases at

higher stresses. The second and third gage records show -similar behavior

and differ from the ,first -primarily in that the precursor is farther ahead,

of the peak and that the tra'iling rarefaction catch-,'up to and overtakos

the peak (gage 3), causing attenuation,.

From these records the HEL of Westerly granite is ,between 27 and 37

kbar. Since 27 kbar is the onset of deviation from linearity in-all,

records, it will- be taken as the HEL., Above 40 kbar, the third gage

record' shows that *the compressional ,pulse is beginning tq, steepen. Thus,

the stress-strain curve, the slope of which is related to the compressional

-wave vei-clty, is concave upward above 40 kbar;, from this we conclude that

.10 kbar i's clearly above the IIEL, although a time-dependent yield process

may still be occurring at this stress.
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FIGURE li AXIAL STRESS-TIME PROF ILES -AT THREE SUCCESSIVE' IN-MATERIAL
GAGES, SHOT 7852 D-1,, DRY WESTERLY GRANITE. Gages are 11, 23,,
and 29 mm- from the impact -wiface.
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The axial stress-specific volume c(Ux-V) -loading curve for some mass

element between the first and thir d, gages, calculated using a computer

to perform the Lagrangian analysis, is,-shown in Fig. 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 iRbar with the major variation In the yielding

range, from 30 to 40 kbar. This variation indicates the yield process

eithker may havp 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 x--V relation is nearly linear and is identified

as tile elastic ,port-ion of the Ilugoniot. At about 27 kbar, deviation f-rom

linearity becomes apparent, hence-this stress is confirmed to represent

the IIEL. From Lthe slope o1 the elastic portion of the a x-V loadihg curve,

we calculate the longitudinal sound. veloci-ty. to- be 5.59 mm/Psec in very

close agreement with the value of 5.60 reported- by Jones and Froula.1 3

This agreement supports the- identification of the fiy'st linear portion of

the loading curve with the elastic Hugoniot. The initi'al unloading path

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

tile granite is first releasing elasticaily, like an ideal eldsticplastic

material. To confirm this hypothesis we would need to show that the -unload-

ing path in fact lies :below zthe -Hugoniot in o-x-V space. Although- the

ilugoniot curve has not been accurately measured in this stress range, dt

is extremely unlikely that it is suff-,iciently qurved so, that the tangent
to it at 60 kbar (which is also tangent to the release isentrope inter-

secting the thugoniot at 60 kbar) could have as large a negative slope as

does tihe, unloading path we observed. Release data to lower pressures-
i -- would be required to determine -whether there is an elastic-plastic transition

in release corresponding to, the IIEL in compression.
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+IGURE 12 AXIAL STRESS -SPECIFIC'VOLUMVE LOADING -AND RELEASE PATHS-
FOR DRY -WESTERLY GRANITE. The deviation fromn linearity in- the
loading path is taken as the HEL (-28 kbar). The decrease in slope at
thi end of the release path is diue to arrival of latcraI rarefactions at the
gages and is not significant.
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b. Westerly- Granite, Dry, Microfractured

•It has been demonstrated by Brace et al .,29 and by Brown aid-

Swanson9 that Westerly granite, and many other geologic materials, when

statically and uniaxially stressed to about 1/2 the ultimate fractui'e

strength exhibit a volume dilatation. That is, above the dilatancy

threshold stress, the observed granite 'volume strain is- less than the

expected, el-astic Volume strain (which increases- linearly with increasing

loid). The effect is described in detail in references 29 and 9 for various

appl-ied t;riaxial stress configurations. Brace et al. did compressibility

experiments to demonstrat- that the increase in volume compared -to the

elastic volume strain was due to open microcracks oriehted predominantly

in the direction of axial compression, and they suggestediseveral mechanisms

whereby such cracks could gr'ow at favorably oriented grain boundaries.

Peng and Johnson30 have perforined a detailed petrographic study in which

they actually observe the microcracks postulated by Brace et a-1. and record

the number, orientation, and length of these cracks, as a function of

incir'?asing axial stress. In the present work we Wantbd=to determine the

effect of an increased microcrack density on dynamic strength. Consequently

we microfractured samples 6f Westeriy granite prior to sh6ck tests, ai

described below,.

The faces of cylindrical 3-inch diameter granite disks of the thick-

ness required for Lagrangian gage experiments -were ground flat and parallel

within' 10.0005 inch. Circumferential strain gages about 1 inch long were

attached using standard strain-gage bonding methods. The instrumented

disks were stacked between steel platens 'to which 3-inch diameter Westerly

granite ioading cyiinders were attached with epoxy. The purpose of these

loadlng cylinders was to, prevent platen-sample interactions,, such as end-

splitting, in the specimen disks. The total granite column had a length-to-

diameter ratio of at least 2.5 to 1. Mogi~demonstrated that with this

-aspect ratio end effects in granite are insignificant. 1  the specimens

were loaded -in uniaxial-compression to about 1.8 kbar,,about '80% of the fracture

strength, using a 300,000-lb press. The period 'for the compression, afid-

release cycle was about 30 'minutes. Both the straJn gage measuremeats and
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and' subsequent measurements of 'bulk density indicate the residual -decrease

in density f6r the specimens mincrofractured in this way to be about 0.1%,

the same order of magnitude reported by Brace et al.

The microfractured specimens, wei'e used to construct a Lagrangian

gage target assembly essentially identical to the granite shoti 7852-0-1,-

described previously. The same sample, selection, and,.gage construction

techniques were used. This target was. impacted by r, 4-inch diameter

steel-head projectile traveling at 0.60 mm/psec. Tie 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

electrical 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 -rarefactidn

arrives.

The or -V path calculated , 'a rangiananalysis is shown in Fig. 14.

The loading path,-was calcufated using all three gag( records and the full

Lagrangian analysis, whereas the unloading, path was calculated using only

gages 1 and 2 because of the noise in the record- from igage 3. The two-

gage Lagrangian ,analysis includes the assumption that C is Pot a functioht

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 a -t records and the calculated a--V path -for 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 port-ion of

a -V path is again, 5.6 mm/psec. The conclusion is that the additional

4hicrocracks do not affect either the dynamic shear strength -or the elastic

constants W the precision of the- present shock wave measurements. The

fact -that the HEL of dry granite is independent of variations -in micro-I- cracking 9ver the range -of the pres6nt experiments is'-an unexpected and

important result.
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c. Westerly Granite, Saturated

Samples of Westerly granite were saturated with water in the

following manner. The specimens were first baked and out-gassed. While

under vacuum, they were submnergf-d in degassed -heated water and then raised

to atmospheric pressure. At this stage in the saturatioh process 1 atm
pressure drives -aer of reduced viscosity (because ,of the heating) into

the evacuated pores. To accelerate the absorption process and to ensure

that the rocks become, completely, s~tuvated, we imposed. a, 100-psi external

pressure. Our data indicate that the additional -overpressure is required

to totally saturate this rather impermeable rock. The rock porosity filled

with water by this pr6bedure was about 1.5% by volume And is assumed to

represent 100t saturation.

A thr ee-stress-=gage Lagrangian. tAiet assembly Of 'the sameconfig-

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 of

sligh'tly larger ,internal volume than the target. This volume was filled

with water to ensure that the granite did not lose moisture during the

firing sequence. The assembly supported the lO0-p vacuum to which the

muzzle of the gun is pdmped prior to shooting.

All three gages were cut from 0.0007 inch manganin foil and were the

same configuration used for gages 1 and 2 in Shots 7852-0--1 and 7852-0-2.

They were electrically 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 indh. The leads were brought out -thb

back of the target through insulated holes.

The 'O.2-inch t!iick high lead brass -driver plate on which th'e ,granite

target was mounted was impacted 5by a 4-inch gas gun projectile with a high

lead brass head. Projectile velocity was 0.51 psec/cm'and the peak stress

in the granitd was about 50 kbar. The first gage was about 1/4 inch into

the gratiite from the granite-drive -'r interface, and eachgage 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 granite disk was, 1/2 , inch thick to keel) 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 differential

amplification scheme to reduce external, noise pickup.

The;x-t stress profiles are shown in Fig. 15. Compared to the

records for dry -grabiite and .dry microfractureC granite these are- i4jite

linear -and do not show the: type of two-wave structure that developed

rathbr clearly in the third gage record in the previous two experiments.

The maximum gage distance from-impact was 3/4 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 ( -V loading path from a 3-gage Lagrangian analysis is presentedx

in Fig. 16. This path is linear within experimental error as opposed to

the marked curvature noted in the previous two experiments for dry granite.

The slope of the loading path is significantly 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 ess (at least an order of

magnitude lesg) than that of the dry granite. Evidence to support the

conclusioi that the shear strength of wet granite is essentially zero is

presented in Section V.

d. Westerly Granite, Dry, Reduced Loading Rate

Barker and' Hollenbach22 have recently confirmed Wackerle' s

observation3 2 that, below 40 kbar, fused quartz -is dispersive to shock

loading; that is, it has the unusual property of' causing a steep shock

front to spread with propagation distance. This behavior resuits 'from

-anomalous curvature of the fused quartz elastic Hugoniot below 40 kbar.

Because of thi propert , -a thick fused quartz plate mounted in. front of

L a target specimen in 'a shook experiment can be used' to reduce the loading

,rate ii o the" target compared, to direct impact. The -technique will1 work

only if the maximum, stress in fusedq--uartz is less than 40 kbar. Since

the HEL measured"for dry Westerly granite is. below 40 kbar and granite

*has, a slightly higher shock impedance than -fused- quartz, we can use the
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method to obtain reduced rates of loading in granite and still exceed

the IIEL. We performed such an experiment to observe the dependence of

dynamic shear strength 'oh loading rate.

A one-inch thick, &t-inch diameter Aisk. of G. E. Type 151. fused quartz

'was epoxied to Westerly granite target assembly. This ta:get, assembly

consisted, of ti'-ee in-material manganin foil gages s.,parated from the

fused ,quartz and each other by r/4-inch thick,, 31-inch diameter granite- disks,

;and 'backed with 1/2 inch Of graniite The -details of target design and

construction are the same as for the previou5 grlanite shots. The fused

quart-2 was impacted by a standard 6061-T6 4Z'inch gas gun projectile

traveling at 0.53 mm/psec..

The three a -t, records are shown in Fig. 17. The rise time from

0 to 30 kbar at gage 1 is about 0.8vpsec,, or a decrease of about a factor

of 3 compared to gage 1, Shot 7852-0-1. The prof:i-le steepens and becomes

'more linear as it passes gages 2 and 3. The 0- to '30-kbar rise time at

gage 3 is about '0.55 psec. Above about 30 kbar the slope of the a -t

profile begins to decrease and the stress continues to rise until the

records terminate. No distinct second wave is seen. These records are

consistent with an HEL of about 30 kbar, but the propagation distance

is -not long enough and the final stress not high enough to determine if

a two-wave structure 'is definitely developing. Unfortunately these

parameters are limited by the diameter of the gun-and equation of state

of fused quartz, respectively,.

The- cy-V' loading path is given in 'Fig. 18. It, is linear to just over
x -

30-kbar. If 'this linear section is ldentif .ed with the elastic Hugoniot,

the sound, veiocLty calculated frono the slope is 5.53 mm/Lsdc or about 1%-

less than -the value measured in Shots 7852-0-', -752-0-2, and by Jones

and Froula.1 6' This agreement supports the Hugoniot interpretation. The

- n r coiclusion 'from Ths ekperiment i tht the HEL fS not ensvin e

to: small changes in ldading, rate.
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3. Recovery Experimeits

Two experiments were performed in which We-feriy granite shocked

above its iJEL was 'recovered. The first- f these was Shot 7852-0-1, the

instrumented dry Westerly granite shot described previously in which, the

peak st, ess-was about 60 kbar. In this experiment the inside diameter

of the projectile body was larger than the outside diameter of the granite

target. The steel head of th projectile was designed to allow it to be

,knocked out through- the- projectilebody upon impaict with, the granite target.

The projectile body then passed over thi granite target;- and the, granite,,

the .,projectile ,body, and knockout head (were all caught in -a small tank.

This tank is free to move in the direction of -projectile motion within

a large evacuated catcher tank, at the end -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 percentt of -the; material,, as deter-mined

by sieving, was between 40 and 600 - in size. ;the average- grain size of

the virgin material was found by petirographic e:xamination to be just under

one mm (1000,i.). The 90 g of recovered materiil -was found to obey ,a log

normal distribution by -mass; that is, the ibg (of the mass percent of

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

a linear relation. Such a distributio. is usually indicative of a random

pulverizing of a -brittle material,. However, this result must be considered

quite tentative since only about 1/4of the diaterial was recovered. Only

if the recovered- 90 g was a perfectly randomi sampling -of the fractured

rock (which it probably isn't since dust smaller than 40,L is probably not

recoi-ered) would,, the log -normal distribution -be charadteristic of the hock

fradture -prcess,.

This -experiment has tw6 -fnajqr limitatij)ns-. - The -first is -that the

target assembl,,y sad- no surrounding momentum; traps .and hence experienced

rarefa:ctions originating at all free bound ,iies. Consequently, the strain

experienced by some of the sample Was;-not uOiiaxial and the stress history

of any recovered piece is not Wel-l def-in~d-, The- second limitation- is that
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not all of -the target can be recovered for later analysis. To remove

both these limitations a second recovery experiment was performed. Tlie

ei-;ire granite disk was shocked beyond the -IIEL and released to zero axial

stress in uniaxial strain, and all the granite was recovered,. This experi-

mefit was performed using an explosively-driven flyer -plate rather 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 rarefactions that would otherwise originate at the

later*al 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 1-inch diameter and i/4-inch

thickness. This specimen wag nominally dO-,y, but in contrast to the gas

gun exper"ments in which the dry specimens are exposed to the muzzle vacuum

prior to shooting, this specimen was not evacuated and hence, contained

some moisture picked up from the atmosphere prior to encapsulation. When

it was encapsulated in, NaBr, the final' 'target dimensions were about 4 inches

diameter by I--l/,1 inches thick. The granite disk was positioned concentri--

cally Within, the NaBr and about 1/8-inch from the impact surface. The

encapsulation was accomplished in three sepaate pressings,. From the

first pressing, we obtained a disk ,of about 1-1/2- inches in diameter with

a NaBr density greater than 95% of the theoretical value-- 3.2 g/cc--whcreas

for the final '4-4inch NaBr disk, the average density was about 90o of

theoreticaL. Such a density gradient is-satisfactory for lateral momentum

trapping, while the high, NaBr density -near the granite ensures a good

impedance match. We used, an explosive plane wave -generator to project

a, 1/8-inch, thick Al flyer plate.,-into the target assembly at about 0.7

mm/Lsec, generating a peak stress of, about 50 kbar in the granite. The

irecovbry was accomplished by -firing. the shot into- a, small tank of water.

-' Th water of course gxeatly simplifies the separation of granite from the

solu ble NaBi* althotugh -the O'ientation of the recovered- Material with respect

to Vhe shock axis. is lost,.
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The size distributior -of the -reco,'ored granite pieces was again

determined b'y ppssing tQ)em through a set of graduated mesh size sieves.

As in the previous recovery shot ini which lateral rarefactions were not

prevented from propagating in the granite, the recovered pieces followed

a log normal distributiofn by mass. Some 95 mass % of the recovered fragments

had diameters -between 0.05 and 1 m, so many pieces were again of, subgrain

size. However, in contrast, to 'the f-irst recovery experiment, the c-lean

experiment ,yielded two relatively large pieces, several millimeters in[diameter, and, hat -nearly so many particles of less than 50p in size.

Thus, as expected, lateral rarefactions such as in Shot 7852-0-1 seem 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 inl Fig. 19. A singl.e thin

section was prepared, from the larger recovered piece, A -photomicrograph

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, some - -fwhich cross grain boundaries. By comparison- grains in

the virgin material look nearly ,perfect. In addition to- the microfrac~tu-_e

damage common to all three- of :the major constituents, some feldspar grains

show granulation. That is, within a given grain, subg ,ains have formed

and rotated with respect to the original orientation; this type of -damage

is common to feldspars shocked to -moderate, stresses. The quartz grains

are microfractured but do not show either granulat;ion or planar features.

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

also severely damaged but do not show evidence of, granulation. The grain

boundaries are very tight. 'These features are ail characteristic of granite

shocked to moderate stress- levels, say 50 -to 100 kbar. ,Petrographic

examination to date has not -indicated -damage features which distinguish thi s

thin section :oaded and- released in strict -uniaxial- strain from granites

'shocked to similar stress levels in otheir geometries.

An attempt was, made to reconstitute a granite sample for HIEL measure-

ments- from the ,material recovered iii, Shot 7852-0-1. The recovered- dust

was- loaded triaxially to -over 30 kbar. The sample so obtained- showed-

some integrity but was nt deemed sti'ong enough to hold together during

shot construction-.. The -atemprr. to f-ir. a- nrg - shot on recovered rnnterinL

Was not- pursued -urther. - -

4-3



Fmm

FIGURE 19 TWO OF THE LARGEST PIECES OF WESTERLY GRANI-TE RECOVERED-
- AFTER'SHOCK LOADING -T0 50-kbdr
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V DISCUSSION OF RESULTS

From our Arkansas novaculite experiments we observed an, IIEL of from

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 ;nfar the '06 end of

the range observed in high explosive shock experiments on polycrysitalline.S,23'

and single cryst-Al qIti-i'tz. 19 ,23,32 Since, in this stress range, the ij:e-"

cision of the present experiments is significantly greater than that in

the earlier high explosive worki we consider 55-60 kbar to be, the 'best

current value for the IIEL 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 elastically by a

laminated projectile. Two PUFF simulations of this experiment were per-

formed using different assumed elastic equations of state for novaculite.

In one i-t was assumed that the ar -V relation was linear (equivalent to
x

linear x-E) and in the other that orX-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 pi-operty that a wave front propagates without changing

shape, whereas the lineal- r a-p relation predicts, that a given wave shape
X

will steepen as it propagates. Our experiment 4agreed :muzuh more cosrl)y

with the profile predicted by PUFF using the linear a-V relation and

hence we conclude that this is the best co'istitutive relation for plane-

shocked novaculite o'eiow its H{EL.

A: novaculite IIEL -ex1 eiment, Shot 982, was designed 'to determine 'the

effect of an in-materia1 gdge onl local strength. No decrease in stiength,

was observed. This rcs'lA]. demonstrates tnat the 5HEL is not sensitivc; to

-inclusions even witb- lage va ilations in shock impedance as long as these

are suffici en t-y thii.

We measured the IIEL of dry Westerly granite specimens up to 35 mm

thick to be about 30 kbarj incontrast to the observation by Jones and

Fr oula 13 On 12.7 mm thick specimens that granite is elastic to over 40

kbar. |Iovver, ltehir 'i experimental -measurements ,wer.e made using quai'tz.

gagves and suffered from severe noise -problems above 20 kbar. 0ur ieagure-

meuts had no 2uch noise problems but they aequire knowing the piezoresistant
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coQefficient of manganin. We used- the constant value reported by Keough2 I

from many measurements between 20 and 290, kbar:

P(kbaf) = IT [(0.29 - 0.01) x i032-It

Both our work and Jones and Frouia's indicate the eldstic precursor

velocity, as calculated from the slope-of the elastic ilugeniot for the

loading curve, to be about 5.6 mm/psec. this agreement indicates good

correlation between cur respective stress gage calibrations. Because

wave profiie resolution increases with specimen thickness and, wit, gage

signal-to-noise -ratio, We feel our observation of a '30-kbar IIEL for dry

granite is a more reliable determination.

Gregson et al., 3 3 on the basis of their own laser interferometer

data and a reanalysis of Jones and Froula's data, ,reported-a l7-kbar

HEL in Westerly granite and' a second anelastic limit or phase -trans-

foirmation at about 40 kba -. We did not resolve a 17-kbar blastic pre-

cursor. It is possible, however, that before the dynamic shear yielding

at the 30- or 40-kbar-HEL, another stless-induced inelastic process occurs.

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 triLaxial tests of

Westerly granite conducted by Brown, and Swanson,9 it was' found that the

uniaxial strain loading path never crossed the granite tiliaxial fracture

envelope. In fact, they found the fracture envelope and' thetuniaxial

'strain loadifig path were diverging at the highest sresses they studied.

-This impla'es that the granite triaxial shear strength increases faster

with mean stress than the stress deviator. However since the maximum

,axial stress Brown and Swanson reached in uniaxial strri'n was, ohiy 11 kbar,

it is, possible that their results do, not hold -at 30 kbar,, the JIEL we measured

for- Westeriy granite. Brace 1 'has e'tended- the static uhiaxial, strain

-data' for Westerly granite to- about 25 kbar without failing the specimen.

However, his work does not also extend the fracture envelope, so -we do

not know whether the triaxial strength of the granite is continuing to

diverge -from the stress dev.iator at these stresses,or whether thiy have

begun to converge. 
4-
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Partial release paths Tor dry Wbsterity granite are shown it, Figs.

12 and I-J. The slope of these paths is quite close to that of 'the elastic

lugoniot , indicating that granite releases as ,predicted by simple elastic-

plastic tAheory. This behavior is significant in that it indicates the

shear strength of shocked granite is niot negl-igible Immediately after

shock compression. Note that another estimate of the dynamic shear

strength at -Ohe Ilugoniot state in the present experiments (about 65 kbar)

qould 'be obtained from the offset between ax 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 for a laboratory

specimen is not inconsistent with the hypothesis of Godfrey1 that the

shear strength of granite in large scale or nuclear events is probably

a fraction of a kbar.. The increase in slope a.t the end of our release

data is probably caused by sirival of the lateral rarefaction and is not

significant".

-One -of the important find-ings of the present wOrk is that the IIEL

of dry granite is not affected :by increasing the- microc-rack dehsity, The

actual microscopic process which limits, the, dynamic shear stress a'!ove

the.llEL may nbt -involve microcracks at -all,, or at least microci'acks of the

orientation induced by the dilatancy procedure we employed. This seems

unlikely since microcracks are probably ,ainong 'the areas of least shear

stength in the rock. Therefo-re we conclude that although varying the

mcrocrack denslty may affect the mechanism of plastic 'deformation

significantly (for example in size of £iacture pr'oducts, or time dependence

of fracture) it does not affect -the threshold stress for activation,

the IIEL. Since these microfractures do not loW.er the :HEL, they do

not play the shear-stres--relaxing role assigned to block boundaries

in Godfrey'-s trheologjcal model. Thus, micrcfiac-tures can apparently

be neglected in characterizing a material for stress wave -calculations.

-We also noted, no decrease In the HEL when the loading rate was

reduced a factor of tlree compared& to direct impact shock ]oading. The
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FIGURE 21 HUG-ONIOT STATE FOR SATURATED--WESTERLY GRANITE -COMPARED-
TO THE DRY GRANITE HYDROSTAT AND EL-ASTIC HUGONIOT. The

4 ~dashed ;mrtion of the, hydrostat, is anextrapolation of 'LaMori's data.
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be sensitive to hsmai c.anges in rate at these high ratLes, andw saw no

-rate dependence. .Changing the .micrxYerck densiJ- or orien,al ion d not

affect t1he threshold stress, so -,'e conclude that the number _f s]-ip Valnes

in the-dry unitigrofractured materia3 i-s 'suff-icient to nucleate the required

S.plastdc flow.

ftSatur~ating the specimen with wa'ter <complebely-fills the colnected-

-microcrcks. When the normai- stress across the c-racks bualds rapidly in

the shock front, the water ',has nowhere to go- and-, ibecause of its 1.ack of

compressibility, it holds the crack surfaces apart e at nigh vv-rmal

stresses. The shear stress -supportable 1, the separated surtac(-s is

esseiltially the value they can support at zero normal stress. This shear

strength may be approximated as, the shear stivength of the dry rock with no

normat- force Lei-oss the c-rack,

Our model says that filing. the microcracks with water introduces-planes in the granite Which can suppor-t only -negligible shear and causes

the fi'EL to drop drama-tIcaily. The model does not prove, however, that

the microcracks are the controlling planes of weakness which determine

the IIEL -in dry rock (although it seems likely). It is possible tlat j

plastic deformations aLso oceur- in some colhsti.tuent or (%onstitiA!ntsi

such as -shear or kink banding in the mica, and thot .these are also-

important an determining the IIEL of dry granite.

All of the results discussed, in this-,.eetcion suggest that the process

occurring at the HIEL is -not complete "ac-ture of the rock as -s usually

assumed, but instead is, a localized- yield and plastic 'fNow which leaves

the specimen macroscopiially intact.

-x - 5
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