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ABSTRACT. This study is on the transmission and decay of pulses pro-

duced by impact in a very coarse-grained leucogranite, a fine-grained
spessartite, and a fine-grained to aphanitic basalt.

For most tests, ballistically suspended Hopkinson bars of these
rock materials, 0.845 inches in diameter and 18 inches long, were
subjected to longitudinal impact by i-inch-diameter hardened steel
spheres at an initial velocity of 3,250 + 1.5% ips. Strain gages
attached to the specimens at variLtas stations recorded the shape and
velocity of propagation of the resultant wave in the rock rod.
Similar experiments were performed on an aluminum alloy rod of iden-
tical size to assess the magnitude of the dispersion resulting from
the three-dimensional character of the rod. The nature of the pulse
transformation during passage permits an assessment of the validity
of various models proposed for geologic substances in the field of
seismology. Static tests on virgin and shocked rods were generally
found to agree with predicted effects of stress wave passage on the
rock structure. These effects include compressive-strength loss in
the impact end and tensile-strength loss in the distal end as the
result of oriented fractures and a general lowering of the static
Young's modulus. Although these studies were conducted on rock, the
general concepts developed are fully applicable to an understanding
of the dynamic behavior of artificial granular brittle solids, such
as explosives and concrete.
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ITRODUCTION

Rocks, in contrast to metals, are generally regarded as brittle,
macroscopically inhomogeneous, anisotropic materials. As a consequence,
the reproducibility of tests for the determination of the physical prop-
erties of rocks has frequently been questioned. However, asshown in a
previous study, the careful selection and treatment of rock specimens
can greatly reduce the degree of variation in experimental data (Ref. 1).
If rock specimens are chosen from the same rock classification, the same
general geographic location, and with the same general structural orien-
tation within the source mass, the subsequent te3t results will be as
consistent as for metals of a specific composition and prescribed mechan-
ical and thermal treatment. In addition, care is required to ensure that
all rock samples to be compared receive the same handling and preparation
because rocks are very sensitive to damage due to shock or vibration.
These precautions are no more co.nplex than those faced by the user of
metal s:tples, who must provide complete specifications including even
the company of origin when detailed test correlations are desired.

A previous investigation on diorite, a typical granitic igneous rock,
was concerned with stress pulse propagation in a Hopkinson bar loaded by
the central longitudinal impact of a steel sphere. Very interesting
differences were observed between the initial shape and subsequent meta-
morphosis of the pulse during passage along the rock rod and the corre,
sponding behavior in an aluminum rod of the same size, tested under
identical conditions. In view of this observed disparity, the present
investigation was conducted to determine if these differences could also
be found in other rock fabrics. To decrease the number of variables, the
tests were limited to igneous rocks of various grain sizes and compositions.
As in the case of diorite, an analysis of the test results was carried
out to attempt the construction of a simple phenomenological model of
material behavior. Static tests were conducted on both virgin and shocked
specimens to assess the effect of stress wave passage in the various rock
fabrics employed.

Three different igneous rocks, spessartite, basalt, and leucogranite,
were employed in this investigation. Pertinent results from the previous
studies in diorite are included in the discussions for completeness.
These rocks represent a wide spectrum of common igneous fabrics, involving
large differences in texture and composition. As a standard, specimens
of aluminum alloy 2024 T-4 were tested under the same conditions to
establish the magnitude of the dispersive effect for a longitudinal pulse
in an elastic rod of identical diameter.
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SUMMARY OF PREVIOUS WORK

Stress waves in solids at Lominal stress levels may be divided into
three major classes: elastic, viscoelastic, and plastic. The mathemati-
cal theory of stress wave propagation in elastic solids was developed by
Pochhammer, three, Rayleigh, Kelvin, and others during the latter part
of the 19th century (Ref. 2 and 3). After that, the field remained
virtur'ly 'nz-."hed for three decades, with the exception of a few scat-
tered papers. After 1950, some signs of revival began to ap.,iar and
during the 1940's, various significant developments occurred including
the advancement of theories of plastic wave propagation by KMrmn, Taylor,
and other investigators (Ref. "-6). After 1950, steadily increasing
attention was devoted to this area and both general theory and experimental
techniques were covered in a number of books and survey papers (Ref. 7-13).

The Hopkinson pressure bar test was first initiated by Hopkinson in
1914, and then further developed by Robertson in 1921, and by Landon and
Quinney in 1923 (Ref. 14 and 15). In 1948, Davies critically examined
and further improved this test, which has since developed into a method
frequently used in finding the dynamic properties of materials (Ref. 16).
Using the Hopkinsen pressure bar principle, Rint'hart found the dynamic
tensile strength of mild steel, Kolsk~y and Shi tested glass and plastics,
and Bacon determined the dynamic tensile strength of basalt and sandstone
(Ref. 17-0).

Fracturing of rock by means of explosively generated high-amplitude
pulses has been studied by Grine who found that the high porosity in rock
produced a large attenuation effect that resulted in destruction of the
porous test material at stress levels much cmaller in relation to their
static strength than for nonporous rocks (Ref. 21). As examples, a
graywacke with 0.15% porosity was not damaged by a compressive pulse with
an axial stress of 6.7 times the static compressive strength of the rock,
but more porous media such as limestone (0.8%) and concrete (3%) were
destroyed by dynamic axial stresses with amplitudes less than 2 times
the static strength of the materials.

Bruckshaw and others determined the variation in elastic constants
for sandstone, oolitic limestone, shelly limestone, granite, dolerite,
and diorite in the frequency range of 40-120 cps (Ref. 22). Differences
of 2 *o 2.6% were observed in the dynamic elastic constants between the
two extremes of frequency employed. The variations tended to increase
at lower frequencies and to decrease at higher frequencies. At higher
frequencies, the frictional loss of energy per cycle 6u/u was essentially
independent of frequency while the harder, more compact rocks, such as
the igneous rocks, had lower values of Au/u.

Attewell has studied the response of rocks to high stress levels using
explosives as the energy source (Ref. 23). Attewell's results were based
on the use of thin cylindrical slicee of rock placed between two portions
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of a Hopkinson bar of metal and upon the use of long rods of rock in a
Hopkinson-bar configuration. Stress-strain and strain-time curves were
obtained from the long rods using radial and parallel capacitance gages.
Two dolomites, Tunstead limestone, Darley Dale sandstone, Carrara marble,
and granodiorite were tested, and the results indicated to Attewell that
the rocks exhibited a viscoelastic behavior that included considerable
nonrecoverable hysteresis during the priod of the incident pulse.

THEORETICAL CONSIDERATIONS

WAVE PROPAGATION IN AN ELASTIC BAR

The propagation of pulses in a circular elastic bar of infinite extent
has been analyzed by Pochhammer and Chree according to the exact, axi-
symmetric equations of elastodynamic. (Ref. 2 and 3). Three types of
waves werc found to exist for harmonic pulses: longitudinal or symmetric,
flexural or antisy-_aetric, and torsional, and each exhibits an infinite
spectrum of modal shapes. More recent theoretical investigations have
also pointed to the possibility of the presence of coupling among these
kinds of wave types, to the existence of coupling among several modes of
a single wave type, and to the poss:ble occurrence of complex wave
numbers, which characterize a transient with an amplitude depending upon
position (Ref. 24 and 25). Comparable solutions have not been obtained
for a bar of finite length, nor for the case of transient pulse propaga-
tion. Despite this, the Pochhammer-Chree relations have been employed as
a standard in the examination of wave phenomena on the basis that pulse
propagation in finite bars should embody most of the essential character-
istics of wave propagation in the infinite r.odel. Thus, predictions of
the propagation of nonharmonic transients could be accomplished either by
the superposition of its harmonic constituents as obtained by a Fourier
analysis of the pulse, or by the method of stationary phase that traces
certain aspects of pulse propagation on the basis of interference and
reinforcement of various harmonics (Ref. 16).

The examination of numerous experimental results has indicated that
separation of the components of these types of waves is possible by proper
methods of pulse generation and measurement. In addition, the test bars
-rill principally respond in the fundamental mode of motion of one or more
of the previously cited wave-types in virtually all physical situations.
The Pochhammer-Chree relations indicate that longitudinal waves propaga-
tirn in any bar of finite diameter will disperse. Thus each harmonic
component of such a wave will propagate with its own characteristic
velocity c that depends only on the rod radius, a, and the wave length, A,
or alternatively the frequency, w. With these concepts, a dispersion
curve can be constructed as shown in Fig. 1 for the first three modes of
longitudinal motion, providing a ratio of the phase velocity, c, to "rod"

3
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FIG. 1. Phase Velocity of Longitudinal Waves in Cylindrical
Rods of Infinite Length (Ref. 15).
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velocity, co = where E is Young's modulus, and p is the mass
density in terms of the ratio a/A of a particular harnonic component.

In principle, the analysis of the propagation of waves in an elastic
bar is possible by means of this exact theory but the mathematical com-
plexities involved render such a treatruent virtually impossible for the
reduction of experimental results. Instead, such data are usually
analyzed by means of a one-dimensional theory. The case of longitudinal
motion is of principal interest and results in the following well-known
equation:

2 a2u ,2 u 2 • _ = 2 ac - - or c_-- _- i
0 7x 2  Tt 2  o _x2  at 2

where u and 0 are the longitudinal displacement and stress, and x and t
are the coordinate in the direction of propr.gation and time, respectively.
Equation 1 is based u:1 the assumptions that plane cross sections remain
plane, that the stress distribution irý uniform across the rod, and that
the effects of radial inertia and transver.;e shear can be neglected.
One-dimensional equations of motion incorporatin.g the last two effects
have also been developed, rcsulting in corresporndingly more complicated
relations.

Equation 1 predicts the propagation of a pulse without disr :sion,
where each harmonic component propagates with the same bar velocity co.
The utility of the Pochharmmer-Chree relations arises from the possibility
of gaging the validity of the elementary theory with respect to disper-
sion. By performing a Fourier analysis of a typical pulse, the frequency
of the harmonic component of largest energy content can be determined and
a maximum bar size ascertained that car, be used with iny desired sm3al
amount of dispersion of this component.

Although the higher harmonics of the pulse will exhibit a greater
degree of such dispersion, their corresponding affect on changes in the
pulse shape will be minimized due to their relatively much lower ampli-
tude. Thus, the elementary theory can be employed for the pulse analysis
with a predetermined margin of error.

A pulse analysis was carried out for the strain-time curve obtained
at station G-1, shown in Fig. 17 in a later section, which represents the
shortest pulse duration encountered and is, therefore, the most sensitive
with regard to dispersive effects. From Fig. 1, a maximum value of
a/A = 0.08 is obtained in order that thr phase velocity ratio c/cO be
greater than 0.99. For the run being used as an example, the observed
period of the main portion of the pulse T, was 10 4sec, and the corre-
sponding measured rod velocity co was 231,000 ips. With this information,
the maximumn permissible rod radius for this amount of dispersion can be
obtained as follows:

5



NAVAWES REPORT 8134

= Tc (a/A)(c/co)

= 30 x 10-6 x 231,000 x 0.08 x 0.99

= 0.549 inches

Thus a rod diameter of 1.098 inches would be fully acceptable for this
amount of dispersion. In the present investigation, the maximum rod
diameter employed was 0.845 inches, indicating that in the spessartite,
with areax = 0.549, and in the aluminum, with aeax = 0.485 inches, the
amount of dispersion for the fundamental component in both materials was
less than l1. Although shorter wavelength components will be subject to
greater dispersion, this problem is far less serious than if a greater
tolerance had been permitted for the fundamental harmonic. If a period
of 2 T is employed to more accurately represent the pulse in a symmetrical
form, as shown in Fig. 2, an even lower magnitude of the dispersive effect
is obtained. From these indications, the elementary theory can be reison-
ably applied in the present studies with a relatively small amount of
distortion due to geometrical dispersion, which is of vital importance
in the analysis of the data.

SIMPLE MACROSCOPIC MODELS OF MATERIAL BEHAVIOR

The preceding description of the propagation of longitudinal elastic
waves is a good approximation for the propagation of this type of tran-
sient pulse in most metals, especially in the type of aluminum used in
the calibration bar, providing the yield point of the material is not
exceeded. The mechanical model of such a substance is a simple linear
spring, with the corresponding constitutive equation given by the
one-dimensional stress-strain relation

S= Ec (2)

where C is stress, and e is strain. Other types of substances, including
most natural materials, exhibit time-dependent or dissipative mechanisms
including internal friction, and require the stipulation of a more com-
prehensive constitutive relation to account for the loss of energy during
stress wave passage.

One of the principal aims of the present investigation is the delin-
eation of an appropriate model for the various rocks tested. For those
not familia: with this subject, some of the more common mechanisms that
have been used to represent various groups of nonmetallic substances are
briefly described and discusseu.

The most frequently employed anelastic model for" geological materials
is the Kelvin-Voigt solid, whi-h is a two-element viscoelastic system and
is represented by the spring-dashpot configuration shown in Fig. 3. The

6
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one-dimensional constitutive equation and the corresponding relations for
one-dimensional wave propagation for this type of material are given by
the following equations:

E (3)1 ldt

a2u +i 1 ia2u
x2 1 t2(

0

The spring constant E1 and the viscous damping coefficient Tl are assumed
to be constant for a given substance. The equation of motion (Eq. 4) is
satisfied by a plane harmonic component of the form:

u = Uoe'Co ei(pt - fx) (5)

where p is the natural frequency and f is the wave number. The foregoing
is proper provided the phase velocity c = p/f and the attenuation
coefficient a are determined by the relations:

c 2 [i(l + C2)(A+- -. )j with t = El (6)

and

For values of 1< 1, c/co - 1 and a _ hTp2 )/(2coEl),the equations yield
attenuation proportional to the square of the frequency of the component
without disersion and for large values of 9, c/c 0 (E) and
a• 1/co /(Elp)/(271), the equations describe a dispersive propagation.
The Kelvin-Voigt solid has been investigated under a variety of initial
and boundary conditions but the only real rock material found thus far
which approximates the attenuation and dispersion requirements for this
model is the Pierre shale of eastern Colorado (Ref. 26-08).

E,

" APPLIED STRESS
E, = SPRING CONSTANT
?1 : VISCOUS DAMPING COEFFICIENT

FIG. 3. Kelvin-Voigt Solid.
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Another two-elzment viscoelastic body is represented by the Maixwell
solid as shown in Fig. 4. The one-dimensional constitutive equation and
one-dirnnsional wave equation for the Maxwell solid are as follows:

+1dt de 
(8)

115

2u 1 a2+ El (9)

where E1 &nd 11 are again constants. Equation 9 is satisfied by a harmonic
component of the form given by Eq. 5 provided that

')2= 2C2 A 1]c with 9= pr (10)
c 0  El

and

0

Dispersion occurs for values of 9 << 1, c/co - (2a1p)/(E1 ) and ca p/co
while dispersion is absent with g >> 1, c/c 0 - a, and a E1/2 lc, and
the attenuation coefficient remains constant. To date, no geologic
material has been found that is reasonably well represented by the
Maxwell model.

APPLIED STRESS
l SPRING CONSTANT

17, VISCOUS DAMPING COEFFICIENT

FIG. 4. Maxwell Solid.

A combination of the Kelvin-Voigt and Maxwell models leads to the
standard linear solid shown in Fig. 5. The cor.5itutive relations for
this material are given by

"E dt (E + E ) d (12)

9
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or, alternatively, by -El (t - d

a a E2c+ E I e F- dT (13)

where T is variable of integration. A generalization of the standard
linear solid, accounting for nonlinear behavior, is known as the Boltzman
model. This model is mathematically described by the relation

0 = f (6) + 0(t - ,) de dT

The characteristic constants or functionals occurring in the equations
of material behavior are normally obtained from creep, relaxation, and
steady-state dynamic load tests.

7E,

E,

a . APPLIED STRESS
EI,E 2 SPRING CONSTANT

v) VISCOUS DAMPING COEFFICIENT

FIG. 5. Standard Linear Model.

A model that seems to hold high promise for a reasonably accurate
description of the major features of many geologic materials is the
representation involving structural damping shown in Fig. 6 (Ref. 29 and
30). In this model, the damping force is given by Ehx with h being a
nondimensional constant. The constitutive relation for harmonic com-
ponents and the wave equation for the one-dimensional case are now given
by:

0= E Elh dc (14)1 =EI + Tp, Idt

and

L p )1 2u c a2u (15)
[l~ ~_ +TT"'t '-'i:c2 at 2

0

10
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In these equations the absolute value of frequency, p, is utilized to
take care of both positive and neGative com~ponents of the Fourier
spectrum of the pulse. Equation 15 is satisfied by the wave form repre-
sented by Eq. 5 and propagates without dispersion with a phase velocity c,
given by:

here 1=[ ( I l+ hiJ 2 (16)

The attenuation coefficient a is, however, frequency dependent and is
giver, by:

cx=[1+~j~ with =[.- +4 Th~ (17)

These equations reduce to ordinary elastic wave propagation for h 1i,
c/co * 1,, a - 0. The previously reported investigations in diorite have
shown that pulse propagation in a dioritic material conforms well to the
nondispersive character of this model.

h

° I .........Ao

APPUED STRESS
E, : SPRING CONSTANT
h g NONDIMENSIONAL CONSTANT

FIG. 6. Structural Damping Model.

Other types of solids utilized in studies of this type include the
St.-Venant model, shown in Fig. 7, the four-element model shown in Fig. 8,
and the Bingham model shown in Fig. 9. The St.-Venant model entails
strain which is linearly elastic until the attainment of a critical value,
the yield strain, beyond which the model provides perfectly plastic
behavior. The four-element mechanism provides for instantaneous and
delayed elasticity and viscous flow and consists of the coupling in series
of a Kelvin-Voigt and a Maxwell solid. The Bingham model is a modifica-
tion of the St.-Venant configuration and acts as an elastic body below
the yield point, but for loads in excess of the yield point a constant
load produces a steadily increasing strain.

Ui
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a z APPLIED STRESS
a YIELD STRESS

El SPRING CONSTANT

FIG. 7. St.-Venant Model.

E,

" APPLIED STRESS
EIEg: SPRING CONSTANT
111, 172 VISCOUS DAMPING COEFFICIENT

FIG. 8. Four-Element Model.

El~

o' , APPLIED STRESS
2 YIELD STRESS

VISCOUS DAMPING COEFFICIENT
Ea SPRING CONSTANT

FIG. 9. Bingham Model.
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SELECTION AND PREPARATION OF TEST SA14PLES AND
THEIR =ERAL PHYSICAL PRIWERTIMS

Test materials for this experimental program were chosen to represent
igneous rock fabrics that are common on a world-wide basis. Four mate-
rials, basalt, spessartite, diorite, and leucogranite, were selected that
range from very fine-grained to quite coarse-grained textures. All of
these rocks have the same gross mineralogic structure and all exhibit the
same general mode of grain-to-grain bonding. They are also similar in
chemical composition except for the leucogranite, which is potassic. By
restricting the praqent study to ignemis roc'±, the petrologic variables
are sharply reduced from situations where mixtures of sedimentary and
metamorphic fabrics are compared with igneous rocks.

SAMPLE PREPARATION

All of the sample rocks were collected from field outcrops within the
confines of the U. S. Naval Ordnance Test Station at China Lake,
California. To prevent structural damage to the samples as the result of
sledging or blasting, only -natural boulders of the proper size were
selected. To avoid material damaged by weathering and temperature
cycling, the outer portions of the boulders were removed by diamond
sawing.

Test specimens were obtained from the resulting blocks by means of
conventional core drilling, using care to avoid excessive heating or
vibration of the sample. Transportation of the sample rods from the
preparation laboratory at China Lake to the dynamic test laboratory at
Berkeley was controlled to prevent accidental shocks previous to impact
testing.

All test rods were cut to their finished diameter of 0.845 - 0.003
inches when initially core drilled. The ends of the test rods were faced
perpendicular to the longitudinal axis of the rod to yield a standard
length of 18 inches, except for a few rods cut to a length of 14 inches.
Additional extension pieces were provided to lengthen some of the rods,
serving either as frontal protectors or as wave traps at the distal end.
The frontal protectors were used to permit repeated collisions for the
same rod without shortening due to impact end shattering. The wave traps
were used to minimize reflected pulse interference at the distal-end
strain-gage station and also to prevent fractures in the distal portion
of the rods. Although the frontal pieces were usually of the same mate-
rial as the test rod, some aluminum was also used. In repeated shocking
of a single rod, the impact end was refaced after each collision to
remove the fractured portion. Both the frontal protectors and the wave
traps were connected to the test rods by means of Eastman 910 glue.

1;
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Static compression test sampl.es of virgin rock were ob'sained by core
drilling in the seaie manner as the long test rods. Ccaupressive static
tests were carried out on a standard laboratory testing mrnchine. The
ends of the compressive samples were grourt parallel to each other with

a deviation of 0.0005 inches across the 0.d43-inch s=tzple diameter, using
50-micron grit. The loading rate for corpressive testing was 200 lb/sec.
The corresponding strain was recorded by means of an. extensometer. The
use of an extensometer between press platens occasionally yielded inex-
plicable random high values, which were eliminated by measuring between
the sample ends rather than between the platens.

Itnsile test Eamples were also obtained by diamond drill coring,
using either the test-rod diameter, or in the case of very strong and
uniform materials, a smaller sample diameter. Tensile tests consisted
of Joining the test cylinder to small steel holders with HY3SO. Epoxy
Patch Kit 6-C. The upper holder was attached to an overhead beam by a
cable and the lower carried a freely suspended pan, which was loaded with
lead shot. Loading was at 25 lb/min in 25-pound increments, which per-
mitted some indication of the time effects on the ultimate strength of
the rock materials.

MATERIALS

BASALT. A basalt is defined as an extrusive rock with 5-50% dark
minerals; a plagioclase feldspar with a composition of labradorite to
bytownite; a total quartz and feldspar content that is less than
5% quartz; and a total feldspar content that is less than 5% potash
feldspar. The basalt employed as a test material in this study has a
density of 2.72 g/cc and consists of medium-grained to fine-grained
phenocrysts (0.5-1 rmm) set in an extremely fine-grained to glassy ground
mass (less than 0.05 mm). This material, based on phenocryst composition,
is 10% dark minerals, has a plagioclase with the composition of labra-
dorite, and contains no potash feldspar. The basalt employed in these
tests is described in detail as Sample 62 in Ref. 31.

To ensure a reasonable degree of uniformity in the basaltic samples,
all core specimens for the dynamic tests were taken parallel to the flow
plane of the basalt and in a direction nearly perpendicular to the flow
direction as indicated by the alignment of the feldspar laths. Static
test cores were also taken in three mutually perpendicular directions,
one of which was the dynamic test direction. The static test results for
fresh basalt are shown in Table 1.

The static tensile strength for the virgin basalt is in the range of
1,100-1,700 psi, with an average of 1,400 psi for the samples taken from
a direction parallel to the test rods. The static compressive strength
of the virgin basalt is in the range of 33,900-41,200 psi with an average
37,000 psi, and with a length-to-diameter ratio of approximately 1.5.
Although the three directions tested had similar static compressive

14



NAVWW~S FSPOIT 8U41

0 r-4 to r-. *- .- f F~- 4 .. A. A

;)4 a$___ q r- 4 A r

if\ *Lr\ UN a\ 0\ C\ * Lr\ *ON @

.t:124 qqq: Z~t0
0 00 000. 0 00

0*0 000.;C;6 ; C; 0*0

CA C *r -ONO *.* CO m a\~0 " " c\ F\ K\f'

44 
4

0

il4 - HP HC -H C cu t"t-H"\U
&0 4 W -H t____a___KN

.00
-H~~ ~ ~ 0 8g 8§ 8n

r- -ot 0 "1

u* \ L n UN% L'\ U-\ LN U-% L(\ Ur\ U\ 4) ;1
UýU ý uý rý Vý urý Lr..Lr .u\ U' \

___0000 0000 0000C

0000 000 000

S U1, UNI

CJCUN N U "\J' " ?C\I

.4:t _: - - : 4 :91.4  !P-
4)'d p~ ~ ~ ~jCjc \ v Ct H~ ~

4) 0- 04 0 4
HI.4 $4 44~-

or- 0 to 0

01 +3 U D43 0

to 04))

04 04

15



NAVWEPS REPORT 8734

strengths, their values for Young's modulus varied slgpificantly. Larger
values of Young's modulus, with an average of 6.5 x 10O psi, were found
for the specirn3 taken from a direction parallel to the test rods.
Basalt is used as an example of a fine-grained to aphanitic igneous rock.

SPESSARTITE. Spessartite is defined as a dike rock composed of
5-5011 dark minerals and plagioclase with a composition of c'igocene to
bytownite. The total feldspar content is less than 5% potash feldspar.
The spessartite employed as a test material is composed of 40% dark
minerals, has labradorite as the plagioclase, and contains negligible
amounts of quartz and potash feldspar. This rock has a density of
2.89 g/cc and the grain structure exhibits no gross orientation upon
microscopic examination. The grain size for the rock as a whole is from
0.4-0.8 mm, which is intermediate to the fine-grained extrusive rocks
such as basalt and medium- to coarse-grained intrusive rucks such as
diorite and leucogranite. This spessartite, which occurs in dikes, has
been described as Sample 41 in Ref. 31.

To ensure a reasonable degree of uniformity in the samples, all
core specimens for the dynamic tests were taken parallel to the dike and
in a vertical direction. Static test cores were taken from three mutually
perpendicular directions, one of which was the same as that of the dynamic
test samples, and the other two were taken horizontally in directions
parallel and perpendicular to the dike plane. The test results for
samples of fresh spessartite are shown in Table 2.

The values for Young's modulus and the tensile strength of the
spessartite were variable, although the static compressive strength was
quite uniform, with the highest values being obtained in the dynamic-test-
rod direction. The static tensile strength ranged from 1,100-3,100 psi
and averaged about 2,500 psi. The static compressive strength of virgin
spcssarti e averaged 54,000 psi, and Young's modulus varied from 4.6 to
1.4 x 10 psi, depending on orientation. The average static compressive
strength and static Young's modulus of the test direction are slightly
higher than the values for the other two directions tested. Spessartite
is used as an example of a fine- to medium-grained igneous rock.

DIORITE. Diorite is defined as an intrusive rock composed of
5-50% dark minerals, containing a plagioclase with a composition of
oligoclase to andesine, exhibiting a total feldspar content containing
less than 5% potash feldspar, and with a totel quartz and feldspar con-
tent comprised of less than 5% quartz. The samples of diorite used to
form the test specimen contain 20% dark minerals, andesine plagioclase,
a total quartz and feldspar content comprised ot 3-5% quartz, and a
feldspar content with less than 3% potash feldspar. The diorite grain
size is typical for intrusive rocks. Scattered mineral grains occasion-
ally reach 1-6 mm in length, but the average for the rock is closer to

mm. The diorite has been described in detailas Sample 84 in
Ref. 31, and the static properties of the diorite have been discussed
in previous studies (Ref. 1). In summary, the diorite employed has a

16
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density of 2.83 g/cc, a compressive strength of 32,000 psi 4+ 2.2%, a
tensile s.•rcngth of 800 psi, and a static Young's modulus of
5.06 x 100 psi + 1%. Diorite is used as an example of a medium- to
coarse-grained igneous rock.

LEUCOGRANITE. Leucogranite is the varietal term used to designate a
granite with less than 5% dark minerals. Granites are defined as intru-
sive rocks that contain 5-50% dark minerals, a plagioclase feldspar with
a composition of oligoclase to andesine, a feldspar content that is
65-95% potash feldspar, and a total quartz and feldspar content that is
5-50% quartz. The leucogranite selected as a test material has been
described as Sample 53 in Ref. 31. The leucogranite has a density of
2.59 g/cc and an average grain size of 5-6 amm. The leucogranite contains
,-4% dark minerals, a total quartz and feldspar content that is
20% potash feldspar and 3-5% cligoclase.

The s~atic tensile strength of the virgin leucogranite was found to
be the lowest of any recorded for the materials tested in this study,
being in the range of 330-660 psi. The large percentage variations for
the tensile strengths observed can be attributed to the large grain size,
the abundance of cleavage planes, and the general sensitivity of the
strength of this material to geologic and mineralogic flaws and to
handling damage. The static compressive strength of the virgin leuco-
granite averages about 30,000-53,000 psi, with the lower value referring
to specimens cut parallel to the test-rod direcýion. Young's modulus for
virgin leucogranite varied from 3.4 to 7.1 x 10 psi. The static test
results for fresh leucogranite are shown in Table 3.

INSTRU•ENTATION AND PROCEDUME

The ballistic arrangement for the Hopkinson pressure bar test is
shown in Fig. 10, and a schematic diagram of the experimental setup is
shown in Fig. 11. The principEl equipment employed for the tests in .Aip
study consists of an air gun; two Tektronix Type 565 dual-beani oscillo-
scopes; two Tektronix Type 535 single-beam oscilloscopes; associated
amplifiers flat from d.c. to more than 1 Me; a detection unit for the
passage of the projectile at two stations involving two minilights, tw?
photocells and pulse shapers; and a Beckman model 7360 time interval
meter with a resolution of 1 jisec.

An air gun with a pneumatic trigger was used; the air pressure was
adjustable and controlled the initial projectile velocity. Steel spheres
with a hardness of Re 67, a weight of 8.35 grams and a diameter of t inch
were employed as projectiles; their velocity was generally maintained at
3,250 + 1.5% ips. In two cases, one half of this velocity was used. Two
slots were cut tn the gun barrel near the muzzle end to dissipate the
propelling air charge, thus preventing further projectile acceleration,

18
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and also to provide suitable light paths across the trajectory. The
pulse from a second timing light was used to trigger the single sweep of
all of the oscilloscopes simultaneously through a master delay circuit
in one of the oscilloscopes. The delay time was adjusted so that all of
the oscilloscopes were triggered just before the arrival of the pulse at
the first strain-gage station on the test sample. The use of simultaneous
triggering enabled the determination of the velocity of wave propagation
from the arrival times of the first disturbance at each gage station.

Longitudinal strain pulses in the test rods were detected by 1/8-inch
SR-4, FAP 12-12 foil-type strain gages in all but a few cases in which
J-inch SR-4, FAP 50-12 foil gages were used. At each strain-gage station
the gages were mounted in pairs in the longitudinal direction at the
opposite ends of a diameter of the test rod. The gages were connected in
series to eliminate any flexural wave component that might result from
eccentricity of the projectile impact. The strain gages were mounted on
the rods with Eastman 910 glue and in all cases, the strain gages were so
located that their center lines were colinear in the longitudinal direc-
tion. A potentiometer circuit with a ballast resistor was used for all
strain measurements. The applicability of strain gages for surface
measurement of transients in nonmetallic rods had been demonstrated
previously (Ref. 32).

Four observation stations were used in most tests to detect the change
in the wave shape during transit. Two stations were used for samples when
the effects of repeated shocks were of major interest, and as many as five
and six stations were used in tests with protector caps on the sample
rods, in tests using more than one gage size at a single section, and in
tests using gages on an aluminum protector. The distance between two
adjacent strain-gage stations was 3J inches for the rock rods and
l101 inches for the aluminum rods. The maximum error in gage location
was + 1/64 inches. When two sets of strain gages were located at the
same cross section, the additional pair of gages was rotated 90 degrees
in position with respect to the regular gage pair.

During a test run, the strain signals were amplified, fed to the

oscilloscopes, and photographically recorded. Each strain-time record
was calibrated individually both before and after shooting. When the
presence of permanent deformation was suspected under any gage, the base
line of the strain-time record was checked by double exposing the film
with a manually triggered sweep before terminal calibration.

"The rebound velocity of the projectile in the aluminum-alloy-rod
tests was obtained with a stroboscopic camera operating at an interframe
time of 271.7 ±sec. Attempts were also made to obtain the rebound veloc-
ity of the projectile for the spessartite rock rod tests with an inter-
mediate speed framing camera, but it could not be operated slowly enough
to cover more than a partial history of the impact process. The photo-
graphs obtained did show that the projectile was still traveling forward
with an average velocity of 840 ips when half of the diameter of the

22



spherical projectile had already entered into the shadow of the rock
fragments at the impact end of the test rod. In addition, the projectile
frequently fell onto the test stand at a position indicative of a tendency
to retain some component of its forward motion even subsequent to initial
impact. Both of these observations suggest that there is no substantial
rebound velocity of the projectile in the present tests.

The oscilloscope accuracy was estimated to be + 2% and the gage
factor accuracy, as claimed by the manufacturer, was + 1%. Gage calibra-
tion was accomplished by the use of a known resistance that was connected
in parallel with the foil resistance strain gages. The calibration
principle is summarized as follows:

+ :or R g (19)S••- o R: + R
C g c g

_R2

AR =R - Rg + = R (20)

and the gage factor, GF ((2)/1)

where

R = resistance of the strain gage or gages at a certain
g measuring station

R = a known resistance
c

R = resultant resistance of R and R when both are connected
in parallelg c

AR = increment of resistance

E = strain

The calibration circuit is shown schematically in Fig. 12.

Now strain E =) ( )(T ) = G (ww) (1)
g c g

and hence

e = -c/i+~) (23)
+R

g

Furthermore, the change in the voltage signal to the oscilloscope, AM, is
proportional to the equivalent strain applied by using the shunt
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resistance Rc, or e = 7, where 7 is a proportionality constant. Since
A•E is displayed on the oscilloscope screen as two parallel lines, the
proportionality constant 7 = e/LE can be readily obtained.

MECHANICALLY DRIVEN, 60 CLOSURES/SEC

- TO OSCILLOSCOPERg Et

C

C z CAPACITOR, 0.1 mf
Rb: BALLAST RESISTOR, 120.-L
Re= CALIBRATION RESISTOR
E SIGNAL
V x APPLIED VOLTAGE,'v,24v
R9: ACTIVE GAGES

FIG. 12. Strain Cage Calibration Circuit.

RESULTS AND DISCUSSION

Three different igneous rocks and an aluminum alloy were tested by
means of the Hopkinson pressure bar technique. For completeness, diorite
data from a previous investigation were included. Although not all shown,
many repetitions of various tests were conducted to remove the inherent
uncertainties of single observations for geologic materials that often
have statistical properties on a macroscopicl basis. In such materials,
even when carefully selected and prepared, apparent anomalies often

1 Refers to dimensions that are large compared to interatomic

distances, but small compared to the bar diameter and gage length.
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represent nothing more than normal material variables. However, in the
present case, such unexplained aberrations were virtually absent
attesting to the high degree of uniformity of the samples.

AL4MINU4 ALLOY

For the purpose of comparison with rock, several Hopkinson bar tests
were performed on 2024 T-4 aluminum alloy that has been extensively
studied under dynamic conditions (Ref. 33 and 34). A typical result is
shown in Fig. 13. These runs were designed to determine experimentally
the amount of geometrical dispersion in this metal of a pulse of similar
shape and duration as produced in rock rods of identical diameter over
the same distance of propagation. Aluminum was used because it is known
to be virtually elastic below a well-defined stress level. A priori
limits for the amount of this dispersion were calculated in the section
on theoretical considerations. Another problem that must be considered
with tests using strain gages is the validity of such surface measure-
ments with respect to the average state of strain across the entire cross
section of the test rod. This problem has been investigated theoretically
by Davies (Ref. 16) and experimentally by Cunningham and Goldsmith
(Ref. 33). For pulses of the type encountered in the present tests,
their investigations indicate that the surface strain does not differ by
more than 5% from the average strain in a macroscopically homogeneous
material.

The highly complex and, at present, poorly understood fracture
procenses at the impact end of the rock rod prevent a prediction of the
input pulse from a knowledge of the collision geometry, the mechanical
properties of the projectile and target, and the initial projectile
velocity. Consequently, the input to the rock rods must be accepted as
the signal recorded at the first observation station. On the other hand,
the transient produced in the aluminum rod can be approximated successfully
on the basis of this same information plus a one-dimensional theory of
elastic wave propagation in a bar (Ref. 34).

Figure 13 presents strain-time curves obtained from two strain-gage
stations, G(1) and G(4) 10.5 inches apart. The observed change of
miomentum, calculated from the initial and the rebound velocities of the
f-inch-diameter steel projectile, was 0.1815 lb-in. The impulse recorded
by the first gage station was 0.178 lb-in., and the impulse recorded by
the second gage station was 0.177 lb-in. Repeated testing showed
essentially identical results.

The impulse was obtained by measuring the area under the initial
positive portion of the force-time curve to the point of cross-over with
the base line. The apparent error between the measured impulse and the
change of momentum was less than 2% and corresponded to findings in a
previous Investigation (Ref. 34). The oscillations subsequent to the
principal pulse are considered to be a manifestation of the dispersive
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2.5 i _ 1 •ALUMINUM ALLOY
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FIG. 13. Strain-Time Curves at Two Stations for a
2024-T4 Aluminum Bar 0.845 in. in Diameter Showing
Results From the Impact of a Hard-Steel Spherical
Projectile i in. in Diameter. Observed change of
momentum of the bullet: 0.1815 lb-in. Impulse
recorded by gage (1): 0.178 lb-in. Inpulse
recorded by gage (2): 0.177 lb-in.
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character of the test bar, due primarily to the effect of lateral inertia
rather than to the three-dimensional character of the rod or internal
friction, both of which would be manifested by successively larger pulse
distortion wllth increasing distance of travel. This interpretation is
largely substantiated by the fact that the reduction in magnitude in the
impulse of the principal transient between the two gage stations does
not exceed 2;, which is less than the experimental error for all runs.
The increased amplitude of the tail at the second gage position does
conform to the expected three-dimensional dispersive effect but quantita-
tively this characteristic can be neglected in the present investigations.
Based on these considerations, the validity of the simple one-dimensional
relation fur a sufficinntly accurate description of the propagation of
the longitudinal pulses observed in both rock and metal .ods of the size
employed has been demonstrated. Furthermore, the characterization of the
aluminum as an elastic material appears to be warranted.

The strain-time curves obtained from the aluminum tests were almost
symmetrical about the maximum amplitude of the pulse, suggesting that the
unloading process for these rods was almost the reverse of the loading
process. No obvious attentuation or dispersion occurred between gage
stations. The nearly identical pulses and wave velocities obtained for
successive shocks on the same specimen provide evidence that previous
shocks do not change the dynanic characteristics of this material. The
results obtained for aluminum are in good agreemert with those obtained
in other studies on some'4ihat smaller diameter bars (Ref. 1 and 32) except
for an observed slightly higher velocity of' wave propagation in the
larger bars.

ROCK RODS

Both virgin and shocked rock specimens were studied in this investi-
gation. In most instances, repetitions of the various tests were per-
formed to establish the reliability of the test results and to avoid or
reduce the effects of possible statistical variations in the properties
of the test samples selected. In the following discussion, the run
number that appears in the test and figikres describe- simultaneously a
particular specimen, identified by a capital letter, and the total number
of impacts. Thus, 11-5 means the fifth impact on test rod H.

The test results indicate that a higher projectile velocity does not
necessarily induce a proportionally larger pulse in the instrumented
portion of the rod. As a result of the fractures formed at the impact
end of the rod such as those shown in Fig. 14, the theoretical equality
between the observed change of momentum of the projectile and the recorded
impulse, which was experimentally approximated in aluminum, is undoubtedly
no longer valid for rock ro(Is. In rock rods the impulse acquired by the
fragments in the comminution zone, which is not measurable, is consider-
able. As an indication o1' this situation, the particles ejected from the
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impact end of some spessartite rods traveled with a velocity sufficient
to break an adjacent 3/16-inch-thick plastic safety shield.

Samples of the shocked rock previously subjected to longitudinal
impact were tested to determine some of their static properties, and the
results are presented in Tables 4--7. The letter designations used in
these tables have the following meaning: the first letter indicates the
specific rod, and the second letter denotes the relative sample position,
starting with A at the distal end and adding letters in sequence toward
the impact end.

BASALT. The strain-time curves for basalt are shown in Fig. 15 and
16. Two specimens of basalt with four strain gages each were successively
shot three times each. These samples were designated as J and L and the
results for sample J are shoua in Fig. 15. The pulse shape produced in
basalt is similar to that observed in spessartite, but has a longer
duration, a greater tendenc, towards attenuation, and a larger amplitude
for the same impact conditionr .

An examination of the peaks of the strain-time curves at stations
G(l) to G(4) in Fig. 15 shows an obvious general, albeit slight, attenua-
tion as the wave progresses along the rod. This characteristic is
occasionally obscured in the strain-gage signal from two adjacent stations
because the low magnitude of the attenuation effect is counterbalanced or
exceeded by experimental error and local effects due to minor sample
inhomogenelties. Trial plots of the peak pulse amplitude in basalt as a
function of travel distance show that the assumption of linear decay fits
the observed data better than the assumption of exponential decay. The
approximate expression for the one-dimensional pulse shape can be written
as follows:

S= Co0 (1 - ox) ei(pt " fx) (24)

where

e = strain, in/in

Co = peak amplitude of the strain-time curve at the first page,
in/in

= coefficient of linear attenuation, in. 1

x = distance from the first gage along the bar, in.

p - natural frequency, rad/sec

t = time, sec

f = wave number, rad/in.

The average value for ý was found tc be O.01 60/in. for fresh material and
0.0083/in. for twice-shocked specimens. If the attenuation is assumed to
be governed by exponential decay, use of the preceding notation would
yield the relation
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FIG. 15. Strain-Time Curves at Four Stations for a Basalt Bar 0.845 in.
in Diameter Showing Results Fr=m the First, Second, and Third Impact of
a Spherical Hard-Steel Projectile i in. in Diameter.
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FIG. 16. Strain-Time Curves at Two Stations for a Basalt Bar 0.845 in.
in Diameter ;hoving Results From the First, Fifth, and Tenth Impact of
a Spherical Hard-Steel Projectile t in. in Diameter.
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C COe ei(pt - fx) (25)

where the optimum value of the attenuation coefficient a for all the data
involving fresh specimens were found to be 0.012/in.

The static-test results for the shocked basalt are summiarized in
Table 4. Young's modulus for shocked basalt decreased from its original
range of values of 5.8 ýo 7.2 x 10 psi to a new range in shocked mate-
rial of 3.7 to 5.6 x 101 psi. The drop in Young's modulus is consistent
with the increasing amplitude of the pulse for successive shocks on the
same specimen, since the other conditions were left unchanged. She
tensile and compressive strengths of the basalt exhibit no discernible
change as a result of impact, when the fractured portions of the impact
and distal areas of the rods are ignored. The present type of basalt
exhibits a range of compressive strength from 31,800 to 41,200 ps: and
from 37,600 to 40,500 psi for virgin and shocked samples, respectively.
The tensile strength for both was essentially the same.

Repeated shocks in basalt appear to have the following effects on
the dynamic characteristics of the specimens: (1) a decrease in the
coefficient of attenuation, and (2) an increase in the amplitude of the
pulse. Specimen 14 was used to confirm these tendencies. Two strain-gage
stations 31 inches apart were subjected to ten successive impacts. The
strain-time curves of the first, fifth, and tenth shocks are shown in
Fig. 16 and are in good agreement with the predicted effects.

A previous investigation has indicated that porosity in rock is at
least partially responsible for attenuation (Ref. 21). The test results
achieved in this study using fresh basalt confirm this conclusion, but
repeatedly shockec basalts behave differently. With repeated shocks,
basalt shows a tendency toward decreasing pulse attenuation as shown in
Fig. 16. Thus, with repetitive shocks of identical impulse, the mechan-
ical damage produced within the rod beyond the zone of com inution
reaches a saturation limit beyond which further damage does not occur.
After this stage is reached, the basalt behaves like a new material with
characteristics comparable to spessartite under the action of shocks with
impulses no larger than that originally applied.

SPESSARTITE. The strain-time curves obtained from the dynamic tests
with spessartite are shown in Fig. 17-19. The pulse shape produced in
the spessartite is smooth and exhibits very little attenuation or dis-
persion. The pulse rise time is less than the time of decay. The
unloading process shows a general tendency toward exponential decay, a
feature that representn 'te largest single difference between the dynamic
characteristics of the inum alloy on one hand and the spessartite
and similar geologic materials on the other.

Test Runs H-1 to H-', shown in Fig. 17 and 18, represent the results
of five successive shocks on a single sample with five strain-gage
observation stations. No significant variation could be found between
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FIG. 17. Strain-Time Curves at Five Stations for a Spessartite Bar
0.845 in. in Diameter Showing Results From the First, Third, and FifthImpact of a Spherical Hard-Steel Projectile A in. in Diameter.
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FIG. 18. Strain-Time Curves at Two Stations for a Spessartite Bar
0.845 in. in Diameter Shoving Results From the Second and Fourth
Impact of a Spherical Hard-Steel Projectile A in. in Diameter.
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FIG. 19. Stress-Time Curves at Two Stations for a Spestartite Bar
0.845 in. in Diameter Showing Results Frcm the First Sixth, and
Twelfth Impact of a Spherical Hard-Steel Projectile I in. in Diameter.
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FIG. 20. Strain-Time Curves at Five Stations for a Diorite Bar 0.76 in.
in Diameter Shoving Results From the Second Impact of a Spherical Hard-
Steel Projectile I in. in Diameter.
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the results from these runs, which were conducted at an impact velocity of 3,260 ips.
Repeated shocks under this loading condition had no influence upon pulse amplitude,
shape, or wave velocity and hence, by inference, produced no shock-induced material
behavior changes. Consequently, under the conditions employed the response of the
spessartite was identical to that of aluminum alloy; both behaved as elasti.c mate-
rials exhibiting neither attenuation nor dispersion attributable to mechanical
properties. Test Runs F-1, F-6, and F-12, shown in Fig. 19, subjected a single
spessartite specimen to one, six, and twelve shocks, respectively, and confirm
these general observations.

The static test results for shocked spessartite are summarized in Table 5. Rock
rods B and E were subjected to three shocks each. Samples cut from these rods indi-
cate damage to the Young's modulus but no significant damage to the compressive
strength. Results from four samples show that Young's modglus in the shocked mate-
rial hgs decreased from an average of approximately 9 x 10 psi to a value of only
3 x 10 psi. Samples taken near the impact point showed a loss of compressive
strength, indicative of oriented fractures. Since the compressive strength of such
rods as F, which were subjected to twelve shocks, remained unchanged, the spessar-
tite closely simulates aluminum in its general behavior (except for brittleness) at
the loading levels employed. In summary, spessartite can be regarded as an elastic
material below its fracture point.

DIORITE. The results of experiments on diorite presented have been abstracted
from a previous report (Ref. 1). Figures 2C-Q2 show the pulse propagation in
diorite rods. The marked attenuation of the wave without dispersion during the
initial transit through the test rod is of particular interest. This behavior can
be represented by a solid friction model such as that8f~q. 5 except that the
attenuation of peak amplitude varied more nearly as x '*5' (x in inches) rather
than as the exponential decay predicted by the mechanical model. The very sharp
rise of the pulse followed by an exponential decay of the pulse in time at a given
station resembles a true shock wave in form. Since this pulse will contain the
entire spectrum of Fourier components, it should be extremely sensitive to any dis-
persive characteristics. The absence of such dispersion lends strong credence to
the applicability of the solid friction model for the diorite tested.

Observations of the first pulse reflected from the distal end of the rod
indicate that the amplitude of the reflected pulse, as recorded by the strain gages,
increases with the return of the pulse toward the impact point. A plausible expla-
nation for this phenomenon is to be found in the increasing damage produced by the
first traverse of the pulse to the grain-to-grain bonds as the impact end is
approached. This interpretation is corroborated by the drastic reduction in strain
amplitude during initial transit that is indicative of large-scale energy absorp-
tion. Detailed microscopy of shocked diorite further supported this interpretation.

The static test results for shocked diorite are summarized in Table 6. Repeated
impacts on the same test rod of diorite irdicate the high degree of sensitivity of
this rock to the passage of stress waves. With as little as two repeated impacts,
using the same impulse as in other tests, a very dramatic reduction in both com-
pressive strength and in Young's modulus could be observed in a shocked diorite.
The consequence of this characteristic led to subsequent wave passage in a signif-
icantly different rock material from a mechanical viewpoint, when the same shock
levels are used. Walsh, in a recent paper, shows that Young's modulus for an
elastic solid containing cracks is less than that for an identical solid without
cracks (Ref. 35). This is an excellent corroboration of the interpretation
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FIG. 21. Stress-Time Curves at Two Stations for a Diorite Bar 0.76 in.
in Diameter Showing Results From the Im~pact of a Hard-Steel Spherical
Projectile ½ in. in Diameter.
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FIG. 22. Strain-Time Curves at Two Stations for a Diorite Bar 0.76 in.
in Diameter Showing Results From the Impact of a Hard-Steel Flat-Nosed
Projectile I in. in Diameter.
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presented that relies upon grain-to-grain cracking and bond damage as
the cause of lessened strength and modulus upon stress wave transit.

LEUCOGHRAITE. Strain-time curves for leucogranite are shown in
Fig. 217-29. The pulse characteristics for leucogranite are quite differ-
ent from those of all other materials tested in this study. The drastic
fluctuations in the rising part of the pulse and in the first portions
of the decay part are believed to be due to reflections of the palse at
individual crystal boundaries. If these oscillations are disregarded,
the rise of the principal portion of the pulse follcwed by an exponential
decay is similar to the pulse observed in diorite. One point of differ-
ence between the leucogranite and all other materials tested was the
presence of precursors, which precede the main pulse. This phenomenon
in a homogeneous material is characteristic of a bending wave, but unlike
bending wave behavior, increased di-.ance along the test rods showed
damping of the precursors. The existence of the precursors in this rock
c!.n be explained as the result of reflections from large grain boundaries.

The leucogranite used in these tests has a sufficiently coarse grain
size so that the strain gages are comparable in length to individual
mineral grains. The average grain size for diorite was l-2 mm but the
average grain size for leucogranite was 5-6 mm. A 1/8-inch strain gage
used on diorite will commonly cross two or three Crains, but on leuco-
granite, the same gage will often be entirely located on a single crystal.
Because of the possible importance of this problem, additional i-inch-
length strain gages were mounted at the first gage stations on test bars
0, P, and Q, and in the tabulations these larger gages are denoted as
G(1)*. This test sequence was designed to complement a previous investi-
gation that had indicated that the pulse shape is not affected by the
gage length provided the gage length is less than one-tenth the width of
the pulse (Ref. 33). Although this study was performed in metals, the
results are believed to be applicable to coarse-grained rocks as well.
The strain-time curves G(i), obtained with 1/8-inch gages, and G(1)*,
obtained with i-inch gages were found to be very similar, as shown in
Fig. 23--26. The one exception noted is illustrated in Fig. 29 where the
longer strain gage detected a higher amplitude pulse, a result attributed
to local variation in the test rod.

The pulse amplitude in the leucogranite attenuated significantly
during transmission along the rod. The oscillations near the front of
the pulse were damped out rapidly both along the pulse at a given station
or for the pulse as a whole at successive stations, but the general shape
of the principal portions of the pulse remaired almost undispersed. The
sharp decrease shown for the pulse durations at G(2), G(5), and G(4) in
Fig. 26 and 29 are due to the cancellation of the incident pulse by parts
of the reflected wave. This decrease is not due to dispersion, as can be
confirmed by the fact that the time corresponding to the cross-over point
of the strain-time curves and the base line decreased gradually from the
first to the last gage station, as shown in Fig. 26 and 28.
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FIG. 23. Strain-Time Curves at Four Stations for
a Leucogranite Bar 0.845 in. in Diameter Showing
Results From the Impact of a Hard-Steel Spherical
Projectile * in. in Diameter.
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FIG. 24. Strain-Time Curves at Four Stations for
a Leucogranite Bar 0.845 in. in Diameter Showing
Results From the Second Impact of a Hard-Steel
Spherical Projectile i in. in Dieameter.
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FIG. 25. Strain-Tirme Curves at Three Stations for
a Leucogranite Bar 0.845 in. in Diameter Showing
Results From the Third Impact of a Hard-Steel
Spherical Projectile t in. in Diameter.
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Results From the Second Impact of a Hard-Steel
Spherical Projectile i in. in Diameter.
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FIG. 28. Strain-Time Curves at Four Stations for
a Leucogra.nite Bar 0.845 in. in Diameter Showing
Results From the Third impact of a Hard-Steel
Spherical Projectile * in. in Diameter.
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The use of longer strain gages did not reduce the drastic fluctuations
of the strain-gage eignal from the leucogranite. Probable causes for
these oscillations are the wee.ker grain bonds and the large cleavage sur-
faces present in the leucogranite. Furthermore, the vibrations of the
individual grains were apparently of sufficiently low frequency to be
readily detected by the equipment in use.

The lower over-all bond strength of the leucogranite relative to the
other rock types tested is evidenced by the noticeable friability of the
rods during diamond sawing, even in fresh material, and by the inability
of the impact end fragments to remain as large coherent pieces following
impact. A lower bonding strength, as present in the leucogranite, pro-
vides both less constraint to the motion of individual grains as crystals,
and less damping for the oscillations of a single crystal.

An interesting aspect is that although leucogranite is the weakest
rock tested statice.lly, the reflected t'znsile pulse in the test rods
would consistently break the stronger materials at the distal end as
shown in Fig. 14, but the leucogranite rod usually survived intact in
this zone. A cernarison of respective pulse shapes provides a partial
explanation, as the extra long pulse duration and the drastic attenuation
in the leucogranite both lead to a comparatively smaller amplitude of the
net reflected tensile pulse. As long as this reduced pulse does not
exceed the dynamic tensile strength of the rod, the rod will not break.
Similar rock behavior has been noted in studies of explosively induced
fractures in rock. 1

The action of the spherical projectile, used in these studies and at
the velocities employed, would always fragment the impact end of the rock
rods. To generate pulses in rock rods without such fractures, aluminum
protectors were employed at the point of collision. The results of such
a test are shown for specimen 0 in Fig. 30. The strain-time curves for
leucogranite studied as the 0 series of tests are shown in Fig. 23-25 and
differ from the results of the F and Q series in Fig. 26-e9 (which did
not include the protective device) by showing repeated periodic rises in
the decaying portion of the pulse instead of steady decay. This phenomenon
is due to interfacial reflections from the protector-rock-rod interface,
which causes second compressive loadings of the leucogranite. A numerical
substantiation of this observation has been carried out.

The initial velocity of the projectile for tesc Runs 0-1 and 0-2 was
reduced to one half the usual velocity for the tests conducted on all
other samples. In comparing the strain-time curves of Fig. 22 and 24 with
the corresponding curves of Fig. 26-29, the results show that in the peak

1 Austin, C. F., J. K. Pringle, and S. A. Finnegan. "The Fracture

and Breakup of Rock," a paper presented at the 1965 Annual MLeeting of
Af4E.
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amplitudes obtained from the decreased velocity tests were proportionally
much higher than those obtained from tests with the higher normal test
velocity but without the aluminum protector cap. The peak amplitudes of
G(l) for Runs 0-1 and 0-2, both at lowered impact velocity, are in the
range of 1.94 to 2.00 x 10-3 in/in, while for the P and Q series with the
higher impact velocity but no aluminum protector, the corresponding
amplitudes are in the range of 2 to 3 x lO"3 in/in. The input pulses
observed in the aluminum are smooth, as shown in Fig. 31 for Runs 0-1,
0-2, and 0-3.

The preceding phenomena are explained by a number of factors:

1. The projectile will rebound with a larger velocity from an
aluminum surface than from a rock surface, resulting in a larger change
of momentum for the same mass and initial projectile velocity.

2. No fragmentation occurs anywhere if the projectile strikes the
aluminum protector instead of hitting the rock rod, permitting the trans-
mission of more energy into the rock section of the test rod and avoiding
energy absorption in comminution.

3. Shorter impact times and pulse durations result with the aluminum
protector, requiring higher amplitudes for the same impulse.

A comparison of wave shapes in the l.eucogranite impacted both with
and without an aluminum protector shows that the stress wave in the
leucogranite assumes a similar form in both cases. This observation
indicates that the fracture of the unprotected end of a rock rod is not
the principal determinant of the wave shape in the rock rod, and that the
rock rod itself will transform the smooth input pulse shown in Fig. 30
into a pulse exhibiting significant high-frequency fluctuations.

Run 0-3 is a repeated test with an aluminum protector at the standard
initial velocity of the projectile. The corresponding pulse amplitudes
obtained from Pun 0-3 are about 25-50Co higher than those obtained from
the P series. The strain-time curves for Run 0-3 are shown in Fig. 25.

An examination of the peak amplitudes of the strain-time curves at
stations G(l.) to G(4) in Fig. 26-£9 clearly reveals a tendency toward
pulse attenuation with distance along the rock rod. Semilogarithmic plots
of the peak amplitude as a function of distance indicate that the assump-
tion of exponential decay provides a reasonable "'it for the data at hand.
The coefficient of atenuation was found to be approximately ca = 0.072,
so tha'. the propagation of the pulse in the leucogranite can be expressed
by:

C e 0 0 72x e i(w - kx) (26)

The attenuating tendency of the leucogranite is considerably higher than
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that found for basalt but is slightly lower than the corresponding
characteristic of the diorite.

The static test results for the shocked leucogranite are summarized
in Table 7. The compressive strength of fresh leucogranite ranged from
28,300 to 32,800 psi. Shocked leucogranite showed variations ranging
from no change to a 504 strength reduction. All of the samples with
significant compressive strength loss came from the distal end of the
test rods, indicating the susceptibility of the leucogranite to tensile
wave damage. In view of the small number of sar.ples studied, the data
on Young's modulus in shocked leucogranite were too scattered to yield
valid interpretations.

WAVE PRCPAGATION VELOCITIES

The propagation velocities shown in Tables 8-10 are obtained by
evaluating the time difference in the cross-ever points of the rising
portion of the principal pulse observed at two different strain-gage
stations 101,' inches apart. Hcaever, if alternative reference points on
the pulse or other distances between the two strain-gage observation
stations are chosen, different values of the wave velocity are calculated.

Table 11 shows the propagation velocities obtained by using different
gage-station intervals and using the start of the chief pulse as the
reference point. Table 12 shows the wave velocity obtained for leuco-
granite by using different strain-gage-station intervals as well as
different reference points on the pulse. These reference points are:
the start of the first deviation from the base line, the start of the
principal pulse, and the peak of the principal pulse.

The nonuniformity of the apparent stress wave propagation velocity
for a certain material depends upon the following four factors: instru-
mentation error, reading error, inhomogeneity of the test material, and
wave dispersion. In these studies, the instriumencation error includes a
25 possible error due to gage measurement with an oscilloscope and a
l' possible error due to the gage factor. The reading error in these
studies includes the error in detemnining the reference point and the
error in reading the time scale. The percentage error in reading the
time scale increases as the time difference decreases and is estimated to
be about l2e. for observations based on a 31-inch strain-gage-station
interval and about h4 for observations based on a lO-•-inch strain-gage-
station interval.

The observed velocities of wave propagation in spessartite, aluminum
al.loy, and basalt are much more uniform than the velocities observed in
leucogranite and diorite, as shown in Table 11. The larger grain size of
the leucogranite and diorite are presumed to be responsible for the larger
variations in the measured wave velocity for these two materials.
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TABLE 11. Wave Propagation Velocity Between Different Stations

ateriE. ~Run Propagation velocity between stations, 103 in/see

no. G(1)-G(2) G(2)-G(3) G(3)-G(4) G(1)-G(4)

Spessartite E-1 233.3 269.2 218.8 238.6
E-2 250.0 218.8 269.2 244.2
E-3 233.3 269.2 291.7 262.5

F-I ..... . 241.4
F-6 ...... .. 259.3
F-12 ...... .. 259.3

H-i 250.0 269.2 218.8 244.1
H-2 245.0 269.3 218.8 244.4
H-3 291.7 218.7 233.3 2'.4.1
H-4 241.4 250.0 233.3 241.5
H-5 250.0 218.8 233.3 231.0

I-1 250.0 250.0 233.3 244.2
1-2 269.2 218.8 250.0 244.2
"1-3 250.0 233.5 250.0 244.2

Aluminum alloy M-3 ..... 214.2
2024-T4 x-4 ..... ..... 214.2

Z .......... 214.0

Basalt J-1 200.0 175.0 200.0 191.0
J-2 200.0 200.0 175.0 191.0
J-3 200.0 175.0 155.6 171.5

L-1 213.4 184.2 218.8 205.5
L-2 205.9 194.4 194.4 198.0
L-3 218.8 205.9 194.4 2O6.0
M-1 ..... ..... 194.5 .....
14-5 .......... 194.5
M-10 ......... 184.2 ...

Leucogranite 0-1 125.0 145.8 116.7 128.0
0-2 145.8 lO6.1 102.9 115.4
0-3 142.9 ..... 152.2 145.8

P-2 132.0 143.0 132.0 135.5
P-3 121.0 155.5 116.5 130.0
P-4 125.0 143.0 132.0 133.0

Q-1 u6.5 159.0 14o.o 136.3

Diorite 1 144.5 144.5 144.8
2 103.0 123.5 136.0
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TABLE 12. Velocity of 'Wave iPropa~ation for Leucogranite 1,easured at
Different Locations and Using Different Reference _;oints

Propagation velocities, 105 in/sec when

Run Measured ref7erence point taken at
n. between"

stations Initial deviation Start of PrincipalI from base line principo'. pulse pulse peak

P-2 I G(l)-G(2) 127.2 132.0 1l1.0
G(2)-G(3) 175.0 143.o 149.0
G(3)-G(4) 116.8 132.0 125.0

F-3 G(L)-G(2) 194.2 120.5 132.0
G(2)-G(3) 104.2 155.2 1466.o
G(3),-G(4) 152.0 116.5 127.2

G(l)-G(2 215.5 125.0 133.6
G(2)-G(3 125.0 143.o 132.0
G(3)-G(4) 153.6 152.0 132.0

All of the rock rods were held to a constant diameter for a single
rock material. ;uluminum, however, was varied using the same alloy and
was found to yield noticeably larger wave velocities with moderate
increases in diameter. Aluminum rods 0.500, 0.750, and 0.845 inches in
diameter exhibited velocities of 204,000, 205,400-{C10,000, and

!.h4,rrw%(o14,200 ips, resnectively.

STATIC 'AUD DYTII!AIC YiUG'6 4ODULI

The dynamic Young's m~dulus for one-dimensional propagation in a bar
is taken to be equal to cop where co is the wave velocity in inches per 2
second arid p is the density of the material in pounds mass per cubic inch.
The values for the dynamic Young's modulus of the various materials tested
have been summarized in Tables 8-10. The principal variations in the
observed value of the dynamic Young's modulus for virgin materials with
respect to their aiarage values are found to be + 1.7/V for spessartite,
+ 6.1l for basalt, + 6.4% for leucogranite, and ; 1.54 for diorite. These
figures represent the variations in the macroscopic distribution of con-
stituent components and in geologic flaws along the rods tested. As an
independent check on the dynamic Young's modulus for leucogranite, the

2 This identity is theoretically exact for an infinitely thin rod of

an ideally elastlz material.
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continuity conditions at the interface of the aluminum protector and thc
specimen were calculated for Pun 0-1 using the mentsured rod wave velocity
of 128,000 ips and a density of 0.000241 pounds mrass per cubic iich, as
well. as the standard properties previously cited for the aluminum alloy
employed. These calculations resulted in a dynamic Young's modulus of
3.98 x 106 psi for leucogranite, which is in complete accord with the
value obtained from wave velocity measured. In general, the variations
in the dynw'.nc Young's moduli of virgin specimers were considerably
smaller than the variations observed in thL static Young's moduli of the
same materials. This result is at least partially attributed to the fact
that the stress wave, representing a rapidly applied moving load, would
tend to minimize the effects of stress concentration, structuraL flaws,
and other inhomogeneities that make static tests highly time-dependent.

SC1IE2CTIC Ca(VARISO11 OF PULSE P.ATIERNS

A schematic comparison of the pulse patterns obtained is presented in
Fig. 32. The patterns for spessartite and basalt are almost exactly the
same except for the slight attenuation at the test stress level observed
in the basalt. Similarly, the pulse patterns for diorite and leucogranite
are of the same type if the oscillations due to the coarse grains in the
leucogranite are ignored. Both diorite and leucogranite yield a pulse
with a steep rise, a long pulse duration, and considerable attenuation.
There are also differences of a significant nature between these two
materials. Leucogranite shows drastic oscillations, but the most remark-
able difference is that the tensile-strain amplitude that results from
distal-end reflection tends to attenuate in leucogranite ab Lhe re.leQuLed
wave returns while in diorite the reflected wave tends to increase in
amplitude as it returns.

CONCLUSIOtS

Basalt shows slight attenuation and virtually no dispersion. Both
the coefficient of attenuation and the Young's modulus for basalt tend
to decrease as the number of shocks experienced by the specimen is
increased. The strength of basalt did not appear to be affected by the
pulse intensity employed in these tests and the basalt provides an
excellent example of the ability of a brittle material to attain damage
satur-ation with a given severity of repeated impacts.

Spessartite was found to be highly elastic, to exhibit virtually no
attenuation and dispersion, and to be essentially unaffected by repeated
stress wave passage with the pulse intensity employed in these tests.

Diorite possesses a high degree of attenuation but no dispersion.
The ultimate strength of diorite and the static Young's modulus of diorite
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FIG. 32. Schematic Comparison of Pulse Patterns.
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both decrease in direct proportion to the number of impact previously
experienced by the specimen.

Leucogranite exhibits considerable attenuation and pulses in leuco-
granite exhibit drastic fluctuations at the pulse front. The compressive
strength of leucogranite appears somewhat affected by the reflected
tensile wave but did not appear influenced by the incident compressive
wave.

The relative behavior of each material can be summarized as follows,
when ranked according to the uniformity in dynamic response to the
magnitude of impulse employed and to observed elastic characteristics:

spessartite - most elastic

basalt

diorite

leucogranite - least elastic

At one extreme, the spessartite below its fracture point behaves similarly
to a metal; at the other extreme, the leucogranite was found to be
definitely anelastic.

The various factors that appeared to affect the dynamic behavior of
the igneous rocks tested are grain size, grain bond strength, and the
effect of repetitive shocks. Large grain sizes lead to an increase in
the attenuation, to -;arl .- riations in the value of thp rod wave velocity
and in the dynamic suw mruuus, and also result in large oscillations
in the pulse shape.

The weaker grain structure of the very coarse-grained rocks seemed to
be a factor in the creation of both drastic fluctuations and attenuation
of the pulse. Repeated shocks have a general tendency to decrease the
value of Young's modulus and the ultimate strength except for those
materials that follow a siwnle elastic model.

The rocks tested in this investigation are all typical brittle mate-
rials and no plastic deformation was observed in any of the test-rod
failures. The smallest period of the transient pulse !,n the tests
performed in this study was found to be 30 4sec for aluminum. To ensure
that the value of c/co > 0.99, for the first mode of longitudinal motion
and a harmonic pulse component of this period, the required size of the
test rod was theoretically shown to be 0.98 inches in diameter or less.
This study was restricted to test rods not larger than 0.845 inches in
diameter, justifying the general conclusion that, confirmed experimentally
in aluminum, the geometric dispersion could bs- neglefted in the present
case. For the current investigation, the probability of a single test
being able to represent the statistical average properties of a given

6o



NAVFWFS REORT 8734

rock type appears to be a function of grain size and the compactness of
the texture, with the dynamic results gererally more consistent than the
static results.

The experimental data indicate that when a transient pulse with a
stress level above a critical value traverses a rock rod, energy is
absorbed by the rod in the form of fractures, grain cleavages, and damage
to grain-to-grain bonds resulting from general comminution. A simple
macroscopic model applicable to rock or to other granular brittle mate-
rials must therefore incorporate the effect of these significant
phenomena. A solid friction mechanism appears to be definitely more
applicable for a description of such materials than a viscoelastic model.
This is particularly true at the high rates of loading encountered in the
propagation of stress waves induced by impact or explosive loading, for
under these conditions, the short duration of the pulses would not permit
significant manifestations of time-dependent viscous phenomena. The
general absence of dispersion observed in the rocks tested offers strong
support for this conclusion.

A general conclusion, warranted by these studies, is that the response
of brittle, granular solids should be analyzed directly, and not by
analogies drawn from the behavior of metals or plastics. The specific
studies reported in this investigation, although conducted on rock, offer
more valid behaviorial analogies for other granular brittle materials than
do most common engineering materials. Thus estimates of attenuation,
saturation to damage from transient stress levels, wave shape, and extent
of fracture in materials such as cast explosives or propellants should be
more reasonable when based on granular r--- bdh-vlor. Further, the
z .i1: s in Ihis report offer a number of areas for brittle solids
technology that appear to warrant additional investigation.
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