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PREFACE

This investigation was conducted during the period April 1975 =-
April 1976 by personnel of the Soil Dynamics Division (SDD) of the
Soils and Pavements Laboratory (S&PL), U. S. Army Engineer Waterways
Experiment Station (WES); Terra Tek, Inc. (TT), Salt Lake City, Utahj;
and Systems, Science and Software (SB), La Jolla, California. The S3
work will be reported separately. However, by direction from the
f Defense Nuclear Agency (DNA), the TT studies have been included in
this report. The WES work was sponsored by DNA under Subtask SB21l,
Work Unit 11, "Field Firing Material Testing." The TT effort was
funded by DNA, Contract No. DNA 001-75-C-01T7T7, with MAJ Todd D. Stong
as Contracting Officer's Representative.

This investigation was planned and the report prepared by Mr. D. K.

Butler, SDD. Technical consultation and guidance were provided by
Dr. P. F. Hadala, SDD. Messrs. L. L, Steen, A. L. Peeples, B. F. Wright,
P. L. Collins, and R. A. Hammack, SDD, assisted with the various phases
of the WES laboratory testing program. Messrs. J. R. Curro, Jr., E.
Gomez, and D. H. Douglas of the Earthquake Engineering ar Vibrations
Division, S&PL, conducted the field geophysical survey. Appendix A,
summarizing the geophysical survey, was prepared by Mr. Curro. The TT
portion of the investigation is described in Appendix D, which was pre=-
pared by Messrs. R. R. Nielsen, R. K. Dropek, and S. W. Butters. The
WES work was performed under the general supervision of Dr. J. G.
Jackson, Jr., Chief, SDD, and Mr., J. P. Sale, Chief, S&PL.

COL G. H. Hilt, CE, and COL John L. Cannon, CE, were Directors of
WES and Mr. F. R. Brown was Technical Director during the conduct of

j'; this investigation and the preparation and publication of this report.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The current Defense Nuclear Agency (DNA) Earth Penetrating Weapon
(EPW) Research Program is concerned with assessing the survivability of
candidate EPW's following impact and penetration into hard earth targets.
Little is known regarding penetrator survivability as a function of
impact velocity and target material properties for "hard" targets.

Three targets, which may qualitatively be described as being low=- to
medium-strength rocks, were selected for full-scale field penetration
tests to elucidate this area of terradynamics and to provide data to aid
in future penetrator design considerations. The three targets were
large outcrops of welded tuff, sandstone, and siltstone.

An outcrop of Thirsty Canyon welded tuff at a site located near
Mount Helen on the Tonopah Test Range (TTR), Nevada, was selected as
the first target. This is the strongest of the three rocks considered
and, presumably, for a given impact velocity, a penetrator which sur-
vives penetration into the welded tuff would also survive in sandstone
and siltstone. An outcrop of Dakota sandstone at a site near San Y¥sidro,
New Mexico, was selected as the second target, and the siltstone site
selected is located near Los Lunas, New Mexico. At each of these sites,
Sandia Laboratories, Albuquerque (SLA), is scheduled to fire a series of
instrumented 16.5-cm-diam, 182-kg penetrators into the in situ rock.

The purposes of these tests are to assess survivability of the penetrators,
determine depth of penetration and stresses in the target, and determine
strains and accelerations in the penetrator. In addition, Avco Corpora-
tion will conduct a series of reverse ballistic tests using heavily in-
strumented penetrators and 38.l-cm-diam sandstone core from the San Ysidro
site. For all three sites, pretest penetration predictions, posttest
analyses, and detailed finite difference and finite element analyses of

selected penetration tests will be performed by various agencies. To
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support the analytical studies of the penetration tests, constitutive
property investigations of the target materials are required. This
report deals with such an investigation for the San Ysidro sandstone
site which was conducted by the U. S. Army Engineer Waterways Experi-
ment Station (WES), Terra Tek, Inc. (TT), and Systems, Science and
Software (53).

1.2 PURPOSE

The purposes of this report are (1) to present the results of field
investigations at the sandstone site near San Ysidro, New Mexico, (2) to
present the results of laboratory tests on sandstone core from the site,
and (3) to recommend constitutive properties for the sandstone based on
the results of the field investigations and laboratory tests (for both
the in situ condition and the large-diameter core). The constitutive
properties are intended for use in developing constitutive models of

the target materials.

1.3 SCOPE

The sandstone site field investigation (including the drilling and
sampling program and field geophysical surveys) is described in
Chapter 2. Chapter 3 presents the results of the laboratory test pro-
gram on intact core specimens from the site and also gives the results
of tests on the sandstone in a comminuted state. Constitutive property
analyses for the sandstone are discussed in Chapter 4 and, finally, con-

clusions and recommendations are presented in Chapter 5.
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CHAPTER 2

SITE INVESTIGATIONS AND RESULTS

2.1 SITE DESCRIPTION

The sandstone penetration test site is located about 19 km south-
west of San Ysidro, New Mexico, and 80 km northwest of Albuquerque,

New Mexico. A large and fairly massive outcrop of Cretaceous Dakota
sandstone at the site will be the target for the field penetration
tests. The outcrop is a cuesta with a gentle surface slope (dip
slope) of about 10 degrees to the south, and the maximum height of the
north scarp face is about 10 metres above the base. The outcrop is
exposed on three sides, although there is considerable rubble about
the base, and the surface disappears under overburden to the south.

The outcrop is a good penetration test site due to its remoteness
from houses or major roads, its good vehicular access, and its rela-
tively large surface area (=100 metres by 100 metres) of completely
exposed sandstone. Also, major fractures across the outcrop (striking
approximately 30 degrees south of east) are spaced about 12 metres apart.
There is a smaller, irregular "hexagonal-shaped" jointing pattern in
the top surface of the sandstone with a typical scale dimension of
about 1 metre. Some weathering has occurred along the major fractures,
particularly near the sides of the outcrop, but the smaller scale
Jjoints are very tight.

The Dakota sandstone at the site is a light tan colored, fine-
to medium-grained, calcite cemented quartzose sandstone. It is uni-
form in appearance on both the surface and the exposed portions of
the sides of the outcrop, with the exception of a zone about 0.5 metre
thick and 3 metres below the surface which is slightly lighter in color,
harder, and exhibits a reaction with hydrochloric acid (HC%). All other

sandstone at the site exhibits no reaction with HCA%.
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2.2 FIELD DRILLING AND SAMPLING PROGRAM

In April 1975, WES conducted a drilling program at the site de-
scribed in Section 2.1. The purposes of the drilling program were:

(1) To determine the rock quality at the site (hence, the
suitability of the site for the earth penetrator experiments).

(2) To obtain NX (4.5-cm-diam) core samples and 12.T-cm-diam
steel tube samples to support laboratory material property investiga-
tions at WES and TT and sandstone-steel friction tests at S3.

(3) To obtain two 0.38-m-diam by 0.62-m~-long core samples for
use in reverse ballistic tests at Avco Corporation.

(4) To select two penetrator impact points and drill seven in-
strumentation holes for SLA.

Figure 2.1 shows the site boring layout. Boreholes NX-1 and NX-3
are positioned approximately midway between two of the major E-W
striking fractures, and a line joining boreholes NX-2 and U-1 is ap-
proximately perpendicular to a line joining NX-1 and NX-3. Logs and
pertinent comments for the NX boreholes are given in Figure 2.2. Rock
Quality Designation (RQD)l values for the three NX borings ranged from
63 to 100 percent with a weighted average for all the core runs of
82 percent. Boring U-l1l was made with a 12.7-cm-diam steel tube sampler
to a depth of 3.72 m (jar samples were taken at the end of each steel
tube run). The NX core samples were coated with wax in the field to
preserve the in situ water content, and the ends of the steel tubes
were sealed with "O-ring" packers.

The sandstone varied from light tan (buff) color to nearly white
with light gray to black marbling for the majority of the core recovered.
A nominal O.7-m-thick layer of bluish gray, "shaly" sandstone with black
marbling was encountered at a depth of 8.32 m in NX-1 and at a depth of
6.91 m in NX-3. The light tan sandstone was encountered again at a

depth of 7.61 m in NX-3. Yellow to orange staining (hematite or limo-

nite coating) was present in some of the core, making it difficult to
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determine at times whether core breaks were natural fractures with

surface stains or a mechanical break through a pervasive stain region.

2.3 LARGE-DIAMETER SAMPLES

In addition to the small-diameter samples described in Section 2.2,
two 0.38-m-diam by 0.62-m-long core samples were obtained at the site.
These large-diameter sandstone samples will be used for reverse ballis-
tic testing of instrumented penetrators by Avco Corporation. The
samples were obtained completely intact with no evidence of either
natural fractures or mechanical breaks. The condition of these large-
diameter cores, the RQD values in boreholes NX-2 and NX-3, and the
results of radiographic examination o#% the steel tube samples from
borehole U-1 (which showed no fractures in the upper 2.2 m) suggest
that there are no fractures in the sandstone for at least the upper
metre of the site in the immediate vicinity of the proposed projectile

impact points.

2.4 PENETRATOR IMPACT POINTS AND INSTRUMENTATION HOLES

Two penetrator impact points were selected (I and II in Figure 2.1)
along a line Joining borings NX-1 and NX-3. For each impact point,
three 9.84-cm~diam holes were drilled. These will be used by SLA
for the installation of in situ pressure gages prior to the planned
penetration tests. Impact point II was located such that borehole NX-3
could also be used as an instrumentation hole. Specifications for the
location of the instrumentation holes were supplied by SLA. In addi-
tion, an 18.T-cm-diam by 9.l-m-deep hole was drilled for SLA; the pene-
trators will be suspended in this hole for pretest checks of on-board

telemetry systems.

2.5 GEOPHYSICAL SURVEYS

The WES Earthquake Engineering and Vibrations Division conducted a
geophysical investigation of the site. The survey consisted of a

surface seismic refraction survey, a downhole compressional (P)- and
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shear (S)- wave velocity survey, and a crosshole P- and S-wave velocity
survey. Figure 2.3 is a plan view of the seismic test layout. The
surface refraction lines were 36 m long. Figures 2.4 and 2.5 are
interpreted P- and S-wave velocity profiles between borings NX-2 and
U-1, and Figures 2.6 and 2.7 are the corresponding profiles between
borings NX-1 and NX-3. The P-wave profile indicates a two-layer struc-
ture at the center of the boring pattern. The S-wave profile, however,
indicates a three-layer structure with velocity interfaces at 1.8 m and
4,6 m. P-wave velocities indicated by the downhole method average about
13 percent larger than the corresponding crosshole values, while the
crosshole and downhole S-wave velocities are essentially the same. Com-
parison of surface refraction and crosshole P-wave velocities indicates
that there is no horizontal direction dependence for compression waves.

Appendix A contains the complete set of data from the seismic surveys.
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BOREHOLE COMMENTS

NX=1 AND RQD

BOREHOLE COMMENTS

NX-2 AND RQD

DEPTH., M

LT TAN SANDSTONE
RQD = 71%

— —— ———— ———

SANDSTONE, FINE-
TO MEDIUM-GRAINED,
WELL CEMENTED, LT
TAN COLORED

RQD = 90%

r—————————-

LT TAN SAND-
STONE WITH
BROWN STAINING

RQD = 85%

LT TAN SANDSTONE
WITH BROWN/YEL LOW
STAINS

RQD= 67

<4 BLUE-GRAY SAND-
STONE WITH BLACK
HORIZONTAL STREAKS
BLUE-GRAY SANDSTONE
NATURAL JOINT WITH
CALCITE CRYSTALS

BOTTOM OF HOLE

LT TAN SANDSTONE
RQD = 100%

SANDSTONE, FINE-
TO MEDIUM-GRAINED,
WELL CEMENTED, LT
TAN COLORED

RQD = 97%

® BOTTOM OF HOLE

BOREHOLE COMMENTS

NX~-3 AND RQD

LT TAN SANDSTONE
"JWITH LT GRAY MARBLING
RQD = 100"

LT TAN SANDSTONE,
FINE-TO MEDIUM-

<] GRAINED, WELL
CEMENTED

FRACTURE FILLED
WITH SAND

BROWN/YEL LOW
STAINS

RQD = 63~

LT TAN TO WHITE
SANDSTONE WITH
ORANGE/YELLOW
STAINS AND FINE
4 SAND LENSES

RQD = 91~

b e —— — — — —— -

LT TAN SANDSTONE
WITH BLACK MARBLING

RQD = 78"

BLUE-GRAY SANDSTONE
WITH BLACK “SLATY"
MARBLING

Figure 2.2. Boring logs for NX-1, NX-2, and NX-3.
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NX~3
BOREHOLES USED FOR

CROSSHOLE TESTS DOWNHOLE TEST LOCATION
BOREHOLE NO.
CROSSHOLE TEST DIRECTION

HAMMER IMPULSE LOCATION
FOR REFRACTION SEISMIC TESTS

REFRACTION SEISMIC TRAVERSE
NO. AND CIRECTION

Figure 2.3. Plan view showing crosshole, downhole, and surface
refraction seismic test layouts.
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CHAPTER 3

LABORATORY TEST PROGRAM AND RESULTS

3.1 PHILOSOPHY OF TEST PROGRAM

The objective of the laboratory test program was to determine the
behavior of the sandstone under a variety of stress and strain boundary
conditions. Results of the test program will be used to develop
temperature-independent constitutive models of the sandstone for pretest
and posttest analyses and calculational studies of both the field pene-
tration tests and the reverse ballistic tests into the large-diameter
core. Since the constitutive models will be of varying degrees of
sophistication, the test program was designed to supply data to support
sophisticated modeling efforts.

Three agencies participated in the sandstone testing program: WES,
TT, and SB. WES conducted static (S)* and dynamic (D)* unconfined com-
pression (UC) tests, uniaxial strain (UX) tests, undrained stress-
controlled triaxial compression (TX) tests, direct pull tensile (T)
tests, Brazilian tensile (BT) tests, hollow cylinder (HC) tests, and
isotropic compression (IC) tests, as well as numerous tests to determine
physical composition data as a function of depth for the site. TT con-
ducted undrained static, strain-controlled triaxial compression (TX)
tests, strain-controlled triaxial extension (TE) tests, uniaxial strain
(UX) tests, and isotropic compression (IC) tests. s3 conducted
sandstone-on-steel friction tests at varying sliding velocities. Since
most of the detailed calculational studies of the penetration tests will
concentrate on the early time portions of the field penetration events

and the reverse ballistic tests, the primary effort in the laboratory

*  For purposes of this study, static tests are defined as those with

strain rates of 10-k/sec or a stress rate of approximately 1 kbar/min.
Dynamic tests are defined as tests in which the stress rate is approxi-
mately 0.3 kbar/msec and in which inertial stresses are negligible.
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test program involved core samples from the upper 3 to 4 m of the sand-
stone test site. In addition to determining the mechanical properties
of the sandstone in an intact state, it is desirable to know the me-
chanical behavior of the sandstone in a mechanically altered or com-
minuted state.* Thus, a limited number of laboratory tests were

conducted on mechanically crushed sandstone from the site.

3.2 TEST PROGRAM FOR INTACT SAMPLES AND RESULTS

Tables 3.1 and 3.2 list the laboratory tests conducted at WES and
TT to characterize the mechanical properties of the Dakota sandstone
from the penetration site. The test number scheme used in this report
for the WES tests identifies the test type, whether static or dynamic,
the borehole number, and the in situ depth of the sample in feet
(1l m= 3.281 ft); for example, DTX~NX1-7.6 indicates a dynamic tri~
axial shear test on a sample from borehole NX-1 at a depth of 7.6 ft
(2.3 m).

3.2.1 Classification and Composition Tests. Standard laboratory

composition and classification tests were performed on selected speci-
mens of the core samples (as received in the laboratory) from boreholes
NX~-1, NX-2, NX-3, and U-1 to determine wet density (Yw)’ water
content (w), and specific gravity of solids (GS) of the sandstone.
Results of these tests are plotted versus depth in Figure 3.1. Cal-
culated values of dry density (Yd), volume of voids (Vv)’ and volume
of air (Va) for each of the data points in Figure 3.1, assuming a
constant value for G_ of 2.68, are plotted in Figure 3.2.

Figures 3.l1a and 3.1b indicate that a wet density of about

2.08 g/cm3 and a water content of 3 percent are representative of the

*  Observations following full-scale field penetration tests have re-
vealed concentric zones of rock failure: a comminuted zone adjacent
to the penetrator grading into a brecciated zone which in turn grades
into a zone of radial shear fractures. Detailed constitutive models
of the target during impact often include a simulation of the de-
gradation of the impact target properties to that of the comminuted
target material and, therefore, data are required for both conditions.
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upper 3 m of the site; below the 3-m depth, both | and w appear
to increase. The specific gravity of solids (grain density) appears
to be relatively constant at about 2.68 to a depth of 9 m (Figure 3.1c).
From Figure 3.2c, a value of 18 percent for the volume of air appears
to be representative for the upper 3 m of the site; and from Figure 3.2a,
a value of 2.02 g/cm3 is representative for the dry density of the upper
3 m of the site.

3.2.2 Specimen Preparation for Intact Laboratory Testing. NX test

specimens were cut from core segments with a diamond blade saw and then
finished to the desired specimen length with a precision surface grinder.
The greatest departure from planeness of any of the specimen ends was
0.015 cm, while the average value of the maximum departures from plane-
ness for all the specimen ends was 0.008 cm. The specimen ends were
perpendicular to the lateral surfaces within 0.4 degree, and the ends

of the specimens were parallel within 0.4 degree. The exposure time

of each end of the specimens to air was about five minutes.

3.2.3 Sources of Error and Estimated Error levels. There are

three types of measurement systems and functions in the labcratory IC,
TX, and UX tests: pressure, load, and deformation. In these measure-
ments, the three sources of random error are calibration error, output
error, and operator error. Pressure cells (for determining confining
pressures in IC and TX tests) are calibrated with a precision dead load
tester and, in general, pressure values are considered accurate within
12 percent on the average. Load cells are calibrated with precision
proving rings and are considered accurate within #3 percent (including
possible pressure effects). In data analysis, however, it is not
loads but stresses which are required (utilizing the deformed specimen
cross-sectional area). Deformation measurements are made with linear
variable differential transformers (LVDT's) and bonded strain gages.
For LVDT measurements, all sources of random error (including non-
linearity, electronic instrumentation errors, reading errors, etc.)
are considered to be small compared to those systematic errors associ-

ated with specimen irregularities (see Section 3.2.2) and apparatus
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compressibility. For vertical deformation, this is sometimes referred
to as a "seating error" and 0.008 cm can be taken as the worst case de-
formation error for vertical deformation (or 0.06 percent strain for a
12.7-cm-high specimen) due to these sources. For lsteral deformation
measurenents, the LVDT probes contact the rubber membranes and a fur-
ther source of error may be the compression of the membranes; however,
the membranes also smooth out specimen irregularities and, in general,
the error for lateral deformation measurements should be no greater
than the worst case error for vertical measurements. Since the maximum
strains in the IC and UX tests were less than 2 percent and the maximum
principal strain differences in the TX tests were 4 percent, the per-
cent error due to this source could be as high as 15 percent. When this
measurement system is used on more compliant specimens, the percent
error would, of course, decrease. Sources of error for strain gage
measurements of strains include nonlinearity, imperfect bonding to
specimen, air bubbles between gage and specimen, cross-axis sensitivity,
hysteresis, imperfect temperature compensation, etc. Experience has
shown that, with careful attention to details of application, strain
gages are both precise and accurate when not strained beyond their
intended range and when test times are not so long that creep and
fatigue must be considered. The levels of error are comparable to those
in the pressure measurements (2 to 3 percent)., Indeed strain gage mea-
surements are commonly used to check and even correct LVDT measurements.
Only the "seating error" and other errors due to specimen irregulari-~
ties, membrane compressibility, and apparatus compressibility are readily
identified as being cumulative errors (as contrasted with random errors).
These cumulative errors tend to bias somewhat the deformation data
(hence, calculated strain data) to larger values of calculated volu-
metric strain. Volumetric strains in this report have been calculated
assuming that the specimens deform as right circular cylinders and this,
in turn, defines the cross-sectional areas to be used for vertical stress
calculations. For the small strains (=2 percent maximum strain) ex-

perienced by the sandstone specimens in the WES tests, errors caused
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by this particular deformed shape assumption compared, for example,
with the assumption of two truncated cones, are very small (=0.1 percent

strain at maxi sum). These comments on possible errors are intended to

cause readers to view test data with a "healthy caution." The possible
effects of errors on interpreted data and recommended properties are
discussed further in Chapter k. 1

3.2.4 Unconfined Compression Tests and Sonic Velocities. Twelve

NX (5.4-cm-diam by 12.T-cm~long) specimens were selected for unconfined
compression tests and sonic velocity determination. The 12 specimens
were air-dried for 48 hours prior to measuring sonic velocities and 3
; were then tested in unconfined, uniaxial compression. Both compression ‘
wave velocity (Vp) and shear wave velocity (VS) were determined in the
axial direction of the core specimens using ceramic transducers. Re-
sults of the sonic velocity measurements are plotted versus depth in

é Figure 3.3, and Figure 3.4 presents the unconfined compressive strength
; of the specimens versus depth. The symbols with a slash through them
indicate that prior to testing the specimens represented by these sym-
bols were observed to have a tight horizontal crack. The presence of g

the cracks in the specimens does not appear to have had a significant

effect on the measured sonic velocities and unconfined strengths. For

the unconfined compression tests on the specimens without cracks, axial

deformation was measured; and, for these cases, the tangent modulus of

)

i elasticity at 50 percent of the unconfined compressive strength (ET50

is plotted versus depth in Figure 3.5.
3.2.5 Isotropic (Hydrostatic) Compression Tests. Both static and

dynamic isotropic compression (IC) tests were conducted on NX-diameter
specimens which were nominally 7.6 cm in length. The specimens were
Jjacketed in a 0.06%-cm-thick rubber membrane immediately after removing
the wax coating. The deformations during loading were measured with
both lateral and vertical LVDT's and bonded strain gages. The strain
gage deformation measurements were used to confirm and possibly correct
the LVDT deformation measurements. For the static IC tests, the maxi-

mum pressure attainable was about 0.7 kbar, with intermediate load-unload

™ T
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cycles. The maximum pressure attainable in the dynamic IC tests was
about 1.0 kbar, with no intermediate load-unload cycles. Descriptions
of the test device used for the static and dynamic IC tests (also for
the triaxial shear tests to be discussed later) can be found in
Reference 2. In addition to the IC tests on NX core samples, one IC
test was performed on a 12.7-cm-diam by 25.4-cm-long sandstone specimen
to a maximum pressure of 0.3 kbar (test SIC-Ul-4.9).
4 Figure 3.6 presents pressure versus engineéering volumetric strain
: for three static IC tests. Only one of the inﬂérmediate load-unload
cycles is shown. Also given in Figure 3.6 for gomparison are data
from the IC loading phase of the static TX test&ldiscussed in the next
section. The curves are essentially parallel above a pressure of
0.15 kbar. The pressure versus volumetric strain curves stiffen with
increasing pressure up to mean normal pressures of at least 0.5 kbar.
Permanent compaction following unloading from 0.7 kbar appears to be
about 0.45 percent volumetric strain for the static IC case.

The dynamic IC results are presented in Figure 3.7 (along with
results of the IC phase of a dynamic TX test). The rate of applica-
tion of pressure to the specimens in these tests was of the order of
0.1 kbar/msec. Scatter in the results for these four tests is quite
small (=0.15 percent volumetric strain at a pressure of 0.1 kbar). The
curves stiffen with increasing pressure to the maximum level experienced
in the tests (1.0 kbar). Permanent compaction following unloading from
1.0 kbar is about 0.35 percent volumetric strain. Data plates for
individual tests are contained in Appendix B. v

Comparison of the static and dynamic IC test results (Figures 3.6 |
and 3.7) shows the scatter in the two sets of test results to overlap. |
In general, the dynamic mean normal pressure versus volumetric strain 3
curves have larger initial slopes than the static curves, although the é
slopes are comparable at pressures above about 0.15 kbar. The excep- ,
tion is the curve for static test SIC-Ul-L.9 (12.7-cm-diam specimen),
which has an initial slope as large as any of the dynamic curves.

Hysteresis is somewhat more pronounced in the static test results. If

[ .

é 22 b




e

L O

the static and dynamic results are considered as a composite set of
data, the scatter in the results is not unreasonable for test specimens
from different boreholes and varying depths. In general, the dynamic
IC curves define the upper bound of the scatter band, and rate effects
in IC (at least for a rate of loading of the order of 0.1 kbar/msec)
appear to be limited to a larger initial loading bulk modulus and y
slightly less hysteresis.

3.2.6 Triaxial Compression Tests. Static and dynamic triaxial

compression (TX) tests were conducted on NX-diameter specimens 12.7 cm
long. As in the IC tests, the specimens were jacketed in rubber mem-
branes prior to testing and no drainage was allowed during the test.

For the TX tests, a confining pressure was first applied to the speci-
men (IC phase); then the specimen was loaded axially in compression to
failure while holding the confining pressure constant (shear phase).
Deformation measurements were made primarily with LVDT's although verti-
cal strain gages were also used in some of the static TX tests. Results
of the TX tests can be interpreted to yield loading and unloading shear
moduli, deviatoric stress-strain behavior, shear strengths, failure re-
lations, Poisson's ratio, and information regarding compaction or ex-
pansion (dilatation) of the specimen in shear.

Results of the static TX tests are presented in Figure 3.8. Several
important facts can be deduced from a cursory examination of these re-
sults: the slope of the deviatoric stress-strain curves (twice the
loading shear modulus) increased with increasing confining pressure;
the strengths of the specimens (the maximum deviatoric stress attained
in a test) increased with increasing confining pressure; average
deviatoric strain to failure was approximately 1.4 percent for all the
tests; and dilatation occurred for all the tests, the amount of dilata-
tion decreasing with increasing confining pressure. Figure 3.9 presents
the results of a static special stress path (SSP) test (test STX=-NX2-T7.5)
in which the specimen was (1) loaded in IC to 0.3 kbar, (2) loaded
axially to a deviatoric stress somewhat below the expected strength for

that confining pressure, and then (3) subjected to a constant axial load
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at that magnitude as the confining pressure was decreased until failure
occurred. The specimen was observed to change in its deviator stress-
strain response immediately upon decreasing the confining pressure and
exhibited a more ductile response. Also, upon decreasing the confining
pressure, the specimen first unloaded on the loading mean normal
pressure-volumetric strain and then dilated prior to failure at a
deviator stress consistent with the failure envelope defined by the
standard TX test results.

The dynamic TX test results are presented in Figure 3.10. These
curves are smoothed versions of the test results; individual test data
plates (unsmoothed) and time history plates are presented in Appendix B.
A cursory examination of Figure 3.10 reveals that: loading shear modu-
lus increased with confining pressure; shear strength increased with
confining pressure; dilatation occurred in shear prior to failure (for
test DTX-NX1-8.0, the specimen first dilated and then compacted prior
to failure*); and average deviatoric strain to failure was about
1.2 percent. It should be noted that failure did not occur in test
DTX-NX1-9.6A; the same specimen was later tested and failed at a lower
confining pressure (test DTX-NX1-9.6B). The average rate of deviatoric
stress increase for the tests was 0.15 kbar/msec. Also, due to the
dynamic nature of the tests, the loading device was able to "follow"
the deformation of the specimens into the postfailure region of be-

havior. For the three tests with confining pressure, a "residual"

strength was defined which was one-third to one-half of the peak strength.

Comparison of the static and dynamic TX test results indicated no
significant rate effects: strengths (peak deviator stresses) were com-
parable at similar confining pressures; initial loading shear moduli
were comparable at similar confining pressures; and deviator strains to
failure were comparable for all the tests. Dilatation occurred in both

the static and dynamic test shear phases, but in the dynamic tests the

* This type of response can be due to a fortuitous location of one or
more of the lateral LVDT's in relation to the failure region, and
thus the response may not represent true inaterial behavior.
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amount of dilatation did not appear to decrease with increasing confining

pressure as it did in the static tests.

3.2.7 Uniaxial Strain Tests. Two static and one dynamic uniaxial

strain (UX) tests were conducted on specimens 6.4 cm in height by
12,7 em in diameter from borehole U-1. The specimens were tested in
vertical compression with a rigid lateral constraint, i.e., essentially
no lateral strains.* Details regarding the testing method and the UX
test device are given in References 3 and 4. Results of the UX tests
are presented in Figure 3.11 in the form of vertical stress versus
vertical strain plots. One of the static curves and the dynamic curve
agree closely, while the other static curve exhibits smaller slopes
(larger strains) in loading. The unloading curves for all three curves
agree substantially in slope. An unsmoothed data plate for the dynamic
UX test is presented in Appendix B.

3.2.8 Tensile Strength Tests. Three types of tests were conducted

to obtain information about the strength of the sandstone in tension:
direct pull tensile tests, Brazilian tensile tests, and hollow cylinder
tests. The direct pull tensile test method (ASTM Designation: D2936-T1)
consists of attaching metal end caps to the test specimens (NX by 12.7 cm)
with epoxy and then applying a tensile force to the end caps until the
specimen fails in uniaxial tension, usually along a plane perpendicular

to the specimen axis. The tensile strength o in the direct pull test

is then calculated by dividing the maximum appfied tensile force by the
specimen cross-sectional area. In the Brazilian tensile test (ASTM
Designation: CU96-T1l), a line load is applied to the lateral surface
of a cylindrical specimen (diameter D and length L) parallel to the
specimen axis. Although the distribution of stresses in the Brazilian
test is complicated, rupture usually occurs along the main diameter,
and in the center of the specimen the compressive and tensile stresses,
o] and 03 , respectively, on the plane of rupture are easily calcu-

1
lated. The hollow cylinder test uses a thick-walled cylinder configuration

*¥ With the WES dynamic UX test device, the condition of zero lateral
strain may not be realized for tests on rock.
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and determines the internal pressure P required to rupture the test

specimens. This method produces a radial compressive stress (ol = or)

and a circumferential tensile stress (o, = oe), and failure commonly

occurs on a plane containing a specimeaniameter and the specimen axis.
A simpler interpretation of the hollow cylinder test is to assume only
a uniform tensile stress GT to exist perpendicular to the fgilure
plane.

Results of the three types of tensile tests are summarized in
Table 3.3. These results will be used later in specifying a failure
envelope for the sandstone. The sandstone is observed to be con-
siderably weaker in tension than in compression. It is noteworthy
that tensile strengths computed by using the simpler interpretation
of the hollow cylinder test are comparable to tensile strengths ob-
served in the direct pull tests.

3.2.9 Size Effect Study. In order to determine if the measured

mechanical response of the sandstone is dependent on test specimen

size, a very limited size effect study was conducted. This study was
intended to give guidance in the specification of constitutive proper-
ties for the large-diameter core and was not intended as an exhaustive
size effect study. The results of a static IC test on a 12.7T-cm-diam
by 27.2-cm-long test specimen are presented in Figure 3.6 and briefly
discussed in Section 3.2.5. Also, in addition to the 12 static UC
tests on NX by 12.T-cm test specimens, four static UC tests were con-
ducted on 3.6-cm-diam by T.l-cm-long specimens and one test was con-
ducted on a 12.7-cm~diam by 27.2-cm-long specimen (see Table 1).

1 Figure 3.12 presents the results of the UC size effect study. The one
data point for a 12,7-cm-diam specimen is interpreted as a lower bound
on the strength since, due to nonplanarity of one specimen end, failure
was initiated as a progressive "crumbling" at the loading platen speci-
men contact.

3.2.10 Compression Wave Velocity Measurements on Large Core. The

only nondestructive laboratory test which could conveniently be conducted

26
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on the two pieces of large-diameter sandstone core was the measurement

of wave velocities in the specimens. It was desirable to obtain velocity
measurements using both an impulsive source (corresponding to the type
of source used in the field seismic survey) and a vibratory source

(1-MHz piezocrystal corresponding to the laboratory ultrasonic method).

It proved to be impossible to detect a signal (at the receiver) using
a piezocrystal source; so, as a substitute, a device called a "soniscope,"
which uses a 20-kHz vibratory source, was utilized. Two types of im-
pulsive sources were used: a hammer impacting a steel rod and a Schmidt
hammer. Table 3.4 summarizes the results of axial compression wave-
velocity measurements on the first core and both axial and radial mea-
surements on the second core. A complete listing of test results
using impulsive sources is presented in Appendix C. Comparison of the
radial and axial measurements on core No. 2 reveals no significant
anisotropic, geometric, or path length effect on the compression wave
velocity. Comparison of values (2) and (3) in Table 3.4 for core No. 2
reveals no measurement dependence on receiver response frequency for a
two decade change. However, comparison of values (3) and (4) indicates
a velocity dependence on the type of impulsive source, although this
conclusion is obscured by the fact that a simple contact switch was used
as an oscilloscope trigger for the hammer source and an accelerometer
was used as a trigger for the Schmidt hammer source.

3.2.11 Terra Tek Test Results for Intact Specimens. WES shipped
the majority of the core from boring NX-3 to TT to support their portion

of the laboratory testing program (as presented in Table 3.2). The re-
sults of the TT test program are presented in Appendix D. Three figures
from Appendix D are presented in this section also. Figure 3.13 is the
hydrostatic compression (IC) response to 8 kbar for the sandstone.
Notable in this response is the pronounced softening in the hydrostat
about 1 kbar and a permanent set (compaction) of approximately 4 percent
on unloading from 8 kbar. Figure 3.1k presents the results of static,

strain-controlled TX compression tests at confining pressures of 0, 0.5,
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1, and 3 kbar; the data plotted here in deviatoric stress-strain space
were obtained from Figure 1 of Appendix D. Failure data from the TX
tests (from the TX compression tests of Figure 3.1l and also two TX

extension tests (Figure 3, Appendix D)) are plotted in Figure 3.15.

3.2,12 S3 Sandstone-on-Steel Interface Friction Testing Program.

WES supplied S3 with 3.5-cm-diam by 4.5-cm-long specimens of the sand-

stone to support their sandstone-on-steel interface friction test
program. The purpose of the program was to determine the friction
coefficient of the sandstone on steel as a function of relative inter-
face velocity and normal stress. These data will be used to support
the development of friction rules to apply to the penetrator-target
interface during analytical calculations of the penetration events.
Descriptions of the test apparatus and test procedure are given in
Reference 5, and the results of interface friction tests on air-dry

specimens of the sandstone are presented in Reference 6.

3.3 TEST PROGRAM FOR COMMINUTED MATERIAL AND RESULTS

The WES and TT laboratory test program for comminuted sandstone is
outlined in Table 3.5. Sandstone core from the site was mechanically
crushed to sand-sized particles and a portion of the original batch of
crushed material was shipped to TT. Figure 3.16 is a gradation curve
for the crushed sandstone prior to testing. The tests were conducted
on specimens of air-dried material. The specimens were remolded on
the specimen base cap of the TX test device in rubber membranes sur-
rounded by a forming jacket for the WES tests. A vacuum was maintained
in the specimens after removing the forming jacket and prior to testing
to prevent the cohesionless specimens from slumping under their own
weight. The average density of the specimens was 1.6 g/cm3 or TT percent
of the intact sandstone density.

Four static stress-controlled TX tests were conducted on the crushed
material at WES. Both the IC and the shear phases of the tests were
cycled in order to obtain load-unload information. Figures 3.17 and
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3.18 present the results of the IC and shear phases, respectively, of
the four tests. Posttest gradation analyses were performed on the
specimens; the results are plotted in Figure 3.16. The results of
the gradation analyses do not indicate a consistent trend of addi-
tional grain crushing occurring as a result of the tests.

Results of the two TT tests on the comminuted material are discussed
in Appendix D. The failure data points from the TT triaxial compression
tests are included in Figure 3.15. Gradation analyses were conducted
following isotropic compression to 1 and 4 kbar and the results are

presented in Figure 9 of Appendix D.
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TABLE 3.2 TT LABORATORY TEST PROGRAM FOR INTACT SPECIMENS*

Test Number of Specimen i
Type Tests Size Remarks

U ¢ 9 NX by 10.2 cm Strain-controlled. Confining pressures
of 0, 0.5, 1, and 3 kbar. Strain-gaged,
cantilevered, spring arms used to measure

strains.
TC 3 NX by 10.2 ecm Strain-controlled. Confining pressures
of 1 and 2 kbar.
IC 3 NX by 10.2 cm To 8 kbar.
UX 3 NX by 10.2 cm

¥ See Appendix D.
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TABLE 3.3 TENSILE STRENGTH TEST RESULTS

Individual Test Results

kbar
o g g
Test Type Test No. i 2 T Mean Values
Direct pull ! T-NX2-6.4 - L -0.0058 T -0.0063 kbar
T-NX1-8.8 - - -0.0045
T-NX2-8.5 - - -0.0086
Brazilian tensile BT-NX2-6.0 0.0342 -0.011L = 3 0.0369 kbar
BT-NX2-5.5 0.0393 -0.0131 - o, -0.0123 kbar
BT-NX2-9.0 0.0372 -0.0124 o
Hollow cylinder HC-1 0.0690 -0.0710 -0.0096 A 0.0669 kbar
HC-2 0.0648 -0.0668 -0.0089 3 -0.0689 kbar
o -0.0092 kbar
33



i TABLE 3.4 SUMMARY OF COMPRESSION WAVE VELOCITY MEASUREMENTS ON LARGE-
I DIAMETER CORE

Average Measured
Compression Wave Velocity

Axial Radial
m/sec m/sec Source Receiver
Core No. 1
(1) 1180 - Hammer 10-kHz accelerometer
Core No. 2
(2) 1100 - Hamner 10-kHz accelerometer
(3) 1090 - Hammer 1-MHz piezocrystal
(4) 1330 - Schmidt hammer 1-MHz piezocrystal
(5) - 1090 Hammer 10-kHz accelerometer
(6) 1050 - 20-kHz Vvibrator 20-kHz receiver
(soniscope)
.
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Figure 3.3. Compressional (V) and shear (Vg) wave velocities of

air-dried NX sandstone specimens.
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Figure 3.4. Unconfined compressive strength
of air-dried NX sandstone
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CHAPTER 4

CONSTITUTIVE PROPERTY ANALYSIS

4,1 BACKGROUND AND PHILOSOPHY

Projectile penetration of earth media involves extremely complex
physical processes. To calculate the detailed response of the target
media and the loadings on the penetrator during the penetration process
is a difficult task. Certain gross features of the penetration process,
such as maximum depth of penetration, event duration, and peak decelera-
tion, can be approximately calculated by empirical relations or analytical
force law approximations. Indeed, these calculations of gross features
of the penetration process, if they require only parameters which can
easily be measured by standard laboratory tests or estimated, are suf-

ficient for many preliminary EPW considerations. Detailed penetrator

loadings, however, are needed in some instances such as penetrator

design evaluations, sensitivity studies, and investigations of the

qualitative effects of independent variables on projectile response and

require the use of large and sophisticated axisymmetric finite difference

computer codes.

In the past, finite difference codes have been used extensively for

calculations of the response of geologic materials to nuclear or HE

detonations. For the "close-in problem," constitutive modeling con-

centrated on the hydrodynamic response of the media to pressures in

the 100-kbar to low-=Mbar range; and, for the ground-shock motion studies,
constitutive modeling concentrated on fitting the details of the uniaxial
strain response of the media at low stress levels. For calculations of

the projectile penetration problem, however, current indications are that

shear properties of the target media are of greatest importance.

Examples of the use of finite difference codes to calculate the

external loads on rigid projectiles penetrating earth media are given
in References T7-15. Parametric code calculation studies of the effects

of constitutive property and material model variations on the maximum
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external loads on a penetrator (impacting a rock not much different from |
that present at the San Ysidro site)15 indicated: I
(1) Penetration dynamics are sensitive to strength and frictional
characteristics of the material next to the penetrator, i.e., the com-
minuted rock.
(2) For a given media type, a factor-of-two change in basic target
properties leads to changes in penetrator deceleration of 5 to 50 percent.
(3) A factor-of-two change in bulk modulus produced negligible ef-
fects. ©Shear modulus variations were not investigated.
These conclusions appear to be qualitatively valid for soils also.16’17
Results of penetration code studies and event calculations show p
that the stress paths for typical target locations vary from states of

8,12,15-17 For the

pure shear to states of triaxial compression (TX).
majority of the time in the calculations, the stress states lie on the
yield surface defined for the media. Thus, for the projectile penetra-
tion problem, it is of greatest importance to model the shear behavior
of the target media, and the triaxial compression (TX) test is the most
appropriate of the common laboratory material property tests for this
purpose. It is also desirable to model in some manner the postfailure
strength degradation of the target media. Therefore, the constitutive
property recommendations to be presented in this chapter will depart
from the format used in past WES constitutive property studies relative j
to ground motion problems and will be based primarily on TX and IC
stress-strain data instead of UX stress-strain and stress path data.
Indeed, the test program reported in the previous chapter was planned
on this basis.

In the following paragraphs, the results of the WES and TT laboratory
tests on intact sandstone will be analyzed, considering the results of
the field geophysical survey and the laboratory wave velocity study on
the large-diameter cores. Recommendations and guidelines will also be
discussed for constitutive models to be used in calculational studies of

the field penetration tests and the reverse ballistic tests.

¥
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4.2 RECOMMENDED CONSTITUTIVE PROPERTIES FOR INTACT DAKOTA SANDSTONE

4L,2.1 Pressure-Volumetric Strain Behavior in drostatic (Isotropic)
Compression for Intact Specimens. As discussed in Section 3.2.5, the IC
data presented in Figures 3.6 and 3.7 appear reasonable. Figure L.l is
a recommended load-unload isotropic compression response curve for load-
ing to 1 kbar. Since penetration calculations involve dynamic response,
and also considering the possible bias of strain data discussed in
Section 3.2.3, the recommended curve is chosen as the mean of the data
in Figure 3.7. The error bars at the top of the curve in Figure L.l
are based on the discussion in Section 3.2.3 and fall within the
scatter of data indicated by Figures 3.6 and 3.7; these error bars indi-
cate the degree of freedom which may be taken in numerically fitting this
curve for calculation purposes. Figure L.2 presents the recommended
isotropic compression response load-unload curves for loading to 8 kbar.
The behavior of the tangent bulk modulus (K)* in virgin loading is il-
lustrated in Figure 4.3. Various limiting values of loading and un-
loading bulk moduli are indicated in Figures 4.1 and 4.2. Figure L.2
was obtained by using the WES data to a pressure of 1 kbar and then
smoothly connecting with the TT data at a pressure of 2 kbar. The details
of the joining of the two sets of data or of arriving at the recommended
curve in Figure 4.1 from the scatter bands defined in Figures 3.6 and 3.7
are not of major concern for finite difference penetration calculations
since it has been demonstrated that a factor-of-two change in the bulk
modulus of the target medium has only a 10 to 15 percent effect on the
deceleration-time curve of the penetrator.12

4,2.2 Deviatoric Stress-Strain Behavior of Intact Specimens. With
the exception of the anomalously large initial slope of the deviatoric
stress-strain curve for test No. 4 of Figure 3.10 and the change from

dilatation to compaction indicated in the mean normal pressure-volumetric

* Bulk modulus is used here to mean the slope of the pressure-engineering
volumetric strain curve (Figures L.1 and 4.2).
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strain curve, again for test No. 4 of Figure 3.10, the data of Fig-

ures 3.8, 3.10, and 3.1l4 appear reasonable and consistent. The results
of the TT and WES TX tests indicate an increasing initial shear modu-
lus (G) with increasing confining pressure (the TT results indicate a
softening in initial modulus for confining pressures greater than

1 kbar). Figure 4.4 compares the initial shear moduli from the WES
static and dynamic tests and the TT static tests, and presents a recom-
mended relation between initial shear modulus and confining pressure
(which can be related to volumetric strain through the hydrostat). The
deviatoric stress-strain response of the sandstone is linear (constant
slope) initially for most of the tests, and the points on tne curves
indicating significant departure from linearity can be used to define
an envelope in stress difference-mean normal pressure space marking the
onset of nonlinear (inelastic) behavior, as in Figure 4.5. The slopes
of the curves (shear moduli) approach zero as the failure stress is ap-
proached; Figure 4.6 is a plot of the deviatoric strain at maximum
deviatoric stress versus confining pressure for the TT and WES TX tests,
and the dashed line is a possible relation (oc can be related to volu-
metric strain through the hydrostat). Unfortunately, unloading deviatoric
stress-strain data (hence, unloading shear moduli) from deviatoric stress
states prior to the attainment of the maximum deviatoric stress are
available from only three of the TT and WES TX tests; initial unloading
shear modulus values for these three tests are plotted versus confining
pressure in Figure 4.T.

4,2.3 Failure Data. Figure 4.8 is a summary plot of failure data

derived from the WES TX compression tests and various tensile tests
plotted in /53; versus mean normal stress space, where Jé is the
second invariant of the stress deviator tensor. The solid curve is the
recommended failure relation for the intact sandstone. Error bars on
the uppermost data point indicate the possible error associated with a
TX test failure data point and also give some indication of the freedom
which may be taken in weighing each data point when numerically approxi-

mating the recommended failure surface. Also shown are the failure
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relation for comminuted sandstone (short-dashed line) and the relation
defining the onset of inelastic behavior (dotted line) for the intact
material. The results of the Brazilian tensile tests and the direct
pull tensile tests allow a logical extension of the failure relation
from the UC data toward the /335 axis. The hollow cylinder data point
shown is not on the recommended failure curve although the simpler in-
terpretation of the hollow cylinder test results is in substantial agree-
ment with the recommended relation. Figure 4.9 combines TT and WES
results to extend the recommended failure relation to higher stress
levels. Again, the failure relation for comminuted sandstone is shown
and joins the intact failure curve at a mean normal stress of 1.6 kbar.
Also shown in Figure 4.9 is the stress path from a TT UX test (see
Figure T, Appendix D).

4.2.4 Volume Change During TX Compression Tests. An increase in

volume during shear (in a TX compression test) relative to the material
hydrostat is called dilatation. Figures 3.7 and 3.9 show evidence of
both compaction and dilatation during the TX tests. Figure L4.10 com-
pares the mean normal pressure-volumetric strain curves for the WES
static TX tests with the recommended intact sandstone hydrostat. Dilata-
tion is observed in all the test results, although there is little or
no net volume change relative to the hydrostat in the two higher con-
fining pressure tests due to compaction during the earlier phases of
shear. Figure 4.11 is a plot of the net volume change relative to the
hydrostat for the static and dynamic TX tests versus the confining
pressure for each test. The net volume change relative to the hydro-
stat is seen to change from dilatation to compaction at a confining
pressure of approximately 0.25 kbar.

4,2.5 Construction of Hypothetical Deviatoric Stress-Strain Curves.
It is possible, using the suggested relations in Figures L.L-L.8, to
construct hypothetical deviatoric stress-strain curves for the intact
sandstone. In Figure 4,12, deviatoric stress-strain curves are con-
structed for hypothetical TX tests with confining pressures corresponding
to the TX tests in Figure 3.8. The procedure is as follows:
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(1) Use Figure 4.4 to select the appropriate initial loading shear
modulus GO
(2) Use a TX loading stress path in Figure 4.5 to determine the

for the test confining pressure.

deviatoric stress at which the deviatoric stress-strain curve departs
from linearity, and draw a line with slope GO to this stress to deter-
mine points A in Figure k4.12.

(3) Use the dashed line in Figure 4.6 and the recommended failure
surface for the intact material in Figure 4.8 to determine the deviatoric
strain and deviatoric stress, respectively, at failure and, hence, deter-
mine points B in Figure L4.12.

(4) Using the lines AC and BC as guides, join points A and B with
smooth curves in such a manner that the slopes are continuous at
points A and the slopes approach zero at points B.

Figure 4.13 compares three of the hypothetical curves from
Figure 4,12 with the experimental test results from Figure 3.8. The
error bars at the ends of the experimental curves were determined using
tne considerations of Section 3.2.,3. The hypothetical curves are seen
to qualitatively reproduce all significant features of the stress-strain
curves and are considered quantitatively acceptable considering possible
errors in individual test results and data scatter when considering WES
static and dynamic test results and TT static test results as a com

posite data set.

4,3 COMPARISON JF ELASTIC MODULI CALCULATED FROM FIELD AND LABORATORY
VELOCITY MEASUREMENTS WITH DETERMINATIONS FROM LABORATORY MECHANICAL
PROPERTY TESTS

4.3.1 Field and Laboratory Velocity Measurements. Comparison of
Figures 2.4-2.7 and Figure 3.3 reveals a discrepancy between the field

seismic P- and S-wave velocities and the laboratory ultrasonic P- and
S-wave velocities. The magnitude of the discrepancy is larger than can
be attributed to in situ rock qualityl8 or differences in water content,
particularly for the upper 3 to 4 m of the site. However, there is
substantial agreement between the data in Table 3.3 for P-wave velocity

measurements on the large-diameter core and the field seismic (P-wave
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velocities) results. Table 4.1 summarizes the wave velocity measure-
ments relevant to the upper metre of the site. It is clear that more
extensive and better controlled testing would be necessary to con-
clusively determine the causes of the discrepancy between the laboratory
ultrasonic velocities and the velocities determined from the in situ
seismic and large-diameter core measurements. Whether the discrepancy
is due to differences in water content, to the type of source (im-
pulsive or vibratory), to the source frequency, or to some combina-
tion of these factors, it is felt that the in situ seismic and large-
diameter core measurements of velocity are more appropriate for
describing the bulk behavior of the sandstone. In fact, the slight
difference between the large-core P-wave velocity and the in situ
P-wave velocity is about the difference to be expected due to the

in situ rock quality.

4,3.2 FElastic Moduli Determination. The equations relating the

bulk and shear moduli to the compressional and shear wave velocities
are well known and not repeated here. The appropriate moduli from
laboratory mechanical property tests for comparison are the initial
slope of the isotropic compression curve and one-half the initial slope
of the deviatoric stress-strain curve (at low confining pressure).
Table 4.2 summarizes the elastic moduli determined by the various
methods. The initial moduli from the laboratory test results agree
quite well with the moduli calculated from the large-core velocities.
Moduli calculated from the laboratory ultrasonic velocities are con-
siderably larger than the laboratory initial moduli. The shear

modulus determined from the in situ seismic shear wave velocity is
somewhat smaller than the laboratory shear modulus. Also included in
Table 4.2 is a column for constrained modulus (M = K + L/3 G); the
first four values of constrained modulus were calculated from the 3
K and G values while the last two values are the measured initial :
slopes of two TT UX stress-strain curves. The constrained modulus

values derived from the large-core velocities and WES mechanical
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property tests are in good agreement with the first of the TT UX con-
strained modulus values. Initial slopes of the WES UX stress-strain

curves are anomalously low (see footnote in Section 3.2.7).

4.4 POST-FAILURE BEHAVIOR

Information regarding the post-failure behavior of the sandstone
comes from three sources: (1) stress-strain date from WES dynamic TX
tests subsequent to attaining the peak deviator stress, (2) unloading ’
stress-strain data from some of the TT static strain-controlled TX ‘Q
tests subsequent to the peak deviatoric stress, and (3) WES and TT tests
on comminuted sandstone. The TT TX data can be used to obtain unloading
shear moduli for unloading from the failure surface for intact material.
Some idea of the rate of loss of strength as a function of the amount
of strain greater than the strain at the peak strength can be obtained
from the WES dynamic TX test results. The dynamic TX deviatoric stress-
strain plots appear to define a "residual" strength state for those
tests with some confining pressure (see Figure 4.6), although the true
significance of this state is not understood due to the nature of the
test. Results of the WES and TT tests on comminuted sandstone can be
used to define or at least provide guidelines for defining mechanical 7
behavior of the rock in a completely fractured condition, although the '
initial grain size distribution and density are admittedly somewhat ar-
bitrary and the sequence of events in the crushing and testing operation
certainly do not duplicate the in situ case during penetration events.
It is significant, however, that the "residual" stress states dis-
cussed previously for tests on intact specimens lie close to the crushed

failure envelope (see Figure 4.6).

4.5 RELEVANCE OF RECOMMENDED CONSTITUTIVE PROPERTIES FOR THE IN SITU
SANDSTONE AND LARGE-DIAMETER SANDSTONE CORES

It is always necessary to interpret or extrapolate the results of

laboratory tests on earth materials to apply to the in situ condition

when it is desired to perform analytical studies of full-scale field
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events (projectile penetration, high explosive tests, etc.). Two
questions always arise: (1) is the limited region sampled repre-
sentative of the whole, and (2) has the process of removal of the
sample from the ground and its preparation for testing significantly
altered its engineering properties? Many times the interpretation
process which deals with these questions may be as simple as Jjust
accepting the laboratory test results in an unaltered form and, indeed,
this induces little error in the case of some soils and in some massive
rock formations provided sampling is done carefully. A common pro-
cedure is to adjust the initial slopes of laboratory stress-strain
curves to correspond to moduli determined from in situ seismic
velocities, and more complicated adjustments are sometimes attempted
to account for in situ water content, rock quality, tectonic stresses,
etc. Consistent with this, as was stated in Section 4.1, it is desired
to interpret the recommendations of Section 4.2 for application to
calculational studies of reverse ballistic tests into the large-
diameter sandstone cores and full-scale in situ penetration tests.

4,5.1 Constitutive Properties for Large-Diameter Sandstone Cores.

The large cores were free from any visible fractures or other disconti-
nuities. Results of limited size effect studies indicate no appreciable
strength decrease with test specimen size increase (Figure 3.12). Moduli
calculated from compressive and shear wave velocity measurements on the
large core are almost identical with moduli determined from initial
slopes of laboratory stress-strain curves. Furthermore, if tectonic
stresses were present in situ, they should have been relieved to roughly
the same degree in the laboratory test specimens and in the large-diameter
cores. On the basis of these considerations, it is recommended that the
constitutive properties presented in Section 4.2 be used without ad-
Justments for calculational studies of the Avco reverse ballistic tests.
Table 4.3 summarizes selected physical properties for the large-diameter

sandstone cores.
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4.,5.2 Constitutive Properties for the In Situ Condition. The

sandstone at the San Ysidro, New Mexico, site is massive, and the
rock quality is quite high, approaching RQD = 100 percent for the
upper metre at the site. Moduli determined from in situ seismic
velocities indicate a bulk modulus identical with the initial slope
of the recommended isotropic compression curve (Figure 4.1) but a
shear modulus which is about one-half the laboratory-determined
initial shear modulus (see Table 4.2). Thus, more caution needs to
be exercised in using the recommended properties of Section 4.2 for
calculations of the in situ penetration tests. For calculations of
the early-time response of the penetrator, it is recommended that
the only adjustment that should be made is to the slope of the
deviatoric stress-strain curves. One possibility is to shift the

initial shear modulus versus confining pressure curve (Figure L4.L)

downward such that G = 6 kbar for G = 0, and then, using the relation

defined in Figure 4.5 to determine the stress at the onset of non-
linear behavior, vary the shear modulus in a manner consistent with

the behavior shown in Figures 3.8, 3.10, and 3.14 to a peak deviatoric
stress defined by the recommended failure relation for intact sandstone
of Figures 4.6 and L4.7. For calculational schemes that extend to depths
greater than 3 m, it should be noted that the in situ seismic velocity
profiles indicate considerable increases in both the shear and bulk
moduli below 3 m, the composition properties change with depth

(Figures 3.1 and 3.2), and the rock quality shows a significant
decrease with depth. The recommendations of Section 4.2 doc not apply
to these deeper materials. Since there are no calculation studies
presently planned which involve these materials, only a limited

study of the deeper materials was conducted.
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TABLE 4.2 ELASTIC MODULI

Bulk Modulus Shear Modulus Constrained Modulus
K G M
Derived From kbar kbar kbar
Ultrasonic velocities 45 Lo 98
1;,
E Large-core velocities 1h4* 10% 27
: In situ seismic velocities 12 6 20
I
‘ WES laboratory mechanical 12 i1 27
property tests (03 = 0)
TT UX tests 25
L5
vSL
¥  Calculated using — = 0.6
V
PL
s 65




TABLE 4.3 SELECTED PHYSICAL PROPERTIES FOR LARGE-DIAMETER SANDSTONE

CORES

Dry density (Yd)
Specific gravity of solids (Gs)
Water content (w) (assumed air dry)

Volume of voids (Vv)

Volume of air (VA)

Compression wave velocity (VPL)
Shear wave velocity (Vgp)
Unconfined compressive strength
Unconfined tensile strength
Shear modulus (G) (from V

PL and VSL

Bulk modulus (K) (from Vor, and VSL)

)

0.02 g/cm3

0.02
0.5%
1%
1%
50 m/sec
50 m/sec
0.07 kbar
0.002 kbar
kbar
kbar
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Figure 4.1. Recommended load-unload hydrostat for intact sandstone for
stress levels up to 1 kbar.
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Figure 4.9. Recommended failure relation for intact sandstone.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are based on the results of the field
investigations at the San Ysidro, New Mexico, sandstone penetration
site and the results of laboratory material property testing at WES
and TT.

(1) The upper 3 m of the site is sufficiently uniform to con-
sider as one layer.

(2) The material exhibits hysteresis in hydrostatic compression
and triaxial shear.

(3) The material dilates in shear prior to failure.

(4) Rate effects, if any, on the behavior in hydrostatic com-
pression are limited to the occurrence of a slightly larger initial
bulk modulus.

(5) BRate effects on shear behavior are negligible.

(6) The material is considerably weaker in tension than in
compression (by a factor of about 30).

(7) There is no evidence of a significant size effect on the
unconfined compressive strength of the sandstone.

(8) Laboratory ultrasonic velocities do not correlate with in
situ seismic velocities.

(9) Bulk and shear moduli deduced from field seismic velocities
correlate fairly well with initial slopes of laboratory stress-strain
data and with moduli calculated from velocity measurements on the
large-diameter sandstone cores.

(10) Examination of deviatoric strains during hydrostatic com-
pression of small test specimens and the comparison of crosshole
and downhole field seismic velocities give no evidence of significant
anisotropy.

(11) The question of laboratory versus in situ properties is not

a problem for the reverse ballistic test calculation application.
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With regard to construction of constitutive models of the mechani-
cal behavior of the sandstone for calculations of the Avco reverse

ballistic tests and the SLA in situ penetration tests, the following

recommendations are presented:

(1) Model the upper 3 m of the site as one homogeneous,

isotropic layer.

(2) Use the laboratory test results unmodified in developing
constitutive models for the reverse ballistic test calculations.
(3) The ideal constitutive model for this problem should:

a. Be mathematically rigorous (i.e., satisfy stability

and uniqueness).

b. Be rate independent.

c. Exhibit hysteresis over a load-unload cycle in shear

and in hydrostatic compression.

d. Dilate in shear.

e. Have limited tensile strength and shear strength

which is a function of stress level.

f. Provide, as a minimum, for post-failure strength

degradation to the residual strength of crushed sandstone.
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APPENDIX A
IN SITU SEISMIC SURVEY

SANDSTONE PENETRATION SITE, SAN YSIDRO, NEW MEXICO

A.1 INTRODUCTION

An in situ seismic survey was conducted at the proposed Defense
Nuclear Agency (DNA) sandstone penetration site near San Ysidro, New
Mexico, during the period 19-23 September 1975. The purpose of the
survey was to provide in situ seismic information relative to the site
material(s). More specifically, compression- and shear~wave (P- and
S-wave) velocities and depths to interfaces were to be determined from
the ground surface to a depth of about 20 feet using surface refraction
seismic, crosshole seismic, and downhole seismic techniques. The survey
was planned by Mr. D. K. Butler, Physicist, Soil Dynamics Division, WES,
and was conducted by Messrs. E. Gomez, D. H. Douglas, and J. R. Curro, Jr.,
of the Earthquake Engineering and Vibrations Division, WES. This ap~

pendix was prepared by Mr. Curro.

A.2 EQUIPMENT AND TEST PROCEDURES

A.2.1 Surface Refraction Seismic Tests. The surface refraction

seismic tests were conducted using a battery-operated 24-channel seismo-
graph and camera. The camera produced a permanent record on oscillograph
paper by transforming a signal, in the form of electrical impulses, into
a light beam response which was then recorded on the paper. Resolution
time with this recording unit sas about 0.5 msec. Response of the soil
was monitored by vertical velocity-type geophones. A 16-pound hammer
provided the seismic energy source. Twenty-four geophones were used to
detect the signal produced by the energy source. These geophones were
placed in a straight line at 5-foot intervals along the surface of the
ground. A metal plate, placed on the ground surface near the first
geophone at one end of the line, was struck with the hammer, and a

recording of the compression-wave arrival detected by each geophone
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was obtained, the first geophone having recorded zero time. The plate
was then moved to the opposite end of the line and again struck with
the hammer, and another recording was obtained. When this procedure
had been completed, two seismic traverses (forward and reverse)
resulted. The above procedure was supplemented by using fewer geo-
phones and closer interval spacing on each traverse to obtain more
detailed information relative to the near-surface materials.

Data obtained from refraction seismic tests consist basically of
the time required for a compression wave to travel from the seismic
source (hammer) to points of detection (geophones). Data are plotted
in graphic form as travel time from the seismic source to each geo-
phone versus the respective distances of the geophones from the source.
Velocities and depths to interfaces are calculated using procedures
commonly found in seismology texts.A'l

A.2.2 Downhole Test. The downhole test was conducted with the same

seismograph as used in the surface refraction seismic tests but only
four channels of the data were recorded. Geophones consisted of one
triaxial array of transducers housed in a unit having an integral
extendable spring and one vertical velocity-type geophone. The
downhole test was performed by placing the triaxial geophone in a
borehole at a known depth with the vertical geophone placed 5 feet
from the mouth of the borehole on the ground surface. The metal
plate, positioned near the vertical geophone, was struck with the
hammer with the resulting seismic signal being recorded from the
triaxial geophone and zero time being recorded by the vertical geo-
phone. The triaxial geophone was then moved to the next desired test
evaluation in the borehole and the seismic signal again recorded.

The above procedure was repeated until all desired depth locations in
the borehole had been tested. For the downhole test in this survey,
testing was done at 5-foot increments from the ground surface to a
depth of 20 feet. Data obtained from a downhole test consist basically

of the time required for particular wave types (P- and S-waves for this
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test) to travel from a seismic source on the ground surface to a point

of detection in a borehole. Data are plotted as travel time from the
seismic source to the geophone versus the slant distance of the geo-

phone from the source. Average vertical P- and S-wave velocities are

then computed from the inverse slope of lines drawn through the plotted

points.

A.2.3 Crosshole Tests. Crosshole tests were conducted using a

portable single-channel enhancement seismograph and associated instru-

mentation as shown and described in Reference A.2. With this complement

of instrumentation, seismic wave arrival times can be determined with an

accuracy of 0.5 msec, A strip chart recorder was used in conjunction
with the enhancement unit to provide a permanent record of the data.
Both the unit and recorder are battery-operated. Two geophones were
used in the crosshole tests with each being a triaxial array of trans-
ducers housed as a unit. The crosshole tests were performed using
existing boreholes at the site which had been drilled in the sandstone
and, therefore, did not necessitate plastic casing to prevent caving.
Borehole orientation surveys to establish the vertical alignment of
the holes were not conducted.

The crosshole test procedure consists of placing a triaxial geo-
phone at a known elevation in a borehole, which acts as a seismic
source when used with the complement of instrumentation. In another
borehole, a second triaxial geophone is placed at the same elevation
as the seismic source, which acts as a receiver for the transmitted
seismic signal. When the P- and S-wave data had been obtained at the
first test elevation, both geophones were moved either up or down the
boreholes to the next desired test depth and the P- and S~wave data
recorded. This procedure was repeated until all desired elevations
had been tested. The geophones were then moved to other boreholes
at the site and the above procedure repeated.

Data obtained from & crosshole test are the times required for

P- and S-waves to propagate from a source in a borehole to a point of
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detection in a different borehole, These times are then divided into
the straight-line distance between source and receiver geophones to
yield apparent velocities. If a nearby higher velocity layer exists,
the wave will refract and travel along that layer, thus traveling a f
faster path than the direct distance path. In such instances, calcu-
lations based on Snell's law of refraction must be used to determine
true velocities by accounting for zones of high velocity contrast.

Due to the nature and number of calculations involved in a typical

application of the crosshole technique to a layered site, a computer
program for crosshole seismic interpretation was used for reducing
the data.A°3 This program uses Snell's law of refraction to develop
a plausible true velocity interpretation from the apparent velocity

profile as determined from the field data.

A.3 TEST RESULTS

A.3.1 Surface Refraction Seismic Tests. Four surface refraction

seismic traverses (two lines) were run at the site. These traverses,
designated S-1 through S-4, were located and oriented as shown in the
test layout, Figure A.l.

The P-wave arrival time versus distance plots for traverses S-1
through S-4 are shown in Figures A.2 and A.3 as are computed velocities
and depths to interfaces. These data were used to construct P-wave
velocity profiles for the subsurface materials. These profiles are
presented in Figures A.4 and A.5. Two velocity zones were indicated
from the data. The near-surface zone ranged from 3325 to 3415 fps
and varied in thickness from 10 to 13 feet. The underlying zone ranged
from 5160 to 5345 fps and extended to an undetermined depth.

A.3.2 Downhole Test. The results of the downhole test which was

conducted in boring NX-3 (Figure A.1) are shown in Figure A.6. Two
velocity zones were indicated from the downhole test data. The near-
surface zone exhibited average P- and S-wave velocities of 3725 and

1665 fps, respectively. The second zone yielded velocities of
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6295 fps (P-wave) and 2850 fps (S-wave). The depth to the interface
between the two zones is questionable because of the slant distance

parameter involved but should average about 7.5 feet,

A.3.3 Crosshole Tests. Two crosshole tests were conducted at the
site; one test used borings NX-1 and NX-3 and the other used borings NX-2
and U-1. The orientation and location of the tests are shown in
Figure A.l.

The seismic source and geophone placements used in the conduct of
the crosshole tests from borings NX-1 and NX-3 and from borings NX-2 and
U-1 are shown in Figures A.T7 and A.8, respectively. P-wave velocities
determined from the crosshole tests are presented alongside the geo-
phone pesitions. In a like manner, seismic source and geophone
locations used in the crosshole tests are again presented in Figures A.9
and A.10 but S-wave velocities determined from the tests are included

beside the geophone position.

A.L DATA INTERPRETATION

The P-waye velocity results from the crosshole, surface refraction
seismic, and downhole tests were analyzed and an interpretation made
which produced two velocity zones at the site as shown in Figures A.1l
and A.12. The near-surface zone ranged from 3325 to 3415 fps and ex-
tended to a depth of about 12 feet. The underlying zone had a velocity
range from 5160 to 5345 fps and extended to an undetermined depth.

The S-wave velocity results from the crosshole and downhole tests
were contoured into velocity zones which are shown in Figures A.13
and A.14. Three zones were interpreted from the crosshole and downhole
data obtained from borings NX-1 and NX-3 as shown in Figure A.13. The
near-surface zone had a velocity of 1665 fps and extended to a depth of
about 6 feet where a 2825-fps zone was encountered. This zone was noted
to a depth of about 15 feet. The third velocity zone, 3390 fps, extended
to an undetermined depth. The data from borings NX-2 and U-1 were con-

toured into two velocity zones as shown in Figure A.14. The near-surface




o

:
i

zone with a velocity of 1665 fps was evident to a depth of about 6 feet.
The second zone, 2790 fps, extended from 6 to 10 feet (limit of testing)
in depth. It should be noted that borings NX-2 and U-1 were only

10 feet deep; therefore, the third velocity zone at 15 feet could not
have beer. detected. The velocities and interface depths for zones 1
and 2 from borings NX-1 and NX-3 correlate very well with those from
NX-2 and U-1.
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APPENDIX B
DYNAMIC TEST DATA PLATES
Duta plates for the dynamic uniaxial strain, dynamic isotropic com-

pression, and dynamic triaxial compression tests conducted in the WES

laboratory testing program are presented in the following order:

Test Type Plate Number
Dynamic uniaxial strain Biodl
Dynamic isotropic compression B.2-B. 4
Dynamic triaxial compression B.5-B.9

For the isotropic compression tests and triaxial compression tests, the
first sheet of each plate for each test presents the time histories of
pressure, deviator load, and axial and radial strains; the second sheet

of each plate presents stress-s%rain plots.
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BORING NO. Ul DEPTH 762 METERS
DRTE OF TEST 6-6-7S5
SPECINEN OATA AT ZERD LIVE VERTICAL STRESS
SPECIMEN ME 1OMT .30 Cn SPECIFIC ORAVITY 2.68
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PROJECT
LOCATION

DATE OF TEST
TEST REMARKS

BORING NO. NX2
DEPTH .M 2.44

DNA PENETRATION
SAN YSIORO. NEW MEX

TEST NO. DNR DIC NX2-8.0

SPECIMEN HEIGHT H.CH 12.233 SPECIFIC GRAVITY G
SPECIMEN DIAMETER [.CM 5.471 SATURATION S.Z%

WET DENSITY .G/CC 2.103 VOID RATIO E
WATER CONTENT W.%Z 3.0 VOLUME RIR Va.Z
DRY DENSITY .G/CC 2.042 VOLUME WATER Vu.%Z
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PLATE B.2
(SHEET 1 OF 2)
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PROJECT ONA PENETRATION
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LOCAT

BORING
DEPTH

PROJECT

SPECIMEN HEIGHT H.CHM
SPECIMEN DIRMEYER D.CM S.453
WET DENSITY .G/CC
WATER CONTENT HW.Z
DRY DENSITY

DRTE OF TEST 5-16-75
TEST REMARKS

ONAR PENETRATION

I ON SAN YSIDRO. NEW MEX
NO. NX2
.M 1.43 TEST NO. DNA DIC-NX2-4.7
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SATURATION S.%
VOID RATIO E
VOLUME AIR Va.%Z
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PROJECT DNA PENETRATION
LUCATION  SAN YSIDRO. NEW MEX

BORING NO. NXI

DEPTH .M 2.93 TEST NO. DNA DTX-NX1-9.6R

SPECIMEN HEIGHT H.CH 12.713 SPECIFIC GRAVITY G 2.68
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PROJECT ONA PENETRATION
LOCATION  SAN YSIDRO. NEW MEX 1

BORING NO. NXI
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APPENDIX C

COMPRESSION WAVE VELOCITY MEASUREMFENTS ON LARGE-DIAMETER CORES

Results of compression wave velocity measurements on two large-diameter

sandstone cores from the proposed penetration site near San Ysidro, New

Mexico, are tabulated below.
measurements on the two cores.

were used and two types of signal detectors were used (10-kHz accelerometer

and 1-MHz piezocrystal).
Axial Radial
oL VoL

Test No. m/sec m/sec

Two types of impulsive sources (hammers)

Remarks

The velocities were computed from transit time

1 117G =

2 1230 =

3 1210 =

L 1170 -

> 1170 -

6 1150 -

1 1150 -

2 1090 -

3 1156 -

N 1336, =

5 113g =

6 103G =

i 1350 -

8 1380 -

9 1290 -
10 1290 -
11 1320 -
12 1090 -
13 11y @ =
14 1000 -
15 1000 -
16 - 1060
i - 1000
18 - 1100
19 - 1210

Core No. 1

Hammer source and 10-kHz
Hammer source and 10-kHz
Hammer source and 10-kHz
Hammer source and 10-kHz
Hammer source and 10-kHz
Hammer source and 10-kHz

Core No. 2

Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer

accelerometer receiver
accelerometer receiver
accelerometer receiver
accelerometer receiver
accelerometer receiver
accelerometer receiver

Schmidt hammer and piezocrystal receiver (1-Miz
Schmidt hammer and piezocrystal receiver (1-Miz
Schmidt hammer and piezocrystal receiver (1-Miz
Schmidt hammer and piezocrystal receiver (l-Miz
Schmidt hammer and piezocrystal receiver (1-MHz
Hammer and piezocrystal receiver

Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer
Hammer and accelerometer

)
)
)
)
)




APPENDIX D

RESULTS OF THE TERRA TEK LABORATORY TESTING PROGRAM

This appendix contains a report submitted to the Defense Nuclear
Agency by Terra Tek, Inc., Salt Lake City, Utah. The report presents the
results of a laboratory testing program on Dakota sandstone from the pro-
posed San Ysidro, New Mexico, penetration site and is reproduced here by

permission.




SOME PROPERTIES OF SANDSTONE

FROM THE PENETRATOR TEST SITE, SAN YSIDRO, NEW MEXICO

by
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Headquarters
Defense Nuclear Agency
Washington, D.C. 20305

Attn: Major T. Stong ‘
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ABSTRACT

Tests were performed on samples of Dakota sandstone taken from the

penetrator test site near San Ysidro, New Mexico. The sandstone was tested

to determine its response to triaxial compression loading, hydrostatic com-
pression loading, uniaxial strain loading and triaxial extension loading.
The results showed this material to be generally typical of other sandstones
although some results (such as the triaxial failure envelope) are somewhat
unique and peculiar to this material.

Two triaxial compression tests were performed on crushed sandstone L
samples from which gradation curves were obtained showing grain size dis-
tributions before and after testing. These tests showed the crushed mat-
erial strength at pressure to be little chanaced from the intact sandstone.

The Terra Tek effort was funded through Defense Nuclear Agency, con-

tract number DNAOO1-75-C-0177, with Major Todd Stong as Contracting Officer

Representative. Previous work for this program on welded tuff was reported

1

in Terra Tek report number TR 75-9.  The TTI proqram was an effort in con-

junction with Waterways Experiment Station to completely characterize the

sandstone.
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INTRODUCTION

One aspect of the Defense Nuclear Agency earth penetrator program is
the prediction of the penetrator performance. This prediction is possible |
throuah calculations which utilize material models based on the physical |
and mechanical properties of the target media. The target media in this
case is Dakota Sandstone found near San Ysidro, Mew Mexico. The Terra Tek
effort was to supnly selected mechanical properties data and along with
laboratory and field data from Waterways Experiment Station (WES), present
the necessary material properties.

The proposed test program on the sandstone :'as as follows:

1. Triaxial compression tests at confining pressures of 0, 1/2, 1

4 and 10 kilobars.

2. Hydrostatic compression tests to 10 kilobars.

3. Uniaxial strain tests to 10 kilobars.

4. Extension tests at confining pressures of 1 and 2 kilobars.

These tests were all performed on conventional, intact samples with test-
ing techniques similar to those previously reported.2

As a result of recent descriptions of the condition of the material
surrounding the penetrator after the event, additional tests were conducted
on pre-crushed samples supnlied by WES personnel.3 Those tests were:

1. Triaxial compression tests at 1.0 and 3.2 kilobars confining

pressure.

2. Hydrostatic compression tests to 4 kilobars to determine qrain

size distributions before and after loadina.




TEST RESULTS

The stress-strain response during the shearing phase of the triaxial
compression and extension tests is shown in Figures 1 and 2, respectively.
The "failure envelopes" (defined as the maximum stress the sample would
support at a given confining pressure) for these tests are shown in Figure
3. A higher pressure (8 kilobars) triaxial compression test was performed,
but because of the unreasonably low failure strength, this data is not
included on the "failure envelope." The low failure is thought to have
been caused by an unrepresentative sample. Figure 3 also shows the failure
strengths of the crushed samples.

The hydrostatic compression response of the intact sandstone is shown
in Figure 4 up to a confining pressure of 8 kilobars.

The uniaxial strain tests (1-D) on intact sandstone is shown in Figure
5. Both a 4 kilobar 1-D and 8 kilobar 1-D are shown along with the 8
kilobar hydrostat for reference. The stress-stress response for the 1-D
tests is shown in Figure 6.

Figure 7 shows the mean stress versus volume strain response during
hydrostatic and triaxial compression loading for the crushed material.

The differential stress versus strain response from these tests is shown
in Figure 8. Grain size distributions were also conducted on the material
before and after the hydrostatic compression phase of the triaxial com-
pression tests. These distributions are shown in Figure 9. As a note,

the data point in Figure 3 at 0.1 kilobars confining pressure was obtained

by WES3 and is shown here for reference.
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Figure 3. Failure Envelopes Based on Triaxial Compression
and Extension Tests.
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Figure 4: Response of a Typical,
Intact Sample to Hydrostatic Pressure.
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Figure 9: Effects of Hydrostatic Pressure
on the Grain Size Distribution for Crushed Sandstone.
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DISCUSSION AKD COMCLUSIONS

The individual stress-strain curves indicate Young's Modulus doubles
as the confining pressure is increased from 0 to 0.5 Kbar as shown in
Figure 1. Subsequent increases in confining pressure above 0.5 Kbars show
little effect on the Modulus. The data also indicates comnaction nrior to
dilation.

Figure 3 indicates the failure strength increases by a factor of 10 _
(from 0.5 Kbar to over 5 Kbar) when confining pressure is increased from
0 to 3 Kbar. The shape of the failure surface (as shown in Figure 3) is
not typical but repeated tests indicate it is indeed correct.

The failure strength for the crushed material is less than that of
the intact material at a confining pressure of 0.1 kilobars (WES data) while
at pressures of 1.0 and 3.25 kilobars the failure strengths are equivalent
to that of the intact material. This would suggest considerable recompac-
tion of the crushed material during the hydrostatic portion of the tests
to the extent that all of the frictional strength of the intact material
is regained.

During the hydrostatic compression tests and the uniaxial strain tests
on the intact samples, there was considerable volume compaction (hysteresis).
This compaction would be expected, however, since the physical properties

suggest approximately 20 percent air voids by volume in the material.

n
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