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STRESS WAVE PROPAGATION IN ROCK
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ABSTRACT
Earth penetration, design and hardening of structures to explosive or
earthquake-induCed ground shock .effects, rapid excavation, and in situ pre-
paration of coal, shale, or geothermal deposits-are representative problems
| in which accurate constitutive descriptions of the geological medium are
' required to provide meaningful predictions. The rock or rock masses involved
undergo complex, finite amplitude deformation during the process of transient
dynamic loading, and quasi-static experimental compres31on techniques are -
normally used to provide much of the necessary data base. strain rates typi—
-cally range between 10 /s and 105/5 in the problems of interest, however, and
_‘further studies are required to determine the importance of rate dependence
'in the mechanical constitutive behavior of rock - Material response ‘at the
higher strain rates can be investigated With impact generated stress waves
where controlled strain rates between about 10 /s to 10 /s can be achieved
.Experimental methods have been developed to conduct and analyze impact induced
»s,shock wave, ramp wave, and tensile fracture studies. ,Experimental.results on
some select crustal silicate'and carbonate rocks show that strain rate depenf,

dence ‘end the processes of phase transformation, compressive yielding, and

fracture are important features in the dynamic constitutive response.
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JINTRODUCTION

-

There are afnumber'of pressing engineering and geophysical problems in-
volvingftransientffinite deformation of rock and rock masses. An interesting
‘:and representative example is a borehole’drilled into a geological formation
lwhich is packed with explosives_and'detonated in an attempt to rubblize the
‘adjacent medium for the,pnrposepof EQ.EEEE resource recovery: The explosive
energy is coupled into the rock near the borehole perimeter and the initial
: COmpresSive stresses can be on the order of 5 GPa. The disturbance is propa-
gated away from the borehole as a large amplitude deformation wave which
attenuates with radial distance, eventually reaching a level for which material
- response is purely elastic, Wave propagation and attenuation to this level
1is‘complex and depends on the dynamic material response of the zone affected.
Such response can involve compressiVe shear yielding, phase transitions, and

"tensile fracture. Strain rates typically range between about 105/s during
: .early time response to about 10 /s during late time response.
| The calculation of an event such as the borehole detonation problem
requires constitutive models which accurately describe the dynamic deformation

of‘the rock medium involved. Much of the data base currently used to develop

| - these models is generated with qnasi~static compression facilitles. However,

»it is becoming recognized that such data are not sufficient because of pos-
sible strain rate sensitivity of rock deformation and. dynamic testing methods
"mnst be employed to supplement quasi-static testing ) ' B

. Planar impact techniqnes have achieved some success in this regard. With ‘
planar impact methods controlled stress waves with loading strain rates bet-
“ween about 10 /s to 107 s can be generated and used to investigate the response -

of rock medinm. States of both compressive and tensile stress can be achieved




In this paper, experimental methods currently used to conduct and analyze
,planar impact experiments Wlll be described Some recent results onvselect
_rocks will be presented to illustrate‘the'various methods. Iastly, some
results‘relating:to strain:rate dependence,and processes.of'dynamic yielding,

fracture, and phase transition‘during rock deformation will be considered.

EXPERIMENTAL METHODS AND TYPICAL RESULTS

~ The general method‘for producing stress vaves by impact loading is illus-.
'trated by the particular experimentalvassemtly'shown'schematically in
Eignre l.‘pA progectile, impelled by a light gas gun, is allowed to impact -
the-target assembly containing the rock sample. An impactor material‘ with
known mechanical properties, is mounted on the iace of the projectile and
| ‘prov1des the initial input stress pulse. This‘pulse propagates through the
rock sample and evolves according to the material'characteristics of the test‘v
specimen. Sample dimensions are selected so that a condition of uniaxial |
J strain persists during the time of interest.' Material response.(usually stress
or particle velocity) is subsequently measured at some Lagrangian (material)

(1}

.point downstream from the impact: interface. Velocity 1nterferometry is the

experimental technique illustrated in Figure 1. Alternatively, such methods

(3]

2
- as nmnganin stress gages,[ J magnetic particle velocity gages or quartz

gages[ ] mey be used. The instrumentation selected depends on experimental:

_ reqnirements and properties of the material under test.r

Planar impact experiments'are notvlimited to compressive, step loading ‘
i"configurations. Methods nave teen-develqpedrto’achieve states ofbtensile , |

stress and to control the rate of strain during dynamic compressive or ten-_

sile loading. These methods will be discussed subseqnently.




'The wave profiles measured in plenar impact experiments contain consider-
i gble information about the dynamic constitutive properties of the rock under .
test. Frequently the dynamic stress-strain response must be determined from
“the wave profile data to acquire the constitutive propertyfinformation

.required. The methods available for achieuing this end have been recently

(51

-

revieued.
Compressive shock waves: The term shock wave here refers to the input

" stress pulse only; Tne conditions required to sustain a shock wave are seldom
‘achieted in stress wave studies at the amplitudes of interest here (~0-5 GPa)
vThe necessary experimental arrangement provides for nearly instantaneous loading
at the impact interface to some predetermined stress amplitude. Usually- a thin -
jmpactor plate is used so that the sample is subject to subsequent stress
unloading within the time that conditions of one-dimensional strain are maintained.
By this method, the semple is subject to a single dynamic stress loading and
unloading cycle. Results obtained from experiments conducted in this manner

on Oakhall limestone[ ] are shown in Figure 2. " The input profile was a square
wave. Subsequent“wave profiles were neasured in separate_experiments at
'increaSing'distances from the inpact interface. Features which evolve in the

" wave structure during both loading end unloading v1v1dly illustrate complexity

- dn the constitutive response of this rock type.
Campressive'ramp waves: When direct impact such as that illustrated in
’kFigure 1l 1is used.and near instantaneous loading is achieved, it is difficult

to assign a loading rate or strain'rate to the dynamic experiment. Frequently,
'such knowledge is desired tovmodel the material or to correlate with lower/‘s
./.Awstrain rate erperinents. ;Methods;for controlling the rate of strain in planar

'impact experiments are available. One technique'is to precede the rock sample
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(in Figure l) with a predetermined thickness of fused silica. The nonlinear
 elastic properties of fused silica are such that an initial input step wave
spreads into a ramp wave during propagation through the fused _silica. The
rise time of the ramp wave depends on the distance propagated When Such a
ramp wave is used as the input to the rock specimen, the rate of straining
.can be controlled quite accurately. Particle velocity profiles obtained from
experiments on Blair dolomite[7] by this method are shown in Figure 3 The |
strain rate.achieved in these tests was about 3x10 /s nearly two orders
of magnitude below that usually occurring in direct impact experiments.
_ Tensile'Waves:'_Planar impact methods can alsonbe used to generate states

of‘tensile'stress. - Dynamic tensile'loading‘is achieved through the inter- :
action of two opposing relief waves within the test specimen., The production: _
and timing of such relief waves:is accomplished‘through choice of dimensions .
and mechanical impedance of the materials selected for the impactor plate and
window plate backing the rock sample. _A |

Interaction of the relief waves results in both forward and backward
fecing tension waves and if the tensile strength of the rock is exceeded,
dynamic tensile failure occurs. The initial tensile ‘wave and subsequent res-
_ponse during failure propagates toward, and is transmitted through, the inter-
face at the back’ of the sample. The particle velocity history at this inter-
face can be measured and carries information ‘on the processes of dynamic
tensile feilure in the rock sample.' | . A ,

I&ofiles obtained from tensile fracture experiments in Arkansas novaculite[aj
~are shown in Figure L. The first par*icle velocity level ‘in either profile
corresponds to the inftial compressive wave transmitted through the sample prior

to tensile loading. The reduction in particle velocity and wave structure 7




between ebout O. 7 and 1.2 ps carries'the'infOrmation on maximum tensile stress
and. time until total failure during the dynamic fracture process. Subsequent
structure in the particle velocity profiles corresponds to reverberations of

stress waves trapped in the sample piece séeparated by the fracture process.

DYNAMIC RESEONSE OF ROCK
~ Vave profiles measured in planar impact studies such as those shown in
| Figures 2 through 1 suggest a remarkable compleXity in the dynamic behavior
of rock. It is clear that models developed to describe such behavior must |
| accurately describe the processes of yielding, fracture, and phase transitions
occurring in the dynanic compression process. ..

Dyneanic yielding: Yielding and subsequent flow during uniaxial com-
.pressive loading of rock represents a deviation from;elastic response and pro-
| vides a mechanism_for dispersion’of the wave profile and dissipation of energy
during the'propagation process. It is. therefore,ka;material behavior which
- must be treated with care in the constitutive modeling. | |
j Blair dolomite is a'representative competent crustal rock which has
. received considerablev attention. regarding its compressive response. _ Both
quasi4static uniaxial‘strainfcompression'studies[sl and planarlimpact studies[7?lo]

&t several rates of strain have beerd conducted on this: rock. CompariSOn of

o the shock compreSSion (e l.lo /s) and quasi-static compression (e ~ 10~ /s

results indicate significant differences both in the yield stress level and
flow stress subsequent to yielding. A yield stress of approximately O 25 GPa
is measured in the. quasi-static experiments. Uhder shock loading, a stress
" of about 2.5 GPe is achieved before yielding proceeds, nearly a factor of ten

greater,than the quasi-static velue end an appreciable fraction of the theoretical




N"
L . ] h —— )

" In Figure 4, particle velocity histories’ were shown which were obtained from -
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strength of crystalline dolomite.tlo] Ramp wave studies have also been con-
ducted on Blair dolomite[7) (Figure 3) and loading strain rates of about 10 /s,
nearly tWo decades below the shock wave experiments, were achieved The ramp
wave results were found to be in essential agreement with the earlier shock
vave results and still differed significantly from the quasi-static results.
The compressive stress~strain.paths determined.from the three strain rates
_experiments are shown in Figure 5. Recent torsion split Hopkinson bar experi-
ments on several rocks[ ] suggest that the characteristic strain rate at |
which dynamic response relares to quasi-static response is.between ebout 102/s
‘and 10 /s. |

Dynamic tensile fracture: The process of dynamic fracture is not instan-
vtaneous but has been observed to depend in a complicated way on the peak tensile

stress achieved and the rate at which the material is carried into tension.[B]

tensile fracture experiments conducted on Arkansas novaculiteisubject to_planar
impact'withka thin disc of PMMA.(polymethylmethacrylate) The'profiles'were
measured at the back interface between the novaculite and a PMMA leser window
material., Through an impedance match solution, the primary fracture signal
(pullback wave) can - be used to determine the stress-time history in the nova=-
culite adjacent to the PMMA window material Such stress time histories cor- -
- responding to the particle veloc1ty profiles in Figure h are shown in Figure 6.
The-stress histories shown initiate at a compressive stress level continue |
through the ma;imum.tensile stress achieved end conclude upon arrival of the
first reflected wave from the damage interface interior to the sample. Also
“indiceted in Figure 6 is “$he maximun tensile stress achieved in the damage

zone.calculated from the interacting relief waves and the calculated time of
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arrival of the first reflected wave assuming Zero thickness of the damage zone.
The stress profiles illustrate several . Teatures pertaining to the dynamic
fracture process- (1) tensile stress attenuation occurs during propagation
of the wave out of the damage zone,. (2) the maximum tensile stress depends
‘on the rate of tensile loading, (3) the time "to total failure (indicated by
the‘tensile stress pulse width in Figure'6)‘depends on the rate of tensile
doading or the maximum tensile stress achieved during initial tensile loading,
.and (h) premature arrival of the first reflected wave indicates a finite thick-
ness of the damage zone, | ‘ ‘ _
It appears‘that.the.dynamic_fracture_inibrittle material is a gradual,
}rate-sensitije process and there are'indications that the Griffith criterion
for fradture may not be.strictly applicable'at.the high loading rates achieved.[s]
Calculations have shown that a simple rate independent tensile fracture eriterion
is inadequate in modeling the dynamic fracture process.[ 12} Models based on
& continuum description of fracture nucleation end subsequent accumulation of
, void volume or damage,[13 1 4] however, have had some success in predicting the
observed response. |
Fhase transitions:' The influence'of phase’transitions in calecite rock

" has been found to markedly,increase the-complexity'ofjthe‘constitutive response
in this materialnas illustrated hy the‘complexity of the wave profile structure

' measured iniOakhallﬂlimestonepandJshoun in Figure 1. Both’the calcite I-IT and
IT-IT1 transitions arevactive in produciné.the‘total responsefobserved. The
first break in the loading profile and the rarefaction shock wave in the |
release profile are produced by onset and reversion of the calcite I-II transi-

..tion. A study~of the Oahhall limestone results has shown that,the stress=~

\ strain response through the I-IT trensition is nonlinear and reversible to




approximately 2.0‘Gfa; consistentkwith 1 reversible displacive polymorphic phase
Change.[éj . | - |
; The calcite II-IIT transition initiates under dynamic loading at a stress
of approximately 2.4 gpa andvis resPonsihle for the more subtly ioading and
‘release structure in the upner portion of'thelwave profiles in-Figure_é;k'The
dynamic II-III‘transition is moreicharacteristic of a slower, reconstructive,
| 'behavior in that the Hugoniot properties and ‘wave structure are similar to
. behaV1or observed in the shock—induced silicate transitions. :
The dynamic transitions have been found to be sensitive to the microstructure
:', of‘the rock specimen. Factors such'as porosity, grain size,'and‘geological |
: history are apparently important. This sensitivity is illustrated by comparable -
profiles, shown in Figure 7, which were measured in three calcite rocks; Solen-
b'hofen limestone, Oakhall limestone, and Vermont marble.[6] The first transi-
“tion initistes hetween 0. é and l 2'GPa dependington rock type. In Vermont
| xmarble, Yielding apparently precedes initiation of the transition.
: Modeling of the ‘phase transition has required attention to the micro-
;structural state. and there sre indications that sensitivity to shear stress
‘*_ is important.[ J Results suggest however, that the strain rate effects i

'relating to the transition are not critical below 2 o] GPa.'

_ SR 7 SUMMARY ‘,‘
Plate impact techniques can prOVide a useful tool for studying the dynamic
mechanical-behavior of rock. ‘Experimental methods and instrumentation originally

_developed to investigate engineering materials such as metals and ceramicsnhave

i‘“'been fruitfully employed in the study of_rock media. ,Results; such as those

 presented here, show that rock can be consistent in its mechanical behavior
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end diéplays a riqpness in consﬁitutive responsé that few other materials can
equal. It is becoming éiéér that strain rate effects cannot be ignored in
.;rbck deformation and préclude fheyuse of quasi-static models in many dynamic
gpplications. Material procesées such as phaée trahsitions, compressive
, yield and dynamic fracture must also be incorporated to obtain a complete

constitutlve descriptlon of rock behavior.
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Fig. 1

. Fig. 2

Fig. 3

Fig. b

- Fig. 5

iFig; 6

- Fig. 7

~ strain rate was approxinmtely 3x 10 /s.

: - FIGURE CAPTIONS

kfiepsr impect target configuration ihcluding impacting projectile,

‘rock sample and holder assembly, and near target velocity inter-

ferometer opties. Target configuration and interferometry tech-
nigues are representative of those used to obtain the results

presehted in this report.

~ VWave profiles in Oakhell limestone.[6] The square wave is the

| input profile. 'Subsequenttprofiles correspond to sample thick-

nesses of 5.6;;8.5,‘and 11.9 m, respectively. Peak stress
ettained is aoprcximately 3rﬁ'GPa. - IR

ste profiles in Blair dolomite[7] which evolved, over the indica-
ted propagatlon distance, from an initial ramp wave input. Loading

~

Wave profiles obtalned in Arkansas novaculitets] subject to

~ planear impact tensile fracture experiments. The profile in (a)

~ corresponds to anvimpact velocity of 0.0598 km/s, in (b) to

0.091% Im/s.
Stress-uniaxial strain response for Blair dolomite at different
strain rates. Experimentsvinclcde shock wave,[ ,] ramp wave, [7]

and quasi-static[9] results.'

Tensile stress histories in Arkansas novaculite[B] determined

v from the particle velocity profiles in Flgure h, Also shown is
f}the maximum.possible tensile stress calculated from the relief
, wave amplitudes for both experiments, and the calculated first

reflected wave arrival assuming zero thickness to the damage zone,

Loading wave profiles measured in three calcite rocks[ ] which

illustrate differences in wave structure with rock microstructure.




Fig. 7
(cont.)

FIGURE CAPTIONS
Thé’iarticie Qelocity scaie is accurate. The stress scale is

ﬁecessarily approximate.
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