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.6STRACT. This investigation consists of a study of the transmission
and decay of pulses produced both by impact and explosive loading in a
rock classified as a diorite. The samples were chosen and prepared wIth
sufficient care and tested under identical conditions so that reproduti-
bility of results comparable to that expected in metallic systems was
obtained, indicating that the concept of nonreproducibility in geologic
materials is not well founded.

Ballistically suspended Hopkinson bars of diorite of 3/4-inch diame-
ter and approximately 22 inches long were subjected to longitudinal
impact by spherical and flat-ended cylindrical projectiles of hardened
steel at an initial velocity of about 3,300 in/sec. Strain gages attached
to the specimens at various stations permitted a recording of the shape

an4. velocity of propagation of the resultant wave. Similar experiments
were performed on an aluminum alloy bar of identical size to assess the
magnitude of the dispersion resulting from the three-dimensional character
of the rod. The nature of the transformation of the pulse during passage
permits an.assessment of the validity of various models proposed for
geologic substances in the field of seismology. A further detailed study
of the internal response of the samples to such pulse passage was accom-
plished by means of microscopy and static tests, which correlated very
well with the dynamic results. The average propagation velocity of &

pulse generated by a contact explosion in a rectangular block of diorite
was also determined.
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INTRODUCTION

In recent years, the propagation of waves in rocks and soils has
assumed increasing technological importance, and the subject has thus
received corresponding attention. Since the equations of motion and
boundary and initial conditions are identical to those employed in prob-
lems involving more familiar materials, the difference in the analytical
representation of the physical situation and results deduced therefrom
must be attributed to the differences in the material behavior of the
medium. Here, however, geological raw materials exhibit characteristics
that are considerably at variance from those of the more conventional
transmitting media. This report is concerned with some aspects of the
response of a particular type of rock to dynamic loads, and the differ-
ence between this response and that of a common aluminum alloy subjected
to identical loading conditions. The purpose of this study is a prelimi-
nary effort to gain an understanding of the nature of the dissipative
process present in the transmission of waves in such a substance with
the eventual objective of establishing a relation describing the material
behavior that is of relatively simple form, yet sufficiently accurate so
as to provide usable results in the prediction of wave phenomena.

A popular conception, commonly expressed in the literature, is that
geologic materials such 7 rock are extremely inhomoge;eous, and highly
directional in behavior '.so variable grain size and chemical composition
present additional problems in testing. This notion is well founded
when random samples are chosen from random locPtions, for a study of a
single rock will yield widely divergent results if the criterion of the
rock name is the sole basis for the selection of specimens. Thus a
single rock name encompasses materials that can vary widely in composi-
tion, grain size, structure, alteration, the presence of inclusions, and
related effects that cause significant differences in mechanical proper-
ties. On the other hand, careful selection of a single rock type, as in
the present investigation, with attention to detailsof physical struc-
ture in all respects will give accurately reproducible data, regardless
of the locality from which the samples are collected, indicating that the
concept of the norreproducibility of properties of geologic materials is
a myth. In other words, when the same precautions are observed in the
selection of natural specimens as in the composition, manufacturing pro-
cedure, processing and heat-treatment of a specified type of steel,
aluminum alloy or plastic, the data derived from a number of samples
subjected to identical experimental conditions are equally uniform.
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In addition to the sample selection procedure per se, significant
sources of variation in collected data for rocks comnonly result from
poor preparation techniques, which selectively damage the crystal struc-
ture or chemical composition of portions of sample suites, and from the
poor choice of test methods. As an example of the latter, a pulse length
shorter than the grain size in a given test material will lead to highly
variable results and the need for interpretation based on statistical
methods. In view of this, the methods of samp].e selection, preparation,
and testing in a project must be carefully delineated in arq meaningful
discussion of both static and dynamic pruperties of such easily damaged
materials as rocks or other similar brittle solids. However, when prop-
erly executed, such procedures permit interpretations of behavior and
behavior changes to be drawn from reletively few experiments involving
both macroscopic measurements of pulse metamorphosis and travel time and
microscopic examination of the internal grain structure response of the
materials to pulse passage, accomplished by careful thin section
techniques.

The present investigation is concerned with the determination of
various properties of a specific type of rock, a diorite. Specimens were
subjected to standard static compressive tests and to impulsive loading
by two types of projectiles. The changes in wave form and the velocity
of pulse propagation between measuring stations were observed, some of
the results being compared to data obtained under identical conditions
in a 2024-T4 aluminum bar. Microscopic examinations were conducted of
the crystal structure of both virgin and shocked rock specimens.
Finally, the average velocity of shock propagation of a high-amrlitude
pulse produced by a contact explosion vas determined. Corresponding
propertis of the rock and the aluminum alloy are presented to indicate
the niture of the difference of behavior of the two materials under these
loading conditions. The results of the pulse propagation tests were
comparcd to the predicted performance of various analytical models
proposed for geologic substances.

SUM4ARY OF PREVIOUS INVESTIGATIONS

The propagation of seismic waves and inte.rpretation of seismo&L.ams
have been analyzed most frequently on the baris of a homogeneous. is,-
tropic. albeit layered elastic medium (Ref. 1 and 2). In the cps-: of
underground explosions, the investigation of the transient generated at
"moaerate" pressures has been pursued on the same basis in a continuous
medium (Ref. 3-10), extending even +o an ey'planation of fracture proL-
esses (Ref. 9-14). The partial success of such an approach to the
failure phenomenon is attributable to the high ratio of compressive to
tensile strength of rocks that permits an incident compressive pulse A

sall in comparison with the breaking strength to produce spalling iipon Z
reflection from a free surface as a tensile wave. his concept has been

2
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utilized in a recent investigation of the dynamic tensile strengths of
basalt and sandstone determined from measurements in a Hopkinson bar and
the use of a one-dimensional theory of elastic wave propagation (Ref. 15).

The propagation of pulses at high pressures has been universally
described on the basis of hydrodynamic theory involving the Rankine-

P+ Hugoniot shock front conditions that assume a negligible rigidity of the
medium and a state of thermodynamic equilibrium. Experiments seem to
confirm that both of these conditions are fairly well satisfied for a
sufficiently high shock pressure and short rise time. It has been sug-
gested that an elastic analysis of the propagation phenomenon would be
appropriate in the region beyond the fracture zone (Ref. 16), that is,
at pretssures below the crushing strength of the material. However, the
scattered investigations of the transition of the pulse from one regime
to the other have been inconclusive.

Consideration has also been given to the nature (Ref. 17 and 18) and
mathematical representation of dissipative mechanisms in the analysis of
pulse propagation in the earth, primarily in an attempt to explain dis--
crepancies appearing in seismographic records interpreted on a purely
elastic basis. This effort has proceeded in two directions: (1) labora-
tory determinations of the attenuation of waves in rock specimens, ascer-
tained from the measured decay of ultrasonic pulses (Ref. 19-21) and the
energy dissipated per cycle in the transverse vibrations of beams
(Ref. 22), or field measurements of the propagation characteristics of
waves initiated by explosive sources, and (2) an analysis of several
theoretical models based upon incorporation of various simple frictional
processes. The latter approach is complicated by conflicting experi-
mental evidence. Attenuation factors have been determined experimentally
that var. as different powers of the frequency of harmonic components
pres.,it; alternatively, in a number of cases, the dissipation function
appears to be independent of frequency (Ref. 20, 23 and 24). In partic-
ular, the ratio of energy loss per cycle to maxim - elastic energy

stored, aE/E, in transverse vibration tests was found to be independent
of frequency in the range from 40 to 120 cps for specimens of sandstone,
oolitic and shelly limestone, granite, dole '-lue and diorite specimens,
the latter exhibiting the lowest of the values at 5% (Ref. 22"

A corollary controversy in geophysical circles has develol d around
the question as to whether this attenuation is accompanied by ispersion.
It has even been suggested that internal friction for bonsol..L.,ted rock
appears to have a negligible effect at frequencies up to 100 cps (Ref. 1)
--in contradiction to the results cited above--and would thus not signif-
icantly affect seismic phenomena, though it might be of considerable
iarortance in the propagation of explosively or impact generated waves.
Only Pierre shale of Eastern Colorado appears to conform experimentally
to the attenuation and dispersion requirements of a simple, viscoelastic
solid, namely the Kelvin-Voigt model (Ref. 25-27).

3
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This solid has been employed as the most common anelastic model for
the earth, and its specification leads to the one-dimensional differ-
ential equation of motion

1t x 2 c t2

where u is the displacement in the direction of propagation x, t is time,
n is the Stokes' viscosity term, E is Young's modulus, and

c = (E/p) (2)

is the "rod" wave velocity, with p as the density of the mater!-1.
Numerous theoretical investigations applying to seismic phenomena have
been conducted with the aid of Eq. 1 (Ref. 1, 24-35). It has been shown
thaT, the propagation of a plane harmonic compression wave through such a
medium, characterized by frequency w and wave number k, can be described
by the component

u=u e e(wt- ) (3)

provided the frequency-dependent phase velocity c - w/k and attenuation
coefficient (x are determined by the relations

- 1 + )2+ 2(1 + + ) + t2h+ w h (4)
co0 E

and

The decay constant can also be exp~'essed in terms of the logarithmic
decremenz 6 .nd hence as a function of E/E by

5Wa -28 6a" = 21tc and T = 1 - e (6)

Among many well-known solutions of Eq. 3, the case of a step pulse of
displacement at the origin has bee. determined in the vicinity of the
principal part of the disturbance (Ref. 31).

To obtain a better fit with a large body of experimental data, a
solid.frictin ty e of mechanism has been attributed to rock-like
materials, so that the wave propagation equation for rods is given by
(Ref. 23 and 24)

4
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I1 l - ] 2u  u  (7)
+ k o% 7x2 -2 't 2

0

where Qo is assumed to be a dimensionless constant that is connected to
the energy loss per cycle through the relation (Ref. 36)

1 = c (I - e- 28 (8)
Qo 0 c

The absolute value of the angular frequency, Iml, is included in Eq. 7 to
assure absorption of both positive and negative frequency terms of the
Fourier spectrum of the pulse. The dissipative quantity in this relation
corresponds to the well-known structural damping factor frequently used
in vibration analysis. A harmonic component ei t  " - ) will propagate
in such a medium with a frequency-independent phase velocity c given by

00
c =7 1where (' 011l)(9

and a frequency-dependent absorption coefficient a specified as

a [41 ]2 with I. (10)+

An initial impulse of displacement at x = 0, represented by I, leads to
displacement

F (1+ 12 L) 2

U = IO 0 x c 0+_)+x2 with r = t_-c 71x -- (1l)[ 2 2

with a peak value urax of

uA it : T 
(12)

i A similar impulse of stress S results in the displacementI 5

a % +%
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U(XT) S (13)u ) 2 + 2c 2(1 ]+(15)
With the aid of Lighthill's method of characteristics, the variation of
peak strain with distance for an impressed exponentially decaying strain
pulse at the origin, given by eo e-Pt for t > 0, can be derived to first
order in 1/qo as

= e e (14)

A closed form solution has also been obtained using the method of
superposition for a pulse *(O,t) impressed at x = 0 in a medium, whose
attenuation coefficient can be expressed as (Ref. 37)

1

a(C) = b 11 where b = constant (15)

In this case the disturbance propagated from the exponentially decaying
source *(O,t = Ao e-Pt for t > 0 can be represented as

C --P, - )
*xt)--Ae c0 Re e ibxV%2-P Er bx + 1~t-~) (16)

0 (t -X , 1

A similar method has been employed to permit the retention of a linear
form of the wave equation, and hence the validity of the superposition
principle, by a suitable choice of frequency dependence of t0e adsorption
coefficients, based on a first-power law of attenuation (Ref. 36 !ow-

ever, it is not claimed that such a procedure will shed light o" tl-,o
actual mechanism of propagation in geologic materials.

Available information concerning the mechanical behavior of ro ks can
classified as data specifying either elastic, attenuating, or IVII-

nmamic properties. Although such sources are not abundant, the use kd
irterpretation of results in these categories must be approached witi
cai ton including due regard for the problems of reproducibility.
Fur'ermore, much of these data have been obtained under static: .luasi-
statc, or ultrasonic conditions in the laboratory, with the notale
except;ion of Ref. 15 and 22, the latter reporting a slight increa,', ia
the value of Young's modulus of 2.5% over the frequency range from 40 to
120 cpe for seven rocks, including diorite. However, no variation was
found in this parameter over the range from 114.0 to 11,500 cps in another

6



NAVWEPS REPORT 8117

study (Ref. 38). Most dynamic determinations have been performed in situ
using seismic exploration techniques, where knowledge of the character of
the medium is virtually absent.

Some data concerning the elastic constants and density of rocks may
be found in Ref. 39-43, while an exhaustive investigation of the mechan-
ical properties of randomly selected rocks has been undertaken (Ref. 44-
46) using standardized testing and sampling techniques c- laboratory
specimens. Longitudinal bar velocities were obtained by calculation
from the observed fundamental mode of longitudinal vibration and the
measured length and density of the specimen. Results of this type have
also been compared to field measurements of the arrival times of pulses
generated by shallow underground explosions (Ref. 47). Furthermore, a
host of experiment have been performed to determine the velocity of
propagation in roczs by ultrasonic techniques (Ref. 21, 48-50).

Although some earlier experiments have been performed to ascertain
the static compressibility of rocks ad minerals (Ref. 51 and 52)--where
the compressibility of most igneous rocks, including diorite, was found
to be essentially independent of pressure--the principal results con-
cerning the high-pressure behavior of rocks have only been obtained very
recently, employing the detonation of a high explosive in intimate con-
tact with the specimen and the measurement of both shock and particle
velocity. From these data, the stress and density extant in the mate-
rial can be computed by means of the hydrodynamic theory (Ref. 53).
Information has been obtained in this manner for gabbro, dunite, basalt,
granite, marble, rock salt, limestone, tuff, greywhacke, shale, and
concrete (Ref. 16, 74, and 55). Polymorphic transitions similar to
those found in metals under similar circumstances have been observed in
gabbro (Ref. 54); the effect of such changes on wave propagation phe-

nomena is discussed in Ref. 53. Otherwise no effort seems to have been
expended in correlating the microstructural behavior with the passage
of pulses.

SELECTION AND PREPARATION OF TEST MATERIALS

The selection of a diorite, an igneous plutonic rock, for the exam-
ination of the behavioral characteristics of a rock was made on a two-
fold basis. The grain structure of the chosen material is typical of
the medima- to coarse-grained crystalline or hypidiomorphic granular
rocks of the world. Thus any useful data obtained concerning the proper-
ties of a diorite should be reasonably applicable to other common plu-
tonic rocks with similar grain structure, such as granites, adamellites,
and the syenites. A plutonic rock was chosen for these initial studies
because such rocks are more uniform three-dimensionally than either
cediments or metamorphics, both of which are isisally planar in structure.

7
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The use of a massive plutonic rock obviates many of the problems of.
reproducibility and validity of sampling commonly encountered in studies
of the layered or planar geologic materials.

The specific choice of diorite as a representative plutonic rock was
based on the chemistry of the constituent minerals and on the over-all
internal structue& as well as on the form of available field occurrences.
The first feature is optimal since the rock lacks potash feldspar, a
mineral that wera . rapidly to clays upon exposure in outcrop and that
is also readily att'cked by deuteric fluids during the cooling history
of the rock. Selection of a diorite free of potash feldspar implies
that small, easily handled joint blocks from field occurrence could
serve as specimens and still be free of the weakening effects of chemi-
cal alteration due ',o weathering. The use of small joint blocks from
the outcrop was reqa)-,red to prevent pre-test damage to the grain struc-
ture by sledging or blasting, a serious problem in many commercially
quarried rock samples. The material selected was further checked for
possible internal grain boundary damage as the result of geologic proc-
esses by means of petrographic techniques. No measurable grain-boundary
crushing or deformation was noted, though some constituent minerals
(interstitial quartz) exhibited considerable strain. To investigate the
possibility of nonunifoim behavior of the test diorite as a result of
this or other unnoted strains, a set of cores were drilled in three
mutually perpendicular directions. Specimens from these cores did not
exhibit any directional properties.

The test diorite, like many plutonic rocks, contains scattered
inhomogeneities in grain size, though not in mineralogy. These areas of
inhomogeneity are fine-grained diorite that forms small xenoliths. The
presence of xenoliths in the test specimens was minimized by the small
size plus visual inspection and rejection of suspect samples. On the
basis of internal structure, mineralogy, uniformity of composition, lack

of preferred orientation of either minerals or internal stress, and the
presence of blocks of practical size for handling, the diorite chosen
was considered a valid and vorthwhile samplce. This material was found
in Wilson Canyon at this Station and forms a surface exposure measurable
in terms of miles.

The preparation of the specimens to be employed in the static and
dynamic tests was performed in such a fashion as to minimize possible
damage to the structure of the sample. The material collected at the
field outcrop consisted of naturally occurring joint blocks. Only
boulders of proper size were utilized in order to prevent shock damage
from sledging or blasting. The use of these small samples from the sur-
face of the ground does admit of the possibility of general grain bond
weakening through the process of temperature cycling, as the sample site
air temperature often fluctuates in excess of 50°F daily. After trans-
port to the laboratory, all material conceivably damaged by weathering
-was removed and the ends of the sample blocks were cut parallel by
trimming with a large diamond saw to a 12- by 12- by 24-inch size.

8
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The specimens were obtained by boring holes through the long dimension
of the block by means of an annular drill consisting of a diamond set
masonry bit mounted on a thin-walled extension tube without core barrel,

K which was hand fed at 900 rpm. The resulting rods were approximately
24 inches long with a diameter of 0.76-inch, round to within 0.001-inch as
drilled. The vibration from drilling may have caused some internal damage
to the grain structure during the drilling process. Thermal damage to the
specimen during this operation was mitigated by the combination of a large
flow of cooling water and a slow feed rate of the drill press.

Specimen breakage occurred as a result of the drill encountering small
fractures that had not been detected during the selection of the sample
block. A few rods also broke during handling after termination of drilling
due to the completion of fractures already present in the rock. The fin-
ished bars were trimmed square on the ends with a carborondum cut-off saw,
which induces less vibration than a diamond wheel, and were then ground
flat by hand with a 400 grit. All subsequent transport was accomplished
with the greatest care to eliminate the possibility of damage to
individual test rods by rough handling.

COMPOSITION AND GENERAL PHYSICAL PROPERTIES OF DIORITE SPECImENS

Diorite is defined as an intrusive rock composed of 5-50% dark miner-
als containing a plagioclase with a composition of oligoclase to andesine,
exhibiting a total feldspar content containing less than 5, potash feld-
spar, and with a total quartz and feldspar content of less than 5% quartz.
The samples of diorite used to form the test specimens contain 20% dark
minerals, andesine plagioclase, a total quartz and feldspar content com-
prised of 3-5% quartz and a total feldspar content containing less than
3% potash feldspar. The grain size is typical for intrusive rocks.
Scattered mineral grains will occasionally reach 5-6 mm in length, but
the average length throughout the rock is closer to 1--2 mm. Diorite
differs somewhat in its constituent composition from the related intru-
sive materials gabbro, quartz diorite, and granodiorite, but is identical
in mineralogy to the extrusive rock andesite which, however, is much more
fine-grained as a result of its much more rapid cooling history.

Structurally, the fabric of diorite consists of an interlocking mass
of dark minerals and plagioclase feldspar as shown in Fig. 1, which rep-
resents a virgin specimen. The dark minerals are predominantly subhedral
to nearly anhedral hornblende, a double chain silicate, and anhedral mag-
netite, an oxide with a spinel structure. The plagioclase feldspar,
andesine, is a three-dimensional network structure, showing prominent
polysynthetic twinning plus growth zoning and is present in subhedral
grains. The quartz present appears as anhedral interstitial fillings.
The grain boundaries of all constitutent minerals are sharp and free of
deformational textures (Ref. 56).

Table 1 presents physical properties determined for the test specimens
of diorite and also indicates typical values obtained for similar rocks
by other investigators.

9
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FIG. 1. Normal Grain Structure in Fresh Diorite
.Sppeimens Employed for Wave Propagation Tests.
(crossed nicols illumination.)
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EQUIPMENT, INSTRUI4NTATION, AND PROCEDURE

The apparatus employed for the Hopkinson bar experiments has previ-
ously been described in detail (Ref. 57 and 58). Briefly, a ballisti-
cally suspended rod of diorite or 2024-T4 aluminum alloy of 3/4-inch
diameter with a length ranging from 21 to 24 inches was subjected to the
longitudinal impact of a -inch-diameter projectile fired by means of an
air gun at a nearly constant velocity of 3,300 in/see. The hard-steel
bullets were either spheres or flat-nosed cylinders of !-inch length,
coD-terbored at the free end to maintain a constant projectile weight of
8.., grams. Strain pulses in the bars were detected by means of strain
gages of the FAP-12-12 foil or SR-4 wire resistance type, mounted in
pairs at opposite ends of a diameter at various stations of the bar, and
so connected as to eliminate any antisymmetric component of the transient.
The signals generated were transmitted to and photographed on the screen
of commercial oscilloscopes having a band pass ranging from direct
current to more than 1 megacycle. Each record was individually
calibrated.

The satisfactory employment of strain gages for nonmetallic materi-
als had been previously determined (Ref. 59). Since these gages were of
sufficient size to cover several grain boundaries, their application in
the present sequence of tests seemed to be warranted.

In view of a common triggering circuit for the oscilloscopes, the
velocity of propagation of the pulses could be determined accurately from
the arrival time of the first disturbance on each record. The interrup-
tion by the projectile of two light beams focussed on miniature photo-
cells located near the slotted muzzle end of the gun barrel permitted a
recording of the time of passage of the bullet on a counter with a micro-
second scale, providing an accurate monitor of the magnitude of the
impact velocity. The second photocell initiated the triggering signal
through an adjustable delaying circuit.

Specimens subjected to the collision of spherical projectiles were
suspended with their impact surface located ;ome distance from the muzzle
end in order to record the rebound velocity of the bullet by means of a
stroboscopic camera. Although this procedure proved to be successful in
the case of aluminum bars, the rebound trajectory of the projectile could

not be observed for the diorite specimens by this technique, attributable
either to obscuration of the field of view by the fragments invariably
emitted from the sample upon impact or to the negligible rebound velocity
of the bullet, or both. Since these data were to be employed solely as a
check of the magnitude of the impulse produced in the bar, it was not
considered worthwhile to complicate the experimental procedure by employ-
ing a high-speed framing camera for the determination of this parameter.
MeasvJrement of the rebound velocity ,as not ee ...... erd i thc cs4.s

involving the flat-nosed bullets where the specimens were placed as
close as possible to the muzzle of the gun in an attempt to achieve a

12
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reasonably plane impact condition. This sequence of experiments was con-
ducted with the object of achieving a faster rise time of the pulse, and
hence a different harmonic spectrum, than could be obtained with
spherical projectiles.

The aluminum alloy bars, whose properties had been previously inves-
tigated (Ref. 58), were used repeatedly in the experiments, a small
portion of the rod near the impact end being cut off and the new terminal
face being reground after each shot. No variations were observed either
in macroscopic behavior or microstructural pattern of the material as a
result of repetitive shocking provided the immediate region around the
small permanent crater formed by the collision was so eliminated. The
impact of spherical projectiles on diorite at the standard velocity of
3,300 in/sec resulted in complete disintegration of the collision end of
the rod up to a length of 3/4 inches from the point of contact, leaving
a highly irregular fracture surface on the remnant of the bar; however,
the distal end of the rod remained intact. In the case of flat-ended
projectiles, the same demolition pattern occurred at the impact end, but
the bar also fractured at an additional position as the result of the
action of the reflected tensile wave, indicating a more severe loading
condition under these circumstances.

Most of the tests involved the use of two strain gage observation
stations spaced 10.68 inches apart, the gages being located from the
ends of the virgin bar at nearly equidistant positions ranging from 5 to
6 inches. The data from a typical run are presented in Fig. 2. When a
once-shocked sample of the rock was to be used for a second experiment,
the bar was simply inverted in position; but for additional tests on
that particular specimen, the same cut-off and grinding procedure as
employed in the original sample preparation was followed. In two suc-
cessive impacts of the spherical projectile on the same specimen, five
observation stations were employed; here, the bar for the second test
was refaced at the impact end and placed in the same position as the
fresh specimen.

The suspected damage produced in the grain structure by the passage
of the pulses was subjectcd to examination by a comparison of both static
compressive stress-strain data and microscopic inspection of virgin and
shocked specimens. Extreme care was again exercised to minimize addi-
tional grain damage during preparation. Compression samples were cut
with a carborandum saw to the desired length and then wax-mounted on an
aluminum V-block for the additional removal of a 1/16-inch length from
each end by grinding, finishing with a 0.7-micron grit, to ensure the
absence of saw-damaged material. The specimens were then removed with
trichloroethylene heated to 800C, a temperature too low to produce
significant grain-bond weakening according to thermal shock studies
performed on this diorite, and subsequently air cooled.

All samples were ground parallel to O.OOOl-inc'i across a O.7(6-inch
diameter. Two lengths of test section were emloyed, 1.241 and

13
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4 4

'00 p sec

10-3 "/,

100 g sec

FIG. 2. Strain-Gage Data Obtained During the Impact of a I-Inch Diameter
Steel Sphere at a Velocity of 3,294 in/sec on a 0.76-Inch Diameter Bar of
Diorite. Strain ges (x) and (2) wer located 5.19 and 15.87 inches
from the impact point, respectively.
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1.005 inches, yielding length to diameter ratios of 1.6) and 1.32,
respectively. These values are intermediate to those recommended in the
literature (Ref. 44 and 60). Since variations in the compressive
strength of granite with moisture content had been shown to be small
(Ref. 44), no special effort was exercised to control this factor other
than to assure identical moisture content of the specimens at the time of
testing. The samples were loaded without a cap in a standard commercial
testing machine at the rate of 100 lb/sec, representing a value midway in
the range of 100 to hOO lb/in2 /sec, where published information has indi-
cated no change in results with loading rate for the same rock type
(Ref. 44). The swivel head of the testing machine was not locked in
position as suggested (Ref. 60), but was adjusted to be parallel to the
samples.

The examination of the internal structure of the diorite consisted of
the grinding of standard petrographic thin sections, 0.03 mm thick, fol-
lowed by microscopic inspection for shattered grain boundaries and frac-
tures. Care must be exercised in this interpretation to ensure that
breakage caused by grinding and mounting processes is not attributed to
stress-wave induced damage.

The contact explosion experiments were conducted by L:eans of the
donor-receptor arrangement sketched in Fig. 3, the thickness d of the
specimen being varied from 0.5 to 3.5 inches. The ..:plosive consisted of
composition B whose threshhold detonation pressure of 300,000 lb/in

2

served as the basis for the computation of the attenuation of the pulse
at the center of the specimen with variations in thicknesc. Shock
velocity measurements were carried out by means of a high-speed camera.

I DETONATOR

DIORITE 2" DIA. CYLINDER
SPECIMEN OF COMPOSITION B

THICKNESS 2" OIA. CYLINDER

/! F / 0F COMPOSITION B

FIG. 3. Sketch of a Donor-Receptor Arrangement

15j
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RESULTS AND DISCUSSION

The results of the dynamic investigations are summarized in Table 2
for both the diorite and aluminum specimens. The pulse data for diorite
are reported in terms of the measured peak strain, while comparable
information for aluminum has been converted to force, using a dynamic
Young's modulus equal to the static value of 107 lb/in

2 . Figures 4 and
5 show the respective effects of a spherical and a flat-faced projectile
striking virgin bars of the rock at comparable velocities; though the
amplitudes in the second case are considerably higher, the general pulse
shapes produced by the two types of bullets are similar. The strain-time
curves shown here are typical; their appearance consists of a rapid rise
followed by a decay until the effect of the pulse reflected from the free
end manifests its influence. The reflected transient generally tends to
produce a strain of opposite phase, but is sometimes preceded by a small
reflected compressive precursor. In some instances, the gages closest
to the impact point appeared to have been subjected to a permanent

strain before the arrival of the reflected wave.

RUN 3 2 ,.I ..
1"2.0 (FIRST SHOT)

z V3294IN C G(I) G(2)

ix WAVE ARRIVAL TIME AT G(2) RELATIVE
TO GI: 74.0 MIGROSECONDS

S1. 2

z 08 "

en 0.422

10.4

-0.8
0 50 100 150 200 250 300 350 400

TIME AFTER PULSE ARRIVAL, MICROSECONDS

FIG. 4. Strain-Time Curves at Two Stations of a Diorite Bar
of 0.76 Inches Diameter Resulting From the Impact of a !-Inch
Diameter Spherical Projectile Composed of Hard Steel at a
Velocity of 3,294 in/sec.
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RUN II ." .

-- I(FIRST SHOT) 05
24 - -- ',.5

0 V:3211 1 G (I) G(2)
•~ -.-

W~n2.0

g 1.6 , WAVE ARRIVAL TIME AT G(2) RELATIVE1. - TO G(Il): 73.7 MICROSECONDS

z
71.2

I-.8

4100 __ _ _

0 50 100 150 200 250 300 350 400
TIME AFTER PULSE ARRIVAL, MICROSECONDS

FIG. 5 3train-Time Curves at Two Stations of a Diorite Bar
of 0.76 Tnches Diameter Resulting From the Impact of a -Inch
Diameter Flat-Nosed Projectile of Hard Steel at a Velocity
of 3,211 in/sec.

Figures 6 and 7 present similar results for four and five gage sta-
tions, respectively, in a virgin and sbocked diorite bar subjected to
collision by a spherical projectile. A remarkable feature of these
diagrams is the fact that the amplitude of the reflected component
increases with distance during its traversal towards the impact end.
It is hypothesized that this phenomenon may be due to the presence of
stored energy in the grains titat is released upon arrival of the
reflected wave. The initial shape of the pulse can not be predetermined,
being controlled by the material properties and the fragmentation proc-
ess near the impact point as well as by the geometry and initial velocity
of the bullet. A logarithmic plot of the portion of the curves repre-
senting the incident wave indicated the existence of expopential decay
with a virtually constant attenuation factor of 0.93 x 10 sec - l + 7%.
An examination of the remaining data indicated a similar trend, independ-
ent of the bullet geometry, though a somewhat larger scatter in the
magnitude of the attenuation coefficient was obtained. In any event, no
dispersion of the initial pulse war observed w' h n the limits of
experimental error.
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2t RUNI 5 315", 35 1 3.5,1 35r 12171
(, (FIRST SHOT) -iii
2.0 v 3327S! G() G(2) G(3) G(4) G(5)

2 SEC
D WAVE ARRIVAL TIME RELATIVE

1.6 TO G(I), MICROSECONDS
Z STATION t=

\----_ I 1.2 G (3) 48.5
z 1.2 G )G() 7"G 0(8G5) 97 0

0 

"

-.4

0 50 100 150 200 250 300 350 400
TIME AFTER PULSE ARRIVAL, MICROSECONDS

FIG. 6. Strain-Time Curves at Four Stations of a Virgin
Diorite Bar of 0.76 Inches Diameter Resulting From the
Impact of a Spherical Hard-Steel Projectile of -Inch
Diameter at a Velocity of 3,327 in/sec.

On the other hand, this transient was subjected to drastic attenu-
ation in the traversal of the bar. An examination of the peak amplitudes
recorded at stations 1-4 in Fig. 6 and 7 indicated that this decay was
not linearly exponential, but varied more nearly as x "0 .55, where x is
the distance traversed in inches. The results from the station nearest
the free end were discarded for this purpose, since the pulse did not
fully develop at this position before the arrival of a reflected wave.
Any frequency dependence of the attenuation factor should be canceled
out by the conditions of pulse propagation. Since the strain-time curces
at all stations exhibit the same exponential decay, their Fourier spectra
and ratio of energy le.vels of their respective components will be identi-
cal, and the attenuation parameter should consequently be identical at all
positions. The ab,;ence of exponential attenuation was also indirectly
supported by the auxiliary data listed in Table 2 that, under the hypothe-
sis of linear exponential decay, exhibited attenuation factors ranging
from -0.02 to -0.13. According to Eq. 10, an average value of a, for
instance -0.1, would require a single equivalent frequency of the pulse
spectrun of 3,600,000 rad/sec to correlate with the value of W E/E cited
by Ref. 22 for diorite. This frequency is not only well above the
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recording capability of t ,, equipment, but does not seem to correspond
N to the dominant frequency of the pulse that, in view of the magnitude of

the decay constant, would apear to be more of the order of 10 kc. The
exponent of -0.55 does noi -"ovide the best fit for the remainder of the
data and is thus subject tu adjustment pending further investigation,
but the power law is a better representation of the complete set of
results than the exponential decay.

24RUN4 2 ;;2 07 43" 5 I35 2W
(SECOND SHOT)

S2.0 V=3253L GO) G(2) G(3) G4) G(5)

,_, WAVE ARRIVAL TIME RELATIVE~ 1.6 MIiO G CII, ,4ICROSECONDS
o STATION

1. G(2) 34.0
1.2) G 62.3

G(4) 88.0
0. 8  

G (5) 106.5

z

-

-0.81
0 50 100 150 200 250 300 350 400

TIME AFTER PULSE ARRIVAL, MICROSECONDS

FIG. 7. Strain-Time Curves at Five Stations of a One-Shocked
Diorite Bar of 0.76 Inches Diameter Resulting From the Impact
of a Spherical Hard-Steel Projectile of 1-Inch Diameter at a
Velocity of 3,253 in/sec.

To assess the effects of dispersion resulting from the three-
dimensional nature of the bar, some auxiliary experiments were conducted
under identical conditions on 3/-inch-diameter bars of 2024-T4 aluminum
alloy, a material that had been previously subjected to extensive inves-
tigations involving pulse propagation (Ref. 57 and 58). The results of
these "calibration" tests are shown in Fig. 8 and 9; the transient pro-
duced by the spherical projectile was transmitted between the measuring
stations virtinaly intact. with a loss of less than 5% of the impulse.
A larger dispersive effect was observed in the case of the cylindrical
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bullet, though the goneral pulse form was still preserved. The reduction
in amplitude even in the seconl instance can not begin to account for the
attenuation observed in the diorite bars, which must consequently be
attributed to an internal frictional mechanism such as relative sliding
along the grain boundaries.

14- RUN16 - -- D" 6.05 10.68"

12 8 - - -.
V 3278'N/ GO) G-0

CIo)
tu 6

Q_ - 6(2)

2-

- -

0 4 8 12 16 20 24 28 32 36 40 44
TIME AFTER WAVE ARRIVAL, MICROSECONDS

FIG. 8. Force-Time Curves at Two Stations in a 3/4-Inch
Diameter 2024-T4 Aluminum Alloy Bar Resulting From the
Impact of a I-Inch Diameter Hard-Steel Spherical Pro-
jectile at a Velocity of 3,278 in/sec. Observed change
of momentum of the bullet: 0.177 lb-sec. Impulse
recorded by gage (1): 0.174 lb-sec. Impulse recorded
by gage (2): 0.168 lb-sec.
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RUN 17 j ._" 58f'61'"

-I -

.16 V=2 , G C GOI) G2

i4-

101

oU

68

2-

-2E W LI L .
0 4 8 12 16 20 24 28

TIME AFTER WAVE ARRIVALMICROSECONDS

FIG. 9. Force-Time Curves at Two Stations in a 3/4-Inch
Diameter 2024-T4 Aluminum Alloy Bar Resulting From the
Impact of a !-Inch Diameter Hard-Steel Cylindrical Pro-
jectile With a Flat Nose at a Velocity of 3,213 in/see.
Initial bullet momentum: 0.153 lb-sec. Positive
impulse recorded by gage (1): 0.150 lb-sec. Positive
impulse recorded by gage (2): 0.146 lb-sec.

In view of the experimental evidence, some conclusions can be drawn
concerning the applicability of the various proposed models previously
discussed in Summary of Previous Investigations. The Kelvin-Voigt solid
or other types of viscoelastic models must be rejected as suitable repre-
sentations for the diorite, since all of these models will exhibit dis-
persive characteristics in contrast to the observed results. The same
objection applies to the use of the hypothetical substance defined by
Eq. 15 and 16. The solid friction mechanism expressed by Eq. ' is "ar
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more acceptable in view of the absence of dispersive features, but, pend-
ing additional study, the exponential decay and frequency dependence
stipulated by Eq. 10 and the analogous result predicted by Eq. 14 may
need to be adjusted. A proper model for the diorite must incorporate
the features of absence of dispersion and an attenuation most likely
based on some power of the ratio of travel distance to bar diameter.

The velocities of propagation of the pulse presented in Table 2 are
uniformly consistent for the virgin bars at a value of 144,000 in/sec +
1.5%. This magnitude is somewhat less than that reported for other
diorites, which were determined by the resonant frequency method--though
in the range of some granites--and considerably smaller than values
determined from field tests. However, the discrepancy between field and
laboratory tests is not unique (Ref. 47), since ratios of better than 2
to 1 have been reported for substances very similar to the diorite
employed ii the present investigation. This difference is presumably
due to the absence of a controlled medium and the effect of confinement
in the field. On the basis of the quoted measurement, the computed value
of the "dynamic" Young's modulus for the diorite is 5.5 x 10 lb/in2 . A
consistent trend can be observed from the data of Table 2 in that succes-
sive shocks in the rock result generally in lower velocities of pulse
propagation, indicating a reduction in the modulus with number of colli-
sions, as the porosity and hence density of the material remained
invariant (except for minor changes resulting from the formation of
microfractures). An examination of the data from Run 2, a specimen
previously subjected to an impact, reveals that the velocity of propa-
gation increased in sections successively further removed from the
original collision end, indicating that the reduction in modulus and
thus strength also depends upon location relative to the point of prior
contact. This feature is responsible for the observed variations in
strain amplitude exhibited by specimens previously subjected to the same
number of shocks.

Corroborating evidence of the existence of significant shock damage
were obtained from static compression tests and microscopic examination
of both virgin and shocked specimens. Table 3 presents a compilation of
the compression test results. Three unshocked samples, E-l, E-2, and
E-3--two being cut from the same rod, the third being selected at random
--yielded essentially identical ultimate strengths of 31,800 lb/in2 + 2%.
Specimens C-l, D-1, and D-2 were removed from a single rod that had been
subjected to an impact at each end by a spherical, projectile traveling
at 3,300 in/sec. Samples D-1 and D-2 were cut from the strain-gage
stations of the rod and exhibited essentially identical strengths of
20,678 lb/in2 and 21,053 lb/in2 , while the third sample, which displayed
a considerably lower value of 17,467 lb/in2 , was cut from a section
immediately adjacent to an impact end.

23
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TABLE 3. Summary of Compression Data

Sample Length, Diameter, Area, Load to Breaking Previous Impact

no. in. in. in2  failure, strength, shocks, velocity,
lb lb/in2  no. in/seca

5,285,
A-. 1.0067 0.7659 0.461 12,500 27,115 2 3,300

A-2-2 1.0055 0.7660 0.461 13,000 28,200 1 3,285
B-1 1.2400 0.7613 0.455 13,000 28,571 1 3,300
C-i 1.2411 0.7633 0.458 8,000 17,467 2 3,300
D-1 1.2427 0.7626 0.457 9,450 20,678 2 3,300
D-2 1.2396 0.7616 0.456 9,600 21,053 2 3,300
E-1 1.2392 0.7604 0.454 14,700 32,379 0 .....
E..2 1.2410 0.7653 0.460 14,4oo 31,304 0
E-3 1.2410 0.7662 0.461 14,550 31,562 0

a -in.-diameter steel sphere.

Additional rods were tested to further verify these results. Two
singly shocked rods, samples B-1 and A-2-2, also yielded nearly identical
values of 28,571 lb/in2 and 28,200 lb/in2 , respectively, somewhat lower
than that of the virgin material. The second of these specimens was sub-
jected to a second impact after which a test section A-1 yielded a
strength of 27,115 lb/in2 . All of these changes in ultimate strength

are in the direction of lowered sample strength with increasing number
of impacts and also with increasing proximity to the impact point,
resulting in a distinct weakening of the material. The validity of the
change in strength between samples A-1 and A-2 is considered to be
particularly strong since the same rod was employed for both specimens.
The individual r'Ss were found to perform quite uniformly in the
compression tests.

Figure 10 presents load-deformation curves for samples E-l, D-1, C-1,
and B-i, showing the variations in response as shocking history is varied.
The tangegt modulus of the unshocked specimen corresponds to a value of
5.06 x 10 lb/in2 , approximately 10% lower than the corresponding dynamic
value. Although metals apparently exhibit the same elastic modulus under
both static and dynamic conditions at moderate pressures, the increase in
modulus observed for the diorite may well correspond to the observed
increase in strength of metallic substances in the plastic range under
dynamic conditions. Specimens D-1 qnd C-1 yielded values of the tangent
modulus of 3.32 x l06 and 3.06 x 100 lb/in2 , respectively, representing
a reduction of lmost 40% of this parameter from that of the virgin
specimen. The significant decrease in both ultimate strength and tangent
modulus of the shocked material emphasizes the seriois nature of the
damage produced in the grain structure and bonding elements. This effect
also accounts for the lower velocity of pulse propagation in shocked and

24
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refaced diorite bars. The concept was further confirmed by microscopic

examination. Figure 11 is a typical microphotograph of a thin section

located 1 f- inches from the point of impact, which clearly exhibits anumber of microfractures not present in the virgin material (Fig. 1).

Any grain damage beyond this region was too subtle to show in the
specimens utilized. This fracturing process is one of the principal

mechanisms of energy dissipation resulting in pulse attenuation. All

these results clearly indicate the presence of a new material after

each shock, and attempted reuse of each sample by refacing the impact

ends must be approached in the light of this situation.

15.0 50 -E-I(FRESH)

.5 B-I (ONCE-SHOCKED)

D-I (TWICE-SHOCKED)

/ (TWICE SHOCKED,

< NEAR IMPACT)

0
- 5.0

2.5

0
0 0.005 0.001 0.015 0.020

DEFORMATION (I "=0.005")

FIG. 10. Comparison of Load-Deformation Curves

for Diorite Subjected to Different Conditions

of Repeated Impact.
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1mm

FIG. 11. Photomicrograph of Portion of Once-Shocked
Diorite Rod Adjacent to the Point of Impact and
Showing Development of Microfractures.
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The average velocity of propagation of explosively induced shocks in
diorite for specimen thicknesses in the range from 2 to 3 inches was
found to be 282,000 in/see, corresponding to an incident pressure in the
sample of about 5 x l0 lb/in2 . The velocity of propagation in
2024-Tk aluminum alloy under the same conditions of incident pressure
was found to be 296,000 in/sec (Ref. 61). The ratio of propagation
velocities at this high pressure to that at the moderate pressures
encountered in the pulse propagation produced by impact loading of a
projectile for diorite is hence equal to 1.96, while that for aluminum
is only 1.44, indicating a considerably greater compressibility of the
diorite. The total attenuation of the shock wave pressure in a diorite
specimen 2.78 inches tnick between the centers of the two interfaces was
found to be 3.98 x 106 lb/in2 , though the greater portion of this
attenuation must be attributed to lateral expansion of the wave.

' NCLUSIONS

1. Repeatable and consistent data can be obtained in specimens of
rock provided sufficient care is exercised in the selection and prepa-
ration of samples. The results obtained concerning pulse form, velocity
of propagation, and grain bond damage in diorite rods of 3/4-inch
diameter due to the impact of .1-inch-diameter steel projectiles at a
velocity of about 3,300 in/sec exhibited little scatter and could betreadily interpreted.

2. The pulse form produced in the rock is not directly controllable
and its shape is not significantly influenced by projectile geometry.
The pulse propagates without dispersion and with an attenuation propor-
tional to some power of the ratio of distance traversed to bar diameter.
A solid-friction type of mechanism accounts for the first feature, but
may require some modification to properly represent the observed
attenuation phenomenon.

3. The ultimate strength of the diorite and its static Young's
modulus decrease in direct proportion to the number of impacts previ-
ously experienced by the specimen. The damage to the internal structure
is a function of this parameter as well as to the proximity to the impact
point. The velocity of propagation, and hence the dynamic Young's
modulus are also lower in a shocked specimen of the rock.

4. Under identical loading conditions, the rock selected exhibits
drastically different characteristics from an aluminum alloy used as a
reference with respect to pulse form and manner of propagation, change
in mccha cal properties , mirocpic damage, and compressibility.
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