DRAFT

py

MECHANICAL PROPERTIES
OF NTS TUFF
FOR EVALUATION OF
MINEBACK TESTS

vvvvv

by
Chapman Young

Thomas L. Blanton
Nancy C. Patti

TASK REPORT
September 12, 1980

Prepared for

Eastern Gas Shales Project
Morgantown Energy Technology Center
Collins Ferry Road
Morgantown, West Virginia 26505

Contract No. DE-AT21-78MC08216
Task Order No. 21

g

Prepared by

Science Applications, Inc.
P.0. Box 1173
Steamboat Springs, Colorado 80477




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 techniques 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-
o 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:

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

e 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 frégi]e nature
of the rock.

Dynamic experiments employing modified Split-Hopkinson-Bar
techniques, indicate that the dynamic strength of this rock
js 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.
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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
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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
with respect to some material properties such as tensile strength.5 In
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
jn 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 Append1x A. Values for Young s modulus published by Sandia
are 4 GPa (600 ks1) 3 and 5 GPa (725 ks1) 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 ks1) However, it was emphasized in

4
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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) T 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 t 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 II in G-Tunnel).
Numbers are given as follows: GPa(ksi) t standard
deviation (number of samples).
3 Series
I I I &1I
1.79 (260) 2.60 (377) 2.42 (351)
Unconfined 10.28 (40) +0.53 (76) 10.59 (85)
(2) - (7) (9)
3.12 (452) 2.35 (344) 2.74 (397)
Confined 10.70 (101) +0.95 (138) *0.90 (131)
(8) (8) (16)
Unconfined 2.85 (413) 2.47 (358) 2.62 (380)
& 1+0.84 (122) 10.77 (111) +0.80 (117)
Confined (10) (15) (25)




by Sandia are 2.76 MPa (400 ps1) and 0.70 MPa (100 ps1) A completely
water-saturated sample showed a tensile strength of only 0.32 MPa (47 ps1)
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 1nd1rect 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 ps1) .3 and
30 MPa (4350 psi).4 SAT 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)

o =<
"

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
11 11 A 0 13.8
11 12 A 0 10.3
i I 5 B 17.2 26.1
I 6 B 17.2 21.0
T 11 13 B 17.2 30.8
11 14 B 17.2 18.1
I 7 C 34.5 28.5
I 8 c 34.5 20.3
g_ 11 15 c 34.5 18.8
f 11 16 C 34.5 18.5
; I 9 D 51.7 31.0
I 10 D 51.7 32.6
II 17 D 51.7 18.2
11 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/m2. The fracture toughness
values can be converted to fracture energies according to the following
equation:

G = K (1-v2)/E

where

1

fracture energy
fracture toughness

Poisson's ratio

m <« X O
]

Young's modulus

Using A-N's values of E = 2.62 GPa andv= 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
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Figure 3. Partical velocity vs. time gage records for an axial SHB test

with an impact piston velocity of 30 M/S.
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AXIAL TEST # 18
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Figure 7. Calculated axial stress vs. strain relationship.
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TABLE 1
SPECIMEN DIMENSION AND STRENGTH DATA

Specimen Series Diameter Length Confining Failure Failure
No. No. -inches -inches Pressure Stress Stress
-psi Peak-psi .002 offset psi
1 I 2.132 3.55 hydrostatic test only
2 I 2.130 3.13 hydrostatic test only
3 I 2.133 . 3.059 0 2130 2130
b I 2.133 | 4,148 0 2270 -
~
5 1 2.137 4.084% 2500 7060 6290
6 I 2.137 :.Hwﬂ 2500 6050 5540
7 I N.Fum r.HNH 5000 9570 9130
8 I 2.132 t.u:o 5000 8690 7950
9 I 2.137 ?.Hmm 7500 13,320 12,000
10 I 2.137 L.082 7500 12,560 12,220



Ll : i ' = h - P

mw TABLE I (cont.)

WW SPECIMEN DIMENSION AND STRENGTH DATA .

Mbu Specimen Series Diameter Length Confining Failure Failure
,|,_u No. No. -inches -inches Pressure Stress Stress
W . -psi Peak-psi .002 offset psi
NW 11 11 2.138 I, 246 0 2000 -

2 ,_

Q 12 11 2.138 4,250 0 1490 -

GO

P i3 IT 2.138 y.222 2500 7260 6970
£ ,

mw 14 11 2.138 k.175 2500 6090 5130
WT.

D 15 1I 2.141 4,324 5000 9230 7720
%)

= 16 11 2.135 4.200 5000 8680 7680
O

W 17 I 2.138 4.303 7500 12,810 10, 150
O .

w 19 11 2.138 4,219 0 2400 -

C

.

35 20 11 : 2.139 4,167 7500 12,710 10,150
«Q

mwd Ia 11 2.136 . h22 0 1640 -

Q

% Ib 1T 2.136 . 300 0 . 1710 -

% w IIa I 2.135 L.257 0 1340 -

=

IIb 11 2.135 L.265 0 1390 -



| 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 - -
i 3 I - Lhos .19
L I - - 596 .31
. 5 I 294 519 <37
- 6 I bos 316 .32
7 I Lés L77 <57
i 8 I 349 377 .61
9 I 352 . 364 <73
10 I 517 : 565 .57
11 11 - 60 .24
12 11 - 333 .33
13 II 588 538 n.a.
14 11 300 436 22
15 1T 328 342 .35
%m 16 II 325 317 .32
” 17 I1 288 152 .31
20 II 323 152 .28

LAtkinson-Noland & Associates, Inc. /Consulting Enginéers =N



TABLE IIT
UNTIAXIAL DIRECTIONAL PROPERTIES
; SERIES II ROCK

Core Specimen s Modulus, E
Axis Nq . psi psi
X | Ia 1640 391,750,
Ib 1710 396,200.
Y . 11a 1340 279,100.
t’”’ IIb 1?90 302,400.
Z 11 2000 k59,850.
¥ 12 1490 330,800.
‘! 19 2100 478,550

 Atkinson-Noland & Associates, Inc./Consulfing Engirieers X\
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TABLE IV

BRAZILIAN TENSILE TEST DATA

Spec. Axis Failure sft t P c;:
No. Plane Dir. inch 1bs. psi
1 X X-Z Y 1.016 700 205
2 X X7 Y .933 780 248
3 X X-2Z Y .986 620 187
I X X-2 Y 1.011 820 241
5 X X-Y z 1.027 990 287
6 X X-Y 7 .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-2 X .996 620 185
12 Y Y-2 X .981 900 273
13 Y Y-X z 1.044 8140 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 A 7-X Y 1.020 760 222
19 7 7-X Y 1.043 820 234
20 7 7-X Y .972 820 251

Atkinson-Noland & Associates, Inc. /Consulting Engineers 7%



TABLE IV (cont.) -
! BRAZILIAN TENSILE TEST DATA

Spec. Axis Fdilure 6% t P &%
W: No. Plane Dir. inch 1bs. psi
21 Z z-Y X 1.001 820 25k
L 22 / 7-Y X 1.007 780 230
[ 23 z z-Y X .997 640 191
1 2l z z2-Y X 1.077 840 232

Atkinson-Noland & Associates, Inc. /Consulting Engineers =‘-\\
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DEVIRTORIC STRESS
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predominantly axial fractures. Radial velocity
records obtained during “"symmetrical impact"
experiments carried out by Glenn and Janach (1977),
show a prolonged period of high radial acceleration,
which they suggest is a direct result of dilatancy.
Any permanent volume increases (dilatancy) will
require, for conservation of mass, larger radial
displacements and therefore velocities and accelera-
tions. The higher radial acceleration will, through
the conservation of momentum, require higher radial
stresses which will act as an effective confining
stress in the rock during failure. Brace and Jones
(1971), and Janach (1976) suggest that the confining
stress serves to maintain the axial core of the rock
specimen in a state of uniaxial strain.

In the present study efforts have been
concentrated upon the measurement of radial velocities
in SHB tests, the calculation of radial stresses and
volume changes and the quantitative evaluation of
lateral inertia effects upon rock failure, including
the contributions of dilatancy.

EXPERIMENTAL PROCEDURE

The modified split-Hopkinson-bar facility used in
the experimental program is shown schematically in
Fig. 1. The bar portion of the facility consists of
a 2.4 m Tong aluminum H-channel, to which two sets of
vertical supports have been secured. Cold-drawn, 304,
stainless-steel bars 25.4 mm in dia. by 1.0 m long are
suspended from the supports with 0.36 mm dia.
stainless~steel (piano) wire. Support design details
allow for adjustments 7in both the horizontal and
vertical alignment of the suspended bars (Section X-X
of Fig. 1). To insure precise bar alignment, an L-
shaped plexi-glass block has been fastened to each of
the vertical aluminum guide blocks. Each plexi-
glass block is equipped with horizontal and vertical
back-out screws. The proper position for each of
these back-out screws was determined during alignment
of the entire impact facility using a transit. Once
alignment details had been insured, strain gage
bridge circuits were epoxied to both the driver and
receiver bars, to enable stress wave propagation
within each bar to be monitored.

The unique feature of the facility is the
Helmholtz arrangement of electromagnetic coils, shown
schematically in Fig. 2. The field coils are
aluminum spools wound with 14-gage Teflon-coated wire
and are powered by three 12-volt automobile
batteries connected in series. The coils are mounted
on vertical supports located at the center of the
2.4 m H-channel, as shown in Fig. 2, and positioned
s0 that the generated field is parallel to the
Tongitudinal axis of the rock specimen. This gives a
uniform magnetic field of approximately 0.05 Tesla
in the region of the sample.

Dynamic fracture experiments were carried out
on cylindrical specimens of Solenhofen limestone and
Westerly granite. All rock specimens tested were
25.3 mm in dia., having lengths which varied between
46.0 and 51.2 mm. A standard diamond coring bit was
used in conjunction with a variable speed drill
press, to obtain cylindrical specimens from homo-
geneous blocks of the two rock types. Using a
diamond saw, both ends of the rock specimen were cut
perpendicular to the longitudinal axis of the rock
core. The rock was then cut into two pieces of
approximately equal length to allow for in-material
gage placement.

Gage installation and rock specimen preparation
consisted of three operations: the installation of
in-material concentric gages, the reassemblage of
rock halves, and the placement of an exterior
circumferential gage. All gages were made of either
varnished 32-gage copper wire or Teflon-coated 30-gage
wire and carefully glued into machined concentric
grooves with Locktite-404 adhesive (see detail in
Fig. 2). Excess adhesive was removed from the rock
face by hand-lapping against a 400-grit silicon
carbide paper. This Tast step also insured that the
gage wires were flush with the rock face. The gage-
diameters, outlet gaps, and half-specimen lengths were
then measured and recorded. Next, a thin layer of
5-minute epoxy was applied to the gage face and the
two specimen halves reassembled. The performance of
various circumferential gages was tested in the earlier
stages of the research. The one found best for
following the dynamic response of the two rock types
tested, has a zig-zag configuration as shown in Fig. 2.
This gage was prepared on a strip of cellophane tape
using varnished copper 32-gage wire and then glued to
the cylindrical rock surface in the vicinity of the
epoxy glue joint, with Locktite-404.

During the SHB tests the voltage signals from the
in-material and surface electromagnetic gages were
recorded on Biomation model 805 transient digital
recorders. The signals from the strain-gage bridge
circuits on each bar were amplified through Tektronix
AM-502 differential amplifiers and then recorded with
an oscilloscope camera on a Tektronix 7603 scope.
Velocity of the impact piston was determined by
measuring the time interval for the piston to travel
between a shorting pin (installed near the exit of
the gas-gun barrel) and the driver bar. A 0.03 mm
sheet of stainless shim-stock was attached to, but
electrically isolated from, the impact end of the
driver bar with a thin coat of fast-drying spray
paint. Impact of the piston against the bar short-
circuited the foil, thus stopping the time interval
counter, and triggering the Biomation recorders and
the oscilloscope. After each experiment the memory
of the digital recorders was transformed to a high
resolution analog display via an x-y recorder. For
each experiment the magnetic field generated by the
Helmholtz coils was monitored by recording a shunt
voltage in the battery-coil circuit. This shunt
voltage was calibrated with the magnetic field using
a Hall effect probe.

DATA REDUCTION AND ANALYSIS

The basic experimental conditions and test results
for the six experiments analyzed in detail are
summarized in Table 1. The radial velocity gage
reocrds for these six experiments were redigitized
utilizing a Hewlett-Packard 9872-A plotter interfaced
with an H-P 9825-A desk top computer. A1l subsequent
data reduction and analyses were done with the 9825-A
computer and the results plotted on the 9872-A
(Figs. 3 to 10).

A1l of the analyses were based upon information
contained in the radial velocity vs. time records.
Representative plots of velocity vs. time are shown in
Figs. 3 and 6. The exterior circumferential-gage has
been designated as Gage #1, and the innermost in-
material gage as Gage #3. Radial acceleration of any
gage was determined from the slope of the appropriate
velocity-time curve. An instantaneous value of gage
radius was found by integrating the appropriate
velocity-time curve.
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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
samples (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/3t)u, and where h is the
Lagrange coordinate position. Cy 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 C, 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-
1y greater cross-sectional volume increases than the
limestone sampies. 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 loaded limestone 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
jncreases associated with failure of the granite
specimens rapidly dictated that tensile hoop stresses
could not be sustained.

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

“the 1imestone experiments.

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-sirength 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 Tlimestone 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 larger 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 less
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 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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the granite specimen has undergone a predominantly
prittle and dilatant failure.

While the large differences in radial stresses
generated by lateral inertia between limestone and
granite are indicative of the different modes of
failure for the two rocks, the radial stresses do not
directly give the axial strength of the sample. As
observed by a number of investigators (i.e. Mogi
(1966); Brace et al. (1966); Byerlee (1967)) the
relationship between the principal stresses o] and o3
at failure is nonlinear. Byerlee (1967) suggests that
the nonlinearity is due to the fact that the cohesive
shear strength of rock (i.e. ©_) varies with normal
stress. Using triaxial compregsion data from Brace
et al. (1966) and Mogi (1966), Janach (1977) was able
to empirically establish-a failure relationship for
Westerly granite: -

012 - 1.05 x 10% (a3+5)(MN/m2),

This failure criterion when related to radial
stress enables a determination of o1 (maximum axial
stress) at failure. The general applicability of this
model, as pointed out by Janach, is unknown. However,
it has been found accurate in predicting the failure
strength of Westerly granite at very high strain rates.

The radial stresses determined for each experi=
ment on granite were used to determine an inferred
axial strength as a function of radial position for
| Experiments 40 and 44. The inferred axial strengths
from Janach's (1977) failure relationship for these
two experiments are shown in Fig. 9. A Tower bound
for the inferred axial strength of Westerly granite
was calculated using the frictional shear strength vs.
normal stress data for this rock as presented by
Byerlee (1967). The frictionally inferred axial
strengths as a function of radial position for
Experiments 40 and 44 have been included in Fig. 9.

Transmitted stress-wave amplitudes, as tradition-
ally measured in SHB tests, provide a measure of the
effective axial strength of the rock samples. 1In
order to compare the inferred axial strengths (Figs. 9
and 10) deduced from the integrated radial stresses
with transmitted wave amplitudes, an average sample
strength was obtained by integrating the inferred
axial-strength profiles over the radii (annular areas)
of the samples. The maximum values for the average
effective sample strengths so calculated are given in
Table 1. The average strengths based upon Janach's
(1977) rock fracture relationships are significantly
higher than the measured transmitted stresses. The
average strengths based upon rock friction data are
comparable to the transmitted stresses except for
SHOT #40.

For Solenhofen limestone a plot of o3 Vs. o3
based upon the triaxial compression data of Robertson
(1955) and Serdengecti and Boozer (1961) as presented
by Handin et al. (1967), has been used to determine
the inferred axial strength of the limestone as a
function of radial position, for Experiments 33, 35,
and 37. These curves are shown in Fig. 10. For
Solenhofen limestone Janach (1976) has determined an
upper limit for the peak axial stress that can
develop in this rock under dynamic Toading conditions.
He has determined this dynamic 1limit to be between
1.3 and 1.4 times greater than the unconfined compres-
sive strength. The average values of axial strength
computed for Experiments 33, 35, and 37 and given in

Table 1 Tie within these dynamic strength limits. As
f r as the tests on granite, the calculated strengths
of limestone are more than adequate to explain the
measured transmitted stresses.

CONCLUSIONS

Rock failure in split-Hopkinson-bar tests is
strongly influenced by lateral inertia and the
consequent generation of effective confining stresses.
The electromagnetic-gage measurement of radial
velocities at various radii in cylindrical split-
Hopkinson-bar samples during sample failure permits
the inertial effects to be quantitatively evaluated.
Data on both Solenhofen limestone and Westerly granite
illustrate the range of lateral inertia effects that
occur in split-Hopkinson-bar tests. The principal
conclusions that can be drawn from these data and
their analyses are as follows:

1) Granite failure is characterized by high
radial velocities, accelerations, and
stresses.

2) Limestone failure is characterized by
comparatively lower radial velocities,
accelerations, and stresses.

3) For the tensile-strength criterion chosen, the
effect of tensile rock strength was more
pronounced in experiments where limestone was
the rock tested. The effect of tensile rock
strength drops off gradually for the limestone
whereas for the granite the drop off takes
place more abruptly.

The average inferred axial strength of granite
increases significantly with increasing impact
stress, whereas for the limestone there
appears to be a limit for the dynamic
strength.

5) The inertially induced radial stress field is
capable of producing a confining pressure of
sufficient magnitude to account for increases
in compressive strength of magnitude observed
in split-Hopkinson-bar experiments.
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TABLE 1.

Principal Test Conditions and Results.

Peak
IMPACT Calculated
ROCK TARGET Input Trans-
SHOT # PROJECTILE Stress | mitted Average
Rock Length Length Velocity |Amplitude| Stress ?kg?
Type (mm) (mm) (m/s) (kb) (kb)
Solenhofen
33 Timestone 46.8 199.5 32.1 5.94 2.9 3.5
Solenhofen
35 1imes tone 46.0 199.5 4.7 7.72 2.9 3.4
Solenhofen
37 1imes tone 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 5 4
Friction
Fracture
5.2
Westerly :
42 granite 47.1 149.5 24.6 4.55 2.8 9.7
Friction
) Fracture
6.3
Westerly *
44 granite 46.7 99.5 46.4 8.58 3.0 3.3
[ Friction
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RADIALSSTRESS

5 H D T # 3 7 SOLENHOFEN LIMESTONE
ROCK TARGET LENGTH = 51.8 mm
SHORT PROJECTILE
IMPACT VELOCITY = 81.4 w/e
MAGNETIC FIELD INTENSITY = B.845 Tesla

RADIAL PARTICLE VELOCITY .(m/s)
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TIME {micro-seconds)

F16. 3 - RADIAL PARTICLE vi&ogéTY vs TIME For SHOT #37 (SOLENHOFEN LIMESTONE) «
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RADIAL POSITION <mmD

Fi6, 4 - CALCULATED RADIAL STRESS VS RADIAL POSITION FOR SHOT #37 FOR TWO TENSILE
STRENGTH CASES,
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