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Executive Summary

A major component of the Eastern Gas Shales Project being
conducted by the Morgantown Energy Technology Center is the development
and evaluation of new and refined stimulation téchniques which might be
suitable for stimulating Devonian shale wells. As part of the EGSP
stimulation development program, several dynamic stimulation techniques
employing combinations of explosives and/or propellants are being
evaluated through a series of mineback experiments at the Nevada Test
Site (NTS). As the experiments being conducted at the NTS are being
carried out in one of the volcanic tuff formations found at the site,

a complete evaluation of the field-test results will require an adequate
knowledge of the mechanical properties of the tuff rock. Several of the
research firms and agencies participating in the EGSP have or will con-
duct calculations to simulate certain aspects of the stimulation treat-
ments being evaluated at the NTS. Science Applications, as one of the
firms conducting these evaluations, is employing explicit finite difference
programs to simulate in both 1-D and 2-D calculations the various '
stimulation treatments being evaluated. The proper execution of these
calculations requires that suitable material properties be available on

the NTS tuff.

As the existing data base on the mechanical properties of NTS
tuff is limited, it has been necessary to carefully review existing data
on the tuff and to generate additional data as required. The review,
experiments and evaluation which have been conducted have resulted in
the following principle conclusions:

e The yield surface defined by triaxial experiments for the
G-Tunnel tuff is significantly lower from that defined for
other tuff beds at the NTS.

o Direct-pull tensile strength data obtained within this
testing program compares favorably with that obtained by
Sandia on the same tuff bed.

e The tensile strength of this rock, although quite variable,
is moderately low with values on the order of 1.6 MPa being
typical.



Fracture energy values measured for the G-Tunnel tuff,
averaging 9 J/mz, are quite low as compared to most other
rock types, and are a measure of the very fragile nature
of the rock.

Dynamic experiments employing modified Split-Hopkinson-Bar
techniques, indicate that the dynamic strength of this rock
is only slightly higher than the static strength.

The dynamic yield data suggests that quasi-statically
determined yield surfaces would be suitable for inclusion
in calculations to evaluate various dynamic stimulation
treatments in the NTS tuff.

The dynamic data reveal that the sample deformation is
characterized by an initial compaction followed by sample
bulking (dilatancy) associated with failure.

As the relationships between compaction, yielding and mode
of failure will depend strongly upon pore-pressure effects,
as controlled by the degree of sample saturation, additional
experimental data will be required to completely describe
the importance of saturation.



MATERIAL PROPERTIES OF NEVADA TEST SITE TUFF

Introduction

Dynamic stimulation treatments are being experimentally evaluated
at the Nevada Test Site (NTS) where a mineback allows direct observation of
the results of the experiments. Five different treatments have been
performed, as follows:

Dynafrac - a fluid-decoupled explosive,

Augmented Dynafrac - a fluid-decoupled explosive with
a propellant booster,

Kinefrac - a small diameter propellant charge with a
pressurized water pad,

Multiple Kinefrac - three successive Kinefracs,

High-Energy Gas Frac - a full diameter charge of a
progressively burning propellant.

The object in each case is to produce multiple fractures that remain
connected to the wellbore after the treatment. Evaluation of the success

or failure of these treatments and their potential for use in other rocks

is heavily dependent on a knowledge of the material properties at in situ
conditions. The rock at the NTS is an ash-fall tuff whose properties differ
markedly from those of most reservoir rocks. To assist in the analysis of
the experiments, computer codes are being used to perform parameter
sensitivity studies. These codes require specific material property data

as input as well as information on the variability of these properties

both within the tuff and between the tuff and other rocks being considered.
An example of such a code is STEALTH/CAVS being used by Science Applications,
Inc. (SAI) to model the NTS experiments. Material properties required by
the code are: (1) mass density, (2) elastic constants, (3) tensile
strength, and (4) yield envelope. Information on compaction and
anisotropic behavior can also be used in the code for more refined models.

The purpose of this report is to collect as much material
property data as possible to form a data base for the analysis and evaluation



discussed above. At present, data being used to characterize the tuff are
based on static tests run on samples of rock from locations other than the

1,2,3,4 These tests are

actual site of the stimulation experiments.
inadequate in two respects. First, they are not site-specific, and what
few tests have been run suggest that the tuff can be quite heterogeneous
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with respect to some material properties such as tensile strength.
order to get more site-specific data, additional static tests were run by
Atkinson-Noland & Associates (A-N) on samples from G-Tunnel where the
experiments are being run and from a tunnel adjacent to G-Tunnel (see
Appendix A). Second, the static tests are not adequate for evaluating the
effect of the dynamic loads produced by these types of stimulation treat-
ments. To fill this gap in the data base, SAI has run Split-Hopkinson-
Bar (SHB) experiments to determine the dynamic mechanical properties of

the tuff.

In Situ Conditions

The stimulation treatments were run in horizontal, 15 cm holes
drilled 12.2 m deep from the tunnel. The overburden stress in the vicinity
of the tunnel is 8.6 MPa. The minimum horizontal principal stress is
5.4 MPa and is oriented at 15° to the drilled holes. The maximum
horizontal principal stress is 10.3 MPa.

In situ, a significant portion of the bulk material is water.
The tuff has a porosity of about 40% and it is water-saturated. The mass
density is only 1.8 gm/cm3. Even though the porosity is high the pores are
not well connected. The permeability ranges from 0.01 md to 0.80 md. Under
dynamic loading conditions, this low permeability could cause pore pressures
to build up thus reducing the effective stresses. This must be kept in mind
in analyzing the mechanical data presented.

Static Tests

Elastic properties. The two sources for static elastic properties
are Sandia Laboratories and the work done by Atkinson-Noland (A-N) whose work
is presented in Appendix A. Values for Young's modulus published by Sandia
are 4 GPa (600 ksi)z’3 and 5 GPa (725 ksi)4. Subsequent tests in which a
special effort was made to keep the rock water-saturated gave a lower average
Young's modulus - 2.76 GPa (400 ksi)s. However, it was emphasized in




5 that the number of tests was too small to form a

personal communication
basis for any conclusions about the effects of water-saturation. It was
felt that the variation in Young's modulus may be due more to the

heterogeneity of the rock than to the effects of water.

The values for Young's modulus obtained by A-N (see Table 1) are
generally lower than those obtained by Sandia. The average from 25 tests
is 2.62 MPa (380 ksi) * 0.80 MPa (117 ksi). The degree of heterogeneity is
reflected in two ways: first by the standard deviations and second by
comparing averages from two different tunnels (Series I and Series II).

The standard deviations are relatively large, which supports Sandia's
feelings about the heterogeneity of the rock. These standard deviations
reflect variations over a distance of about 3 m, which is the length of
core from which samples in a given group were taken. Comparing the values
for Series I and Series II in Table 1 gives an idea of the heterogeneity on
a scale of about 30 m (distance between tunnels. Again the rock appears to
be heterogeneous, but less than it was on the smaller scale.

In analyzing and modeling the static elastic behavior of the rock,
it is recommended that A-N's overall average of 2.62 GPa be used for Young's
modulus. This average is based on 25 tests all run under the same testing
procedures and in which a special effort was made to keep the rock water-
saturated.

A-N's tests also examined the dependence of elastic properties on
confining pressure and direction of loading. Table 1 shows no clear trend
for variation of Young's modulus with confining pressure. This conclusion
is supported by the plot of Young's modulus vs. confining pressure in
Figure 32 of Appendix A. Table III of Appendix A (page 15) shows only a
small variation of Young's modulus with direction.

The other elastic constant, Poisson's ratio, also seems to vary
by a considerable amount. The value published by Sandia is 0.23. The
average value measured by A-N is 0.38 £ 0.16. Four of the values were
greater than 0.5, suggesting some inelastic dilatant behavior at

relatively low stresses.

Tensile strength. Tensile strengths have been measured in three
labs: Sandia's, SAI's, and A-N's. Values for tensile strength published




Table 1.

Young's moduli for NTS tuff from different locations
(Series I adjacent to G-Tunnel, Series Il in G-Tunnel).
Numbers are given as follows: GPa(ksi) * standard

deviation (number of samples).

Series
I 11 I &I1I
1.79 (260) 2.60 (377) 2.42 (351)
Unconfined 10.28 (40) +0.53 (76) +0.59 (85)
(2) (7) (9)
3.12 (452) 2.35 (344) 2.74 (397)
Confined +0.70 (101) +0.95 (138) +0.90 (131)
(8) (8) (16)
Unconfined 2.85 (413) 2.47 (358) 2.62 (380)
& +0.84 (122) +0.77 (111) 0.80 (117)
Confined (10) (15) (25)




by Sandia are 2.76 MPa (400 psi)3 and 0.70 MPa (100 psi)4. A completely
water-saturated sample showed a tensile strength of only 0.32 MPa (47 psi)s.
Again the feeling was that this variation may reflect overall rock
heterogeneity rather than the effects of water. The tests were direct-pull
tests on 6 inch diameter samples. Direct-pull tests on 1.5 inch diameter
samples performed by SAI gave a value of 0.84 MPa (122 psi). Pinch tests
performed by SAI gave an indirect tensile strength of 1.84 MPa (268 psi).
Another indirect measure of tensile strength was obtained from Brazil tests
run by A-N. The average for 24 tests was 1.58 MPa (229 psi). Tests on
samples of different orientation showed no significant variation of tensile
strength with direction (see page 11 of Appendix A).

In summary, both the highest and lowest value for tensile strength
were given by Sandia. The range from 2.76 MPa to 0.32 MPa is not unusual
for tensile strengths. For analysis and modeling purposes, the value of
1.58 MPa from A-N's tests is probably best since it is based on a large
number of tests and falls near the middle of the range of values measured
in other laboratories.

Compressive strength. Uniaxial compressive strengths are given
by three sources. Sandia gives values of 34.5 MPa (5000 psi)z’3 and
30 MPa (4350 psi).4 SAI obtained an average value of 12.1 MPa (1760 psi),
which compares favorably with the value obtained by A-N of 13.6 MPa (1975 psi).
The values given by Sandia seem high compared to those obtained in other labs.

The results of differential compression tests run by A-N are used
to generate a yield envelope. These data are summarized in Table 2. A
least-squares parabala fit to this data gives:

Y = 14.56 + ).4847P - 0.005826 p2

where

differential stress (MPa)
confining pressure (MPa)

Figure 1 compares this yield envelope with one based on tests run by
Terra Tek.1

Information on compaction behavior can be obtained from the
hydrostatic compression tests in Appendix A, Figures 2-15. The curves in



Table 2. Results of differential compression tests on NTS tuff.

Confining Pressure Differential Stress

Series Test No. Group P (MPa) at Failure Y (MPa)
I 3 A 0 14.7
I 4 A 0 15.7
IT 11 A 0 13.8
II 12 A 0 10.3
I 5 B 17.2 26.1
I 6 B 17.2 21.0
I1 13 B 17.2 30.8
II 14 B 17.2 18.1
I 7 C 34.5 28.5
I 8 C 34.5 20.3
11 15 C 34.5 18.8
II 16 C 34.5 18.5
I 9 D 51.7 31.0
) 10 D 51.7 32.6
IT 17 D 51.7 18.2
IT 20 D 51.7 18.2
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these figures may be characterized in three stages. In the first stage
the curve has a relatively low slope. This is due to the closing of
microflaws and is typical behavior for most rocks at low stresses.
Between 3 and 15 MPa the curves steepen and become linear. In this stage
the rock is behaving elastically and the slope of the curve here is the
bulk modulus. An average bulk modulus for these curves is 2.09 GPa.
Between 30 and 50 MPa the slope begins to decrease. This probably
represents the onset of pore collapse.

Fracture mechanics. Measures of strength from the point of
view of fracture mechanics were obtained in two labs. Sandia published
values for fracture toughness of 495 kPa/ﬁz’3 and 400 kPa/ﬁ4. SAI
obtained an average fracture energy of 9.16 J/mz. The fracture toughness
values can be converted to fracture energies according to the following
equation:

6= K (1-v2)/E
where
G = fracture energy
K = fracture toughness
v = Poisson's ratio
E = Young's modulus

Using A-N's values of E = 2.62 GPa and v= 0.38 and Sandia's value of
400 kPay/m to calculate a fracture toughness gives 52.3 J/m2 which is
much higher than the SAI value. It should be noted that Sandia's
values for strength, both tensile and compressive, were higher than
those obtained by SAI and A-N.

10



Dynamic Tests

While the quasi-static triaxial experiments discussed above can
provide well-defined yield surfaces and compaction behavior for the NTS
tuff, the experiments do not provide any information on degree or
importance of dynamic-rate effects. It was considered essential to con-
duct some form of dynamic experiment so as to evaluate the potential
importance of rate effects in NTS tuff yielding and compaction. If the
rate effects are minimal, then the yield surface and compaction equation-
of-state derived from static experiments may be utilized directly in
calculations of dynamic phenomena. If dynamic-rate effects are found to
be important then the appropriate modifications could be made to the
descriptions of yield and compaction derived from the static experiments.
As the maximum loading rates to be experienced in the NTS mineback
experiments would be comparable to those realized in Split-Hopkinson-Bar
(SHB) experiments, (102 to 103/sec), it was decided to use a modified
SHB technique to evaluate dynamic-rate effects in NTS tuff.

The dynamic experiments were conducted in collaboration with the
Geotechnical Laboratory of Colorado State University. This laboratory has
an operational modified SHB apparatus designed so that electromagnetic
in-material partical-velocity measurements may be made. This apparatus
which is described in detail in Appendix B comprises the two traditional
suspended bars between which the sample to be tested is placed. An air-
driven canon is utilized to accelerate an impact piston against the first
(driver) bar. This impact generates a bar stress wave which propagates down
the driver bar arriving at the sample. Depending on the sample's
impedance and mechanical response, this incident stress wave is partially
transmitted through the sample and partially reflected back into the driver
bar. By means of strain gages placed upon the two bars, the incident
stress wave, the reflected stress wave and the stress wave transmitted
through the sample may all be independently measured. Traditionally, an
analysis of these waves is made so as to deduce dynamic strength
characteristics for the sample material. As samples in SHB experiments
typically deform heterogeneously rather than homogeneously, it is valuable
to have information on the deformational behavior within the sample propper.
Without specific information on heterogeneous sample deformation, sample
response can only be inferred as if the sample acted as a homogeneous coupling

11



media between the two bars. Be employing electromagnetic velocity

gages to measure details of sample deformation, it is possible to calculate
directly the stress and strains acting within various portions of the
sample during deformation. The electromagnetic gage techniques which were
utilized to measure the details of sample deformation are also described in
detail in Appendix B.

Modified SHB experiments were utilized to measure and study in
detail both the axial and radial deformation characteristics of NTS tuff
samples during dynamic lToading and failure. The axial measurements were
made by orienting the magnetic field generated by a Helmholtz coil pair
perpendicular to the axis of the cylindrical SHB sample, as illustrated
in Figure 2. Three electromagnetic-induction loops were placed along the
axis of the sample as illustrated in Figure 2. These gages, which were
simply conducting wire loops which would generate a voltage signal directly
proportional to the strength of the magnetic field, the length of the
active gage element and the average velocity of this gage element, were
utilized in two different geometries. One geometry, illustrated in
Figure 2, comprises an active gage element traversing the sample across its
diameter perpendicular to the externally applied magnetic field. The
second geometry involved placing the gage elements on a circumference at a
given radii, as is also illustrated in Figure 2. This geometry, designated
as an arch gage, enabled the axial partical velocity at a given sample
radii to be measured as opposed to the average axial velocity given by the
diametral gages. Data obtained from the arch-type gages did indicate that
there was a large heterogeneity or radial variation in axial partical
velocities during sample response.

Utilizing the gage configurations for making axial partical-
velocity measurements, modified SHB experiments were conducted on NTS tuff
samples at nominal impact piston velocities of twenty, thirty, and forty
meters-per-second. A brief summary of all the axial velocity SHB tests run
on NTS tuff is given in Table 3. Three partical velocity gage records for
a 30 meter-per-second (600 MPa) test are shown in Figure 3. The most
striking characteristic of these three gage records is the very severe
attenuation of the partical velocity along the sample. This attenuation is
a direct consequence of the extreme yielding induced in a sample by this

12
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Table 3.

Summary of SHB tests done on NTS tuff.

TEST IMPACT PROJECTILE INPUT STRESS
TEST # TYPE  VELOCITY (M/S)  AMPLITUDE (MPa)
TA-1 Axial 14.8 290.5
TA-2  Axial 30.3 594.9
TA-3  Axial 37.8 742.1
TA-4  Axial 35.7 700.9
TA-5 Axial 33.9 665.5
TA-7 Axial 29.9 587.0
TA-7  Axial 30.8 604.7
TA-8 Axial 29.9 587.0
TA-9  Axial 30.1 590.9
TA-10 Axial 11.6 227.7
TA-11 Axial 30.0 588.9
TA-13 Axial 29.8 585.0
TA-14 Axial 30.3 594.8
TA-15 Axial 30.3 594.8
TA-16 Axial 30.1 590.9
TA-17 Axial 30.1 590.9
TA-18 Axial 30.2 592.9
TA-19 Axial 29.8 585.0
TA-20 Axial 29.9 587.0
TA-21  Axial 30.3 594.9
TA-22 Axial 44.3 869.7
TA-23 Axial 41.5 814.7
TA-24  Axial 19.7 386.8
TA-25 Axial 19.0 373.0
TR-1 Radial 29.3 575.2
TR-2 Radial 29.8 585.0
TR-3  Radial 29.5 579.1
TR-4 Radial 29.9 587.0
TR-5 Radial 30.4 596.8
TR-6 Radial 29.7 583.1
TR-7 Radial 23.1 453.5
TR-8 Radial 42.2 828.5
TR-9  Radial 30.0 589.0
TR-10 Radial 18.0 353.4
TR-11 Radial 17.2 337.7
TR-12 Radial 40.7 799.0
TR-13 Radial 38.9 763.7
TARA-1  Arched 29.4 577.2
TAA-2  Arched 29.6 581.1
TAA-3  Arched 30.6 600.7
TAA-4  Arched 30.3 594.9
TAA-5 Arched 29.0 569.3
TAA-6  Arched 29.0 569.3
TAA-7  Arched 29.7 583.1
TAA-8 Arched 28.9 567.4
TAA-9  Arched 29.6 581.1

14

REMARKS

prelim. test set up
prelim. test set up
prelim. test set up
somewhat noisy data
poor decreasing velocity
noisy data

no #3 gage T
semi-dry; premature triczer
dry sample
questionable triggering
no #3 gage trigger
very noisy data

good data

good data

good data

#1 gage failed
excellent data
excellent data

good data

excellent data
excellent data
excellent data

good data

good data

no #3 gage trigger
good data

questionable #3 gage
excellent data

good data

no #3 gage trigger
heavy gauge wire used
heavy gauge wire used
heavy gauge wire used
excellent data
excellent data
excellent data
excellent data

good data

very noisy data

good data

good data

good data

3 "dia. gages" on same fiane
good data

#1 gage failed

good data
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amplitude of applied stress wave.

A second configuration of electromagnetic gage was utilized
to measure radial deformation of the sample during failure. Gages
designed to make radial partical-velocity measurements require that the
Helmholtz-coil-generated magnetic field be aligned along the axis of the
sample as illustrated in Figure 4. The electromagnetic gage loops for
these measurements comprise concentric loops of conducting wire with
pick-up leads located along radii of the sample, as illustrated in Figure 4.
As a sample is axially shortened in the modified SHB apparatus, the sample
undergoes outward radial displacements, both on the sample surface and
within the sample. The concentric gage loops provided a direct measure
of the radial velocities associated with the elastic and plastic deformation
of the samples. A typical set of radial partical velocity measurements
obtained on a sample loaded by an impact piston at 30 meters-per-second is
illustrated in Figure 5. The curves shown in Figure 5 have been corrected
for active gage length so that actual partical velocities as a function of
time at different radii are given. Also, these curves have been smoother
by using a three-point running average to numerically filter out some of
the high-frequency noise characteristic of raw gage records. The most
characteristic feature of these radial-velocity gage records is the marked
decay radially inward of partical-velocity ampiitude. In previous
experiments conducted by Colorado State University on limestone and granite
rock samples, an even stronger variation in radial velocity as a function
of radius was noted. For these rocks, the strong divergence of radial
velocities could only be explained by a large increase in sample cross-
sectional area partially associated with dilatancy during sample failure.
As will be discussed in more detail later, the NTS tuff samples displayed
an early-time compaction behavior followed by late-time dilatancy. It is
important to note that the accelerations necessary to achieve the velocities
illustrated in Figure 5 can only be effected if appropriate radial-driving
forces or stresses are present. These radial stresses will act as a
confining stress or pressure on the material inside the material being
accelerated. A knowledge of the radial velocities and accelerations as a
function of radii as obtained with the concentric electromagnetic gage
loops enables the accelerations to be integrated so that the radial stress
acting within the sample as a function of radii may be calculated. For

16
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brittle rock, undergoing strongly dilatant behavior, these radial stresses
may be on the order of one kilobar. For the NTS tuff samples, in which
dilatancy is much less pronounced, the peak radial stresses were less than
5 MPa (750 psi).

With the axial velocity data obtained from three different
positions within the SHB sample, such as illustrated in Figure 3, it is
possible to calculate the average axial stress-strain relationships
existing in the sample during its dynamic deformation. Calculation of
the dynamic stress-strain relationships involves integrating the velocity
curves at any of the gage positions with an appropriate description of the
phase velocity for wave propagation along the sample. As discussed by
Fowles & Wiﬂiams6 two characteristic phase velocities are defined for one
dimensional wave propagation. These two phase velocities are defined as:

_ah
G = Gedp,
_ h
Gy = (Ef)u,

where h is the Lagrangian coordinate position, t is time and p and u
indicate the value of the derivative at constant p-wave stress and particle
velocity respectively.

These phase velocities represent the speed at which stress
or particle velocity information is propagated along the sample. For a
steady wave Cp and Cu would be equal and would equal the classical
compressive wave velocity for the material. A plot of wave amplitude
arrival time vs. gage position, as illustrated in Figure 6, provides both
a "contour map" of the spacial and temporal distributions of particle
velocities in the sample and a visual representation of the phase
velocities, Cu. The phase velocities are simply the slopes in the time
vs. gage-position plane of 1ines connecting points of equal particle
velocity. As indicated in Figure 6, both positive and negative phase
velocities are indicated for the rising and falling portions of the
particle velocity gage records, respectively. When equal particle
velocities were measured at three gage positions, a parabolic fit was
utilized to determine the phase velocity relationships along the sample.
When only two gages measured a given particle velocity a linear relationship
was utilized as illustrated in Figure 6. The axial stresses acting within

19
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the sample during deformation were obtained by numerically integrating the
equation:

- Ju
O/"FO Cps'fdt’

which describes the relationship between stress phase velocity, particle
velocity and density. A similar numerical integration of the equation:

£ = %g% dt,
describing the relation between strain and particle and phase velocity,
yields a description of axial strain vs. time at the various gage positions.
As phase velocities are not defined for the higher velocity portions of the
first gage, only the second and third gage records may be fully integrated
utilizing the two relations given above. The axial-stress strain curves
obtained from the velocity data illustrated in Figure 3 and the phase
relations calculated from Figure 6 are given in Figure 7. The stress strain
curve for the middle gage reveals a characteristic knee occurring at 23 MPa
and 0.8% strain. This knee is associated with the onset of large-scale
yielding of the sample. The secant slope of the middle gage stress strain
record of 3.2 GPa (464 ksi) is slightly higher than the elastic moduli
determined from the triaxial tests performed by Sandia and Atkinson-Noland
on saturated samples. The 23 MPa strength indicated by the change in the
slope of the stress strain curve is significantly higher than the unconfined
compressive strength determined from static tests. Assuming that a 5 MPa
confining stress is effective due to the radial inertia effects discussed
above, an 18 MPa stress difference is indicated which compares closely with
the 17 MPa stress difference obtained by Atkinson-Noland at a 5 MPa
confining stress. Certainly, no major strain rate dependency is observed
for the yield behavior of the NTS tuff. Integration of the third particle
velocity gage indicates a continuation of elastic loading of the sample even
after the peak particle velocity has been obtained as illustrated in Figure 7.

By combining the data obtained from comparable experiments with
axial and radial partical-velocity gages, it is possible to obtain the
volume variation of various regions of the sample as a function of time.

A volume vs. time curve calculated from comparable radial and axial velocity
experiments is illustrated in Figure 8. The characteristic feature of this
curve is the early-time compaction followed by later-time dilatancy. The
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transition from compaction to dilatant behavior is believed to be
associated with the onset of large-scale sample failure. Prior to the
onset of failure, the large porosity of the rock allows fairly significant
compaction to occur due to the dominantly compressive stresses acting.
Once failure begins to occur on a broad scale, however, the sample under-
goes rapidly accelerating radial strains which effect a net increase in
sample volume or characteristic dilatant behavior. As the samples were
completely saturated prior to testing, any compaction would lead to the
pressurization of the pore fluid and a consequent pore-pressure effect
on axial failure. It was not possible to analyze in detail the role of
pore-pressure effects in the experiments conducted.
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Conclusions

The material property data collected from other sources and
generated in this program provide an adequate description of the G-Tunnel
tuff at the Nevada Test Site for most modeling and analysis purposes.

The available data should be adequate for describing most experiments
conducted in the ash fall tuffs of the Nevada Test Site. Additional data
would be required on the welded tuff rock in which some experiments have
been conducted or proposed. The results of a series of parameter
sensitivity calculations, in the process of being completed by SAI as a
separate subtask effort, should indicate if refined data will be required
for any of the material properties utilized in the numerical calculations.

A pressure dependent yield surface determined from the triaxial
experiments conducted on core from G-Tunnel is significantly lower than
that defined for other tuff beds at the NTS. Site-to-site variability in
the rock however would require that site-specific yield surfaces be
determined for experiments on which highly precise analysis were to be
performed. Between 15 and 50 MPa the yield surface is essentially flat
reflecting very little pressure dependence for yield stress in this
region. Compaction curves show inelastic compaction or yielding beginning
under hydrostatic loads suggesting that the yield surface may be closed at
higher confining pressures. More tests would be required to define
G-Tunnel tuff behavior at confining pressures greater than 50 MPa.

The tensile strength data obtained by Sandia, Atkinson-Noland
and on this program are consistent with each other but all display a
high degree of variability. This variability may be attributed to the
irregular distribution of depositional defects in the rock which results
in a broad initial flaw size distribution controlling tensile failure.
Fracture energy measurements performed on this program were consistent
and indicate a very low value for the fracture toughness of this rock.
The average 9.2 J/m2 for this rock is quite low compared to the 24 J/m2
determined for Solenhofen limestone and the greater than 100 J/m2 determined
for competent granites and sandstones7. The consistency of the fracture
energy measurements indicates that it is the distribution in initial flaw
size that results in the variability in tensile strength noted in direct-

pull tensile strength tests.
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The dynamic data obtained from the modified Split-Hopkinson-
Bar experiments indicate that the dynamic strength of the G-Tunnel tuff
is not significantly greater than the statically determined values. The
dynamic experiments also reveal an initial compaction of the rock followed
by dilatant behavior associated with overall sample failure. As this
transition from compaction to dilatant behavior is probably controlled by
pore-pressure effects occurring in the fully saturated rock additional
experiments would be required to determine dynamic yield behavior of
partially saturated tuff.
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Preface

This report presents results obtained from a
laboratory testing program conducted on tuff samples
from the Nevada Test Site. This work was authorized
by Science Applications, Inc. (SAI) Purchase Order No.
67194 dated February 26, 1980 and Purchase Order No.
67195 dated March 21, 1980. Tom Blanton, SAI, Fort
Collins, Colorado served as SAI's technical repre-
sentative.

This work was conducted under Atkinson-Noland &
Associates, Inc. Project No. 7931 and was directed
by Dr. R.H.Atkinson. Laboratory facilites of the
University of Colorado, Boulder were utilized for
the experimental work.
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STRENGTH AND DEFORMATIONAL
CHARACTERISTICS OF NEVADA
TEST SITE TUFF

Introduction

A laboratory testing program was conducted
to determine both strength and deformational
characteristics of ash fall tuff samples obtained
from the Nevada Test Site. This report discusses
specimen preparation methods, test equipment, test
procedures and presents results of the testing
program.

Specimen Storage and Preparation

Tuff samples were delivered to the laboratory
in two lots, the first on December 17, 1979 and the
second on March 7, 1980. The two groups of samples
referred to in this report as Series I and Series II
respectively, were slightly different in visual
appearance. The Series I tuff had a reddish color
with inclusions of ash ranging in size up to 1 cm.
The Series II material, which was obtained from
Sandia Labs, had a pink color and a smaller, more
uniform grain size.

The samples, which were in the form of 6 inch
diameter core lengths, were stored under water from
thé time of delivery until the specimens were cored.
The specimens for the hydrostatic and triaxial tests
were cored from the 6 inch cores with the test
specimen core axis parallel to the 6 inch core axis
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The orientation of specimens for the uniaxial and
tensile splitting tests are described in a later
section. The specimens were cored as NX core
(2.125 inch diameter - nominal) and were cut to a
length of approximately 4.25 inches.

A few specimens from Series I, (Nos. 1,2, and 3)
were cut to a shorter length due to lack of material.
The end surfaces of the specimens were ground flat
and parallel to a tolerance of 0.002 inch using a
diamond wheel mounted on a Bridgeport mill. The
prepared specimens were stored under water until
removed for testing.

Test Equipment

Triaxial

The triaxial, uniaxial and hydrostatic tests
were conducted using a modified type Hoek triaxial
cell. This cell is equipped with internally mounted
strain-gaged cantilevers which serve to measure
the lateral deformation of the specimen at mid-height,
Figure 1. The axial specimen deformation is measured
by a pair of strain-gaged cantilevers mounted to
the upper loading platen. The axial force is measured
by a load cell placed in the axial loading column.

The lateral confining pressure is applied to the
specimen through a standard Hoek membrane. The
pressure is generated by a hand pump and monitored

é by a Bourdon tube pressure gage. The axial load is
applied by a 300,000 1lb. Baldwin hydraulic testing
machine.
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The axial and lateral deformation tranducers
and the load cell are full bridge strain gage circuits
which are powered by a 10.000 VDC HP power supply.
The output signals are plotted on an Esterline-Angus
- X-Y-Y' recorder.

Calibration

All transducers were calibrated at the beginning
and at the end of the testing program. The load cell
was calibrated using a standard laboratory testing
machine which has a calibration traceable to the
Bureau of Standards. The axial cantilevers were
calibrated using a micrometer to supply a known
deflection. The lateral cantilevers were calibrated
in place using an expanding mandrel tool which per-
mits deforming the inside of the membrane radially
outwards by known amounts.

Under increasing hydrostatic loading, the increase
in the internal confining pressure produces a deforma-
tion of the cell body which results in deformation
of the lateral cantilevers which are mounted to the
end cap of the cell. This deformation under increas-
ing confining cell pressure was determined by sub-
Jjecting a steel specimen to a hydrostatic loading
cycle. The measured lateral response, when corrected
for the steel specimen deformation, yielded a cali-
bration curve for cell deformation due to changing
internal pressure.

Test Procedure (Triaxial Tests)

The test specimens were removed from the storage
tank immediately prior to the test. Initial values
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of length and diameter were obtained and the specimen
was placed in the test cell. Porous metal discs
approximately 0.10 inch thick and with a diameter equal
to the specimen diameter were placed at either end

of the specimen to provide drainage for any pore fluids
expelled during the test. The upper load platen, load
cell, and axial deformation transducer were mounted

and the cell centered in the loading bed of the 300 kip
loading machine. The three channels of information
from the test were connected to the plotter such that
the load was plotted along the X axis, the axial deform-
ation along the Y axis, and the lateral deformation
along the Y' axis.

All specimens were subjected to an initial load-
unload cycle of 500 1bs. to seat the specimen. The
hydrostatic loading was obtained by increasing or
decreasing the axial load and the fluid confining
pressure in unison. By using a relatively slow rate
of loading, the two resulting stresses could be main-
tained equal to within 100 psi. The hydrostatic
stress was applied at an approximate rate of 500 psi
per minﬁte. All hydrostatic loadings were conducted
with the three channels of the plotter set at the
most sensitive setting of 1 mv/inch.

Hydrostatic stresses were increased to levels
of 2500 psi, 5000 psi, and 7500 psi, at which point
the lateral confining pressure was maintained at
a constant level. The axial load was increased until
failure, characterized by a drop in axial load resist-
ance, or a yielding behavior, characterized by con-
stant load resistance under increasing axial deform-
ation, was observed. Except for specimen No. 5, the
plotter sensitivity for all channels was set to a
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reduced sensitivity of 10 mv/inch for the deviatoric
loading. The deviatoric loading was conducted at

a rate such that the axial strain rate was on the
order of 10'4 per second.

The uniaxial tests contained in the program on
the Series I and Series II rocks were conducted
following the same procedures as used for the tri-
axial tests except that they were conducted with
all data channels set at the 1 mv/inch scale.

Data Reduction

A. Hydrostatic Loading

Data from the hydrostatic loading phase of a
test was reduced to yield a value of volumetric
strain, aV/V,, at each 250 psi increment of hydro-
static loading. The axial strain was computed
using the recorded chart response, the calibration
factor of the axial cantilevers, and specimen length.
A correction for the apparent strain resulting from
axial compression of the steel platens and porous
steel discs was included in the calculation. The
radial specimen strain was computed using the re-
corded chart response, the lateral cantilever calibra-
tion factor, the measured cell deformation calibration,
and the pressure and the specimen diameter. From
the calculated values of axial and radial strain,
both the volume change, AV, and the volumetric
strain, AV/VO, were computed. A programmable hand
calculator was used for the data reduction.
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B. Deviatoric Loading

The recorded chart data from the deviatoric
loading phase was reduced to yield values of devia-
toric axial and lateral strain vs. deviatoric stress.
The correction factor for compression of the steel
platens was again included in the data reduction
procedure for axial strain. As the lateral confining
pressure was maintained constant during the devia-

toric loading, the correction factor for cell expan-
sion was not necessary.

Results - Triaxial Tests

The dimensions of the specimens and total failure
stress computed using both the peak value of stress and
the value at 0.002 strain offset are given in Table I.
The 0.002 strain offset was taken to be parallel to the
axial stress - axial strain curve where no initial
stiffening behavior was observed. Where the initial
stiffening behavior was noted, the offset was taken
parallel to the initial linear portion of the stress-
strain curve. For three of the tests wrumcg = 0,
specimen failure occurred before the 0.002 offset
strain point. In Table II are presented the values
of the bulk modulus, K, determined from the linear
range of response and the elastic parameters, E,
Young's modulus, and °, Poisson's ratio, determined
from tangent values at 50% of the peak deviatoric
stress.

Plots of the hydrostatic loading response in
the form of aV/ Vo versus hydrostatic stress are
presented in Figures 2 to 15. Plots of axial strain
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and lateral strain versus deviatoric stress are
contained in Figures 16 to 31. The raw data plots
from the X-Y-Y' recorder are contained in the Appendix.

Discussion of Results

The bulk modulus, K, determined from the
hydrostatic loading phase of the tests ranged from
231 ksi to 588 ksi with an average value of 361 ksi
for the 14 determinations available. These values
were determined for that portion of the curve which
had the most linear response. The effects of initial
low modulus values, the abrupt stiffening noted in
Specimen 10, 13, and 15, and the softening noted at
high stress levels in Specimens 1 and 17 were thus
excluded in the determination of the bulk modulus.

The values of Young's modulus, E, and Poisson's
ratio,©, determined from tangent'values at a stress
level equal to 50% of the peak deviatoric stress
value, show considerable scatter ranging from 152 ksi
to 565 ksi for E and from 0.19 to 0.73 for. In
Figure 32, values of Young's modulus are plotted versus
confining pressure. A trend of decreasing modulus
with increasing values of confining pressure is seen.
The Series II rock shows a stronger relationship than
the Series I rock. A similar plot of Poisson's ratio
versus confining pressure is presented in Figure 33.
The Series I rock shows a significant increase in
Poisson's ratio with increasing confining pressure
‘whereas the Series II material exhibits no relation-
ship between Poisson's ratio and confining pressure.
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The peak failure stresses from the deviatoric
loadings are plotted versus confining pressure in
Figure 34. A visual fit of a straight line to this
data provides the following strength relation:
<F = 2,000 + 1.5 (psi). Material from the two rock
batches tested show no decernable difference with

respect to peak strength.
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Directional Property Study

To investigate possible anisotropy of the tuff
rock, a series of uniaxial and tensile splitting
tests were run on Series II rock. An orthogonal
X-Y-Z coordinate system was established with the
Z axis along the 6" diameter core axis and with the
X and Y axes arbitrarily orientated. Because the

individual pieces of the 6 inch core were not match
marked, the X and Y axes chosen for the uniaxial
specimens may not correspond to those selected for
the tensile tests as two different pieces of 6"
core were used to prepare specimens.

Results from the uniaxial tests are presented
in Table III. Specimen No. 19, originally planned
for a triaxial test, was inadvertenly subjected to

| a uniaxial test and is therefore included in those

¥ results. The data indicate that both the uniaxial
strength and Young's Modulus show a directional
variation with the Z axis having the greatest strength
and modulus. Since the X-Y axes were arbitraily
chosen, it is possible that a greater degrée of
anisotropy could have been measured with a differ-
ent X-Y axes orientation.

Although the above data indicates directional
properties exist, the number of tests are inadequate
to accurately define the directional values of the
uniaxial strength and modulus.

Specimens for the Brazilian tensile splitting
test were prépared from NX size core drilled parallel
(z axis) and perpendicular (X and Y axes) to the
axis of the 6" core. For each Brazilian disk, two
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possible orientations of the tensile failure plane
are possible. For example, a disk from a X core
could be tested to measure tensile strength along
either the X-Z plane or the X-Y plane.

The orientation of the X-Y-Z coordinate system
was maintained on all disc specimens. TUsing all of
the remaining 6 inch core, it was possible to prepare
a total of 24 tensile specimens which were equally
divided between the X, Y, and Z orientations. Equal
numbers of specimens from each coring direction were
tested in each of the two possible directions as '
described above.

Tensile test specimens were stored under water
until shortly before testing. Specimen thickness
was measured and the disk was wrapped with a double
thickness of masking tape. All specimens were from
NX core having a diameter of 2.137 inch. Specimens
were tested in a tensile test loading device meeting
the requirements of the ISRM "Suggested Methods for
Determination of Tensile Strength”. Data was reduced
using the formula 6% = 0.636 P/Dt where P is the
failure load, D the specimen diameter and t is the
specimen thickness.

Results of the individual tests are presented
in Table III. From the individual test results the
following average values of tensile strength are

obtained:
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Direction of Failure Tensile
Tensile Stress Plane Strength, psi
X Y-2 223
Y X-Z 226
A X-Y 238

No directional variation in tensile strength
is apparent in the above data.
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TABLE II
STIFFNESS DATA

Specimen Series Hydrostatic  Deviatoric Deviatoric
No. No. Bulk Young's Poisson's
Modulus-ksi  Modulus-ksi Ratio

1 I 288 - -
2 I 231 - -

3 I - 405 .19
L I - 596 31
5 I 294 519 .37
6 I 405 316 .32
7 I 465 477 .57
8 I 349 377 .61
9 I 352 - 36k .73
10 1 517 565 .57
11 11 - %60 .2k
12 II - 333 .33
13 11 588 538 n.a.
14 IT 300 436 .22
15 11 328 342 .35
16 11 325 317 .32
17 11 288 152 .31
20 11 323 152 .28
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TABLE III
UNIAXTAL DIRECTIONAL PROPERTIES
SERIES II ROCK

Core Specimen & Modulus, E

Axis No. psi psi

X Ia 1640 391,750,
Ib 1710 396,200.

Y . ITa 1340 279,100,
ITo 1?90 302,400,

Z 11 2000 459,850.
12 1490 330,800.
19 2400 478,550,

Atkinson-Noland & Associates, Inc. /Consulting Engineers ¥\



TABLE IV
BRAZILIAN TENSILE TEST DATA

Spec. Axis Failure &% t P Gft
No. Plane Dir. inch 1lbs. psi
1 X X-Z Y 1.016 700 205
2 X X-2Z Y .933 780 248
3 X X-Z Y .986 620 187
4 X X-2 Y 1.011 820 241
5 X X-Y z 1.027 990 287
6 X X-Y Z 855 660 230
7 X X-Y z 1.014 740 217
8 X X-Y z 1.038 1320 378
9 Y Y-2 X 1.067 720 201
10 Y Y-Z X 1.075 820 227
11 - Y Y-2Z X .996 620 185
12 Y Y-2Z X .981 900 273
13 Y Y-X z 1.044 840 239
14 Y Y-X z 1.012 660 194
15 Y Y-X z .972 620 190
16 Y Y-X z 1.047 580 165
17 z Z-X Y 1.065 800 223
18 z Z-X Y 1.020 760 222
19 z Z-X Y 1.043 820 234
| 20 'z Z-X Y .972 820 250

|
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TABLE IV (cont.)
BRAZILIAN TENSILE TEST DATA

Spec. Axis Failure 6% t P &%
No. Plane Dir. inch 1lbs. psi
21 Z Z2-Y X 1.001 820 244
22 Z Z-Y X 1.007 780 230
23 Z - X . 997 640 191
24 Z Z2-Y X 1.077 840 232
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ABSTRACT

Large increases in rock strength observed in split-
Hopkinson-bar {SHB) experiments have often been
attributed to a transition to more strongly rate depend+
ent failure mechanisms. In more recent studies, it has
been suggested that lateral inertia can play a
significant role in the failure of rock in SHB tests.
The electromagnetic gage method for measuring in-mater-
jal particle velocities has been modified for use in
SHB tests so as to provide a direct measure of radial
particle velocities associated with sample failure.
Experiments on samples of Westerly granite and Solen-
hofen limestone under a variety of SHB loading
conditions demonstrate that sample failure does not
occur homogeneously but, rather, begins at the
exterior of the sample and propagates in a progressive
fashion towards the axis of the sample. Integration
with time of the particle and phase velocities at any
point within the sample provides directly the cross-
sectional volume of the sample at that point.
Integration inward with radial distance of the material
accelerations provides a measure of the radial stresses
acting within the sample during failure. These radial
stresses act as an effective confining pressure and
can increase significantly the axial stresses at which
failure takes place. The radial stresses induced, and
the consequent increases in strength, can be coupled
to the mode of failure. The granite undergoes a
predominantly brittle, pressure sensitive mode of
failure, wherein dilatancy requires large radial
velocities, accelerations and stresses. The radial
stresses act as confining stresses giving the rock
significantly greater axial strength. In contrast,
only moderate radial confining stresses in the lime-
stone are required to induce predominantly ductile
failure,with a concordant reduction in dilatancy and
radial accelerations. The results illustrate that the
traditional inferrence of high sample strength at SHB
loading rates is due to the coupling between progres-
sive sample failure and a Mohr-Coulomb failure surface
and is not an intrinsic rate effect. While traditional
SHB tests may thus be of Timited value, properly
instrumented SHB tests can provide much valuable data
on high-rate sample failure and the relative importance
of geometrical versus intrinsic rate effects.

References and illustrations at end of paper.

INTRODUCTION

The evaluation of novel drilling and rapid excava-

tion techniques and the further optimization of
conventional rock blasting both require an improved
understanding of rock strength and failure character-
istics at high rates of loading. As split-Hopkinson-
bar (SHB) devices can provide rates of loading
comparable to those of many rock breakage processes,
they have been extensively used to deduce dynamic
strengths for a large variety of rock types.

Using an SHB technique Green and Psrkins £1968)
found for strain rate increases from 10¢ to 10%/sec.
a sharp exponential increase in failure stress for
Solenhofen Timestone. Similar behavior was detected
for porphyritic tonalite in the region of 10°/sec.
(Perkins et al., 1970). Perkins et al. (1970) have
attributed these apparently anomalous strengths to a
transition to a more strongly rate dependent failure
mechanism. Using data from static triaxial compres-
sion tests Janach (1977) has predicted a failure
strength for Westerly granite at high strain rates
which suggests a very weak strain rate dependence.

A question as to whether the state of stress was one
of uniaxial stress or uniaxial strain at high strain
rates was raised by Green and Perkins (1968). However
they attribute increases in failure strength at high
strain rates to thermally activated fracture mechan-
isms. Brace and Jones (1971), and Janach (1976)
interpret this behavior to be the result of a
transition from uniaxial stress to uniaxial strain.

In more recent studies of rock failure at high
strain rates, such as associated with SHB tests there
has been a move to incorporate the effects of lateral
inertia (Janach, 1976; Glenn and Janach, 1977).
Janach (1976) developed a model (showing that lateral
inertia could play a controlling role in SHB type
rock failure and would be very important in the
presence of dilatancy. Brace et al. (1966) have
conducted triaxial compression tests at confining
pressures up to 8kb, in which the amount of dilatancy,
or inelastic volume changes, was found to be between
.2 and 2 times the elastic volume change. This range
in magnitude was found to be fairly independent of
confining pressure. During dilatant behavior the
porosity of a rock increases due to the formation of

1
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Because of their inability to undergo large radial
deformations the in-material gages failed relatively
early as seen by the sharp discontinuities for Gages #2
and #3 in Figs. 3 and 6. In contrast, the
circumferential gages had a zig-zag configuration, and
were able to undergo quite large radial displacements
before failure.

The early time, oscillatory portion of the gage
records corresponds to the elastic response of the
rock samples to stress waves propagating back and
forth in the samples as they "rang" up to the input
stress level of the driver bar. The negative velocity
indicated for the first such motion in the granite
sampies (Fig. 6) may be due to an anomalously negative
Poisson's ratio under SHB loading conditions or may
be due to initial piezoelectric noise generated in the
quartz-bearing rock. As soon as significant sample
failure begins to occur all of the velocity records
display the large regularly increasing signals shown
in Figs. 3 and 6.

The variations in radial velocity over sample
radius can be quantitatively described by the phase-
velocity, Cy, where Cy = (3h/at)y, and where h is the
Lagrange coordinate position. C, is the velocity at
which a given radial particle velocity is transmitted
radially through the rock. As a means of determining
the value of C, at each of the initial gage locations
and at all intermediate positions,velocity-time data
for each gage has been transformed to t/h coordinate
space and second-order polynomials used to connect
points having the same radial particle velocities.
Values of Cy were determined by taking the inverse-
slope of the polynomial at each gage location, and
were used in the integration to determine the cross-
sectional volumes of the rocks during failure.

Finite-difference approximations to the equations
for the conservation of mass and momentum (Fowles,
1970) were derived and utilized to calculate the cross
sectional volume (axial shortening is ignored) and
radial stresses acting during SHB sample failure. The
volume integration revealed that, for similar loading
conditions, the granite samples underwent significant-
ly greater cross-sectional volume increases than the
limestone samples. This increased volume is
attributed to the greater dilatancy occurring during
failure of the granite samples. This increased volume
has two important consequences on the analysis and
interpretation of sample failure. Conservation of
momentum requires that increased radial velocities and
thus accelerations be associated with dilatant volume
increases. Consequently, the radial stresses
calculated for failing granite samples is much greater
than for comparably Toaded Timestone samples. As
tensile hoop stresses, developed as an SHB sample
deforms radially, will contribute to the generation
of radial compressive stresses, a sample not under-
going tensile failure will develop larger radial
stresses. In the integration for calculating radial
stresses, a criteria for tensile hoop failure was
based upon the cross-sectional relative volume. As
discussed in greater detail below, the large volume
increases associated with failure of the granite
specimens rapidly dictated that tensile hoop stresses
could not be sustained.

I

The finite-difference equation for conservation
of momentum was used to evaluate the effect of four
different sets of assumed conditions upon calculated
sample response. One condition related to the
presence or absence of a hoop tensile strength during

sample radial flow and failure. The other condition
involved considering or ignoring the small changes in
radius and density occurring with sample failure.
Permutation of these two conditions made the four

sets considered. It was found that inclusion of actual
radii and densities had a negligible effect upon
calculated radial stresses while inclusion of a tensile
hoop strength could significantly increase the
calculated radial stresses.

Evaluation of cases where tensile hoop stresses
could contribute required a criterion for tensile
failure. Although radial displacement and the
consequent hoop strains would appear to be an adequate
reference for tensile failure, large hoop strains could
result from ductile flow without any concordant tensile
failure. Consequently it was decided to utilize the
cross-sectional relative volume (V) as a reference for
failure, on the basis that an increasing relative
volume would be indicative of dilatant and, by infer-
ence, brittle failure. Quite arbitrarily a cross-
sectional relative volume of 1.02 was employed as the"
cut off for the existence of a 200 bar tensile hoop
strength. Despite the crudeness of the criterion, the
results illustrate well the important role that hoop
tensile strength effects can play.

As
effect,
will be

changes in radius and density had a negligible
only the effects of hoop tensile strength
discussed here. In Fig. 4 radial stresses for
the two tensile strength cases at different times are
plotted as a function of position within the sample for
the Solenhofen limestone test whose raw velocity data
is shown in Fig. 3. At all three times shown, the
cases in which a 200 bar tensile strength is included
give a significantly higher radial stress. For all
cases the radial stress is found to increase towards
the axis of the sample as would be expected. Curves
for the two cases at the latest time shown (93.8 usec)
are only slightly different as tensile failure has been
generally invoked by the relative-volume criterion.
The calculated loss of tensile strength during sample
failure is illustrated in Fig. 5, where the radial
stress at Gage #3 is seen at early times to be some
three times greater for the tensile-hoop-strength case
than for the zero-strength case. At later times the
tensile~strength case radial stress rapidly approaches
the zero-strength case.

In contrast to the limestone samples, Westerly
granite samples displayed significantly higher
accelerations and peak velocities such as shown in
Fig. 6. The higher accelerations observed in granite
samples are believed to be a direct consequence of
dilatancy during brittle failure and the conservation
of mass and momentum. As shown in Fig. 7 the radial
stresses calculated for the velocity records of Fig. 6
are much Targer than for limestone failure under
comparable loading conditions.

The effect of including tensile rock strength
with the relative-volume failure criterion on radial
stress computations for Westerly granite is much Tess
than for limestone. For Experiment 44, Fig. 8, the
initial value of radial stress at the position of
Gage #3 is only 20% greater than the corresponding
value for the zero-tensile-strength case. The
influence of tensile rock strength also became
negligible at a comparatively earlier time than for
the limestone experiments. The fact that the
influence of tensile rock strength drops off rather
abruptly for Experiment 44 indicates that the cross-
sectional relative volume increases abruptly and that
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Green, S.J. and Perkins, R.D., 1968, Uniaxial FIGURE 1 LEGEND
Compression Tests at Strain Rates from 10-4/sec.
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TABLE 1.

Principal Test Conditions and Results.

Peak
SHOT # Stress mitted Strength
Rock Length | Length | Velocity |Amplitude| Stress (kb?
Type (mm) (mm) (m/s) (kb) (kb)
Solenhofen
33 1imes tone 46.8 199.5 32.1 5.94 2.9 3.5
Solenhofen
35 limes tone 46.0 199.5 1.7 7.72 2.9 3.4
Solenhofen
37 1imestone 51.0 99.5 61.4 11.36 2.9 3.6
Fracture
4.3
Westerly .
40 granite 45.8 99.5 29.9 5.53 3.1 >4
Friction
Fracture
5.2
Westerly
42 granite 47.1 149.5 24.6 4.55 2.8 2.7
Friction
Fracture
6.3
- desterly
44 granite 46.7 99.5 46.4 8.58 3.0 -
L Friction
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F16, 3 - RADIAL PARTICLE vi&ogérv vs TIME For SHOT #37 (SOLENHOFEN LIMESTONE) ,
ImPacT sTRESS AMPLITUDE = 11,36 KBAR; IMPACT STRESS DURATION - 50 wus.
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RADIAL POSITION <mmD

F16. 4 - CALCULATED RADIAL STRESS VS RADIAL POSITION FOR SHOT #37 FOR TWO TENSILE
STRENGTH CASES.
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EASESB - RapiaL sTress (AT GaGe #3) vs TIME FOR SHOT #37 FOR TWO TENSILE STRENGTH
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