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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. Arn~y Engineer Waterways

Experiment Station (WE S) ;  Terra Tek , Inc . (TT),  Salt Lake City, Utah ;

and Systems , Science and Software (
~~~~3 ) ,  La Jolla , California. The S3

work will be reported separately. However , by direetion from the

Defense Nuclear Agency ( DNA ) ,  the TT studies have been included in

this report . The WES work was sponsored by DNA under Subtask SB211,

Work Unit 11, “Field Firing Material Testing.” The T3~ effort was

fuiided by DNA , Contract No. DNA OO1—75—C—0177, with MM Todd D. Stong

as Contracting Officer ’s Representative.

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

Butler , SDD . Technical consultatibn 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. Hainmack , SDD , assisted with the various phases

of the W~~ laboratory testing program. Messrs. J. R. Curro , Jr., E.

Gomez , and D. K. Douglas of the Earthquake Engineering ar. Vibrations

Division , S&PLL , conducted the field ~eophysica1 survey . Appendix A ,
summarizing the geophysical survey , was prepared by Mr. Cu.rro . The TT
portion of the investigation is described in Appendix D , which was pre-

pared by Messrs. R. H. 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

this investigation and the preparation and publication of this report.
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CHAPTER 1

INTRODUCTI ON

1.1 BACKGROUND

The current Defense Nuclear Agency (DNA) Earth Penetrating Weapon

(EPw) Research Program is concerned with assessing the survivability of

candi date 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 “har d” 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 terrady-namics and to provide data to aid

in future penetrator desi~~ considerations. The three targets we re

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 ( T m) ,  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 Ysidro ,

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 l6 .5—cm-diam , 182—kg penetrators into the in situ ro ck .

The purposes of these tests are to assess survivability of the penetrators,

determine depth cf 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—dia m sandstone core from the San Ysidr o

site. For all three sites , pretest penetration predictions, posttest

analyses, and detailed f ini te  d i f f erence and finite element analyses of

selected penetration tests will be performed by various agencies. To

4
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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 con ducted by the U. S. Arn~r ~hgineer Waterways Experi-

ment Station ( WE S), Terra Tek , Inc. (TT), and Systems, Science and
3Software (S ).

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  SC OPE

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 cn the sandstone in a co~ ninuted state. Constitutive property

analyses for the sandstone are discussed in Chapter 4 and , finally, con-
clusions and recommen dations 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 Albuque rque ,
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 sca rp 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

fr om houses or major roads, its good vehicular access , and its rela-

tively large surface area (l00 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 occurre d along the major fractures ,
particularly near the sides of the outcrop, but the smaller scale

joints are very tight.

The Dakota sandstone at the site is a light tan colored, fine—
to medi um— grained , calcite cemented quartzose san dst one. 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 P. ) .  All other

sandstone at the site exhibits no reaction with HCP .

6
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2.2 FIELD DRILLIN G AND SAMPLIN G 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 exper iments) .
(2) To obtain NX (14.5—cm-diarn) core samples and l2 .7— cm—di am

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 O.38—m—diam by 0.62—rn—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— l and NX—3

are posi tioned approximately- mi dway between two of the major E—W
striki ng frac tures , and a line joining boreholes NX— 2 and U—l is ap—
proximately perpendicular to a line joining NX—l and NX—3. Logs and
pertinent comments for the NX boreholes are given in Figure 2.2. Ro ck
Quality Desi gnation ( RQD )1 values for the three NX borings ranged from
63 to 100 percent with a weighte d average for all the core runs of
82 percent . Boring U—l was made with a 12 .7—cm—di am 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 en ds of the steel tubes

were sealed. with t~ _~ j flg~? packers.

The sandstone varied from light tan (buf f)  color to nearly white
with light gray to black marbling for the majority of the core recovered.
A nominal 0.7—rn—thick layer of bluish gray , “shaly” sandstone with black
marbling was encountered at a depth of 8.32 in in NX—l and at a depth of

6.91 m in NX— 3. The light tan sandstone was encountered again at a
depth of 7.61 in in NX—3 . Yellow to orange st aining (hematite or limo—
nite coating) was present in some of the core , making it d i f f i cu l t  to

7 
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determine at times whether core breaks were natural fractures with

surface stains or a mechanical break through a pervas ive stain region .

2. 3 LARGE—DIAME TER SAMPLES

In addition to the small— diameter samples described in Section 2.2 ,
two O.38—ni—dia m by 0.62—rn—long core samples were obtained at the site.
These large—diameter san dstone 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 RQP values in boreholes NX—2 and NX —3, and the

results of radiographic examination o2 the steel tube samples from
borehole U—l (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.

2.14 P~~ETRATOR IMPACT POIN ’IS AND INSTRUMENTATION HOLES

Two penetrator impact points were selected (I and II in Figure 2.1)
along a line joining borings NX—l and NX—3 . For each impact point ,
three 9.814—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 l8.7—crn—diam by 9. 1—rn—deep hole was drilled for SLA; the pene—
trators will be suspended in this hole for pretest checks of on—boar d

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

8
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shear (5)— 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 2.14 and 2.5 are

interpreted P— and S—wave velocity- profiles between borings NX—2 and

U—l , and Figures 2.6 and 2.7 are the corresponding profiles between

borings NX—l 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 in and

4.6 rn. 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.

9
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CHAPTER 3

LABORA2ORY 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 pro gram will be used to develop

temperature—independent constitutive models of the sandstone for pretest

and posttest analyses and calcul ational 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 desigeed to supply data to support

sophisticated modeling efforts.

Three agencies participated in the sandstone testing program: WES,

TT, and S3. 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, arid

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—controlle d triaxial compression (TX )

tests, strain—controlled triaxial extension (TB) tests, uniaxi al 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 , stat t c tests are define d as those with

strain rates of lO’4/sec or a stress rate of approximately 1 kbar/xnin.
Dynamic tests are defined as tests in which the stress rate is approxi—

• mately 0.3 kbar/msec and in which inertial B-tresses are negligible.

F 1-
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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 corn—

minuted state.* Thus, a limited number of laboratory tests were

conducted on mech inically crushed sandstone from the site.

3.2 TEST PROC~ AM FOR INTPLCT SAI~4PLEz AND RESULTS

Tables 3.1 and 3.2 list the laboratory tests conducted at WES an d

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 dyn ami c ,
the borehole number, and the in situ depth of the sample in feet

(1 m = 3.281 ft); for example, DTX—NX1—7.6 indicates a dynami c tn—
axi al shear test on a sample from borehole NX—l 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—l , NX—2, NX— 3, and U—l to determine wet density (;)~ water
content (w), and specific gravity of solids (G) of the sandstone.

Results of these tests are plotted versus depth in Figure 3.1. Cal—

culated values of dry density 
~~~~ 

volume of voids (v), and volume
of air (V) 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.la and 3.lb 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 sheer 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.

18
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upper 3 m of the site ; below the 3—rn depth , both y 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 rn (Figure 3.lc) .

From Fi gure 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/crn3 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 se~ nents 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 specime n 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 fi ve minutes.

3.2.3 Sources of E~rror and Estimated E~ror Levels. There are

three types of measurement systems and functions in the laboratory IC ,

TX , and UX tests: pressure , load, and de formation . 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

+2 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 measui~ements, 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—

a-ted with specimen irregularities (see Section 3.2.2) and apparatus

19
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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 lateral deformation

measurer~nts, 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 TJX 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 inea—

surexnents 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 (~ O.i percent

strain at max~ .-~um). These comments on possible errors are intended to

cause readers to view test data with a “healthy caution.” The possible

effects of erro rs on interpreted data and recommended properties are

discussed further in Chapter 4.
3.2.4 Unconfined Compression Tests and Sonic Velocities. Twelve

NX (5.4—cm—diam by 12.7—cm—long) specimens were selected for unconfined

compression tests and sonic velocity determination . The 12 specimens

were ai r— dried for 48 hours prior to measuring sonic velocities and
were then tested in unconfined , uniaxial compression. Both compression

wave velocity (v) and shear wave velocity (v5) were determined in the

axial direction of the core specimens using cerami c transducers . Re-
sults of the sonic velocity measurements are plotted ve rsus depth in
Fi gure 3.3, and Figure 3.24 presents the uncon fined 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 observe d to have a tight horizontal crack. The presence of

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
elasticity at 50 percent of the unconfined compressive strength (ETSO

)

is plotted versus depth in Figure 3.5.

3.2.5 Isotropic (Hydrostatic) Compression Tests. Both static and

dynami c isotropic compression (IC) tests were conducted on NX— diameter
specimens which were nominally 7.6 cm in length . The specimens were

jacketed in a 0.064—cm-thick rubber membrane immediately after removing

the wax coating. The de formations during loading were measure d 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 inte rme diate load—unload
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cycles. The maximum pressure attainable in the dynamic IC tes t s 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

Re ference 2. In addition to the IC tests on NX core samples, one IC

test was performed on a 12.7—cm-diam by 25.!~~cm-long sandstone specimen

to a maximum pressure of 0.3 kbar (test SIC—U-l—24.9).

Figure 3.6 presents pressure versus engineering volumetri c strain

for three static IC tests. Only one of the int~ermediate load—unload

cycles is shown . Also given in Figure 3.6 for ~omparison are data

from the IC loading phase of the static TX test~- discussed in the next

section. The curves are essentially parallel above a pressure of

0.15 kb ar . The pressure versus volumetric strain curves stiffen with

increasing pressure up to mean normal pressures of at least 0.5 kbar.
Pe rman.~nt compaction following unloading from 0.7 kbar appears to be
about 0.145 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 tes t ) .  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 fo ur tests is quite
small (~ O.l5 percent volumetric strain at a pressure of 0.1 kb ar) .  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.

Comparison of the static and dyn ami c IC test results (Figures 3.6
and 3.7) shows the scatter in the two sets of test results to overlap .
In general, the dynami c mean normal pressure versus volumetric strain
curves have larger initial slopes than the static curves, although the
slopes are comparable at pressures above about 0.15 kbar. The excep-
tion is the curve for static test SIC—Ul—14.9 (12.7—cin—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
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the static and dyn ami c 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 dynami c
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/rnsec)

appear to be limited to a larger initial loading bulk modulus and
slightly less hysteresis.

3.2.6 Triaxial Compression Tests. Static and dynamic triaxial
compression (TX) tests were conducted on I~1X—diameter specimens 12.7 cm

long. As in the IC tests , the specimens were jacketed in rubber mem-

branes prior to testing and no dr ainage 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 i.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—7.5)

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 dyn ami c 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 con fining pressure ; shear strength increased with

confining pressure; dilatation occurred in shear prior to failure ( for

te st DTX— NX 1—8.O , the specimen first dilated and then compacted prior

to failure *) ; and average deviatori c strain to failure was about

1.2 percent. It should be noted that failure did not occur in test

DTX— NX 1—9 .6A ; the same specimen was later tested and failed at a lower

con fining pressure (test DTX—NX 1—9.6B) . The average rate of devi atoric

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 “ fo llow”

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 material behavior.
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aim unt 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 . 24  cm in height by
12.7 cm in diameter from borehole U—l. 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. Result s of the UX tests
are presented in Figure 3.11 in the form of vertical stress versus

vertical st rain 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—7l)

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 alon g a plane perpendicular
to the specimen axis. The tensile strength 0T in the direct pull test
is then calculated by dividing the maximum applied tensile force by the
specimen cross—sectional area. In the Brazilian tensile test (ASTM

Designation: C2496—7l), 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 st resses in the Brazilian
test is complicated, rupture usually occurs along the main di ameter ,
and in the center of the specimen the compressive and tensile stresses,

and 0
3 , 

respectively, on the plane of rupture are easily calcu-

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 (0
1 

= Or)

and a circumferential tensile stress (0
3 

= a
s

) ,  and failure commonly

occurs on a plane containing a specimen di ameter and the specimen axis.

A simpler interpretation of the hollow cylinder test is to assume only

a uniform tensile stress to exist perpendicular to the failure

plane.

Results of the three types of tensile tests are suTmnR~rized 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 l2 .7—cm—dia m
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 12.7—cm test specimens, four static UC tests were con-
ducted on 3.6—cm-diam by 7. 1—cm-long specimens and one test was con-
ducted on a l2.7—cm-.di am by 27.2—cm-long specimen (see Table 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 Meas urements on Large Core. The

only nondestructive laboratory test which could conveniently be conducted
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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 2O—kHz vibratory source , was utilized. Two types of im-

pulsive sources were used: a hammer impacting a steel rod and a Schmidt

hammer. Table 3.14 summRrizes the results of axial compression wave—

velocity measurements on the fi rst core and both axial and radial me a-

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, geometri c , or path length effect on the compression wave

velocity. Comparison of values (2) and (3)  in Table 3.24 for core No. 2

reveals no measurement dependence on receiver response frequency for a

two decade change. However, comparison of values (3) and ( 14 )  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 hamme r 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 fi gures

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 14 percent
on unloading from 8 kbar. Figure 3.14 presents the results of static,
strain—controlle d 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 frQm Figure 1 of Appendix D. Failure data from the TX

tests (from the TX compression tests of Figure 3.14 and also two TX

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

3,2.12 Sandstone—on—Steel Interface Friction Testing Program.

WE~3 supplied 3
3 with 3.5—cm-diem by 14.5—cm—long specimens of the sand-

stone to support their san dstone—on—steel interface friction test

progr am. The purpose of the program was to determine the friction
coe~Ticient of the san dst one on steel as a function of relative inter—
face velocity and normal stress. These dat a will be used to support

th” de velopment of friction rules to apply to the penetrator—target

interface during analytical calculations of the penetration events.
Descriptions of the test apparatus and test proce dure are given in

Refe rence 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 COMMINUTE D MATERIAL AND RESULTS

The WE~ and TI’ 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 IT. Figure 3.16 is a gradation curve

for the crushed sandstone prior to testing. The tests were conducted

on specimens of ai r—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 WE~ tests. A vacuum was maintained
in the specimens after removing the forming jacket and prior to testing

— to prevent the cohesionless specimens from slumping un der their own
weight . The ave rage density of the specimens was 1.6 g/cm3 or 77 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

28
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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 TI’ 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 24 kbar and the results are

presented in Figure 9 of Appendix D.
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TABLE 3.2 TT LABORATO RY TEST PRO GRAM FOR INTACT SPECIMENS *

Test Number of Specimen
¶I~’pe 

- 
Tests Size Remarks

TX 9 NX by 10.2 cm Strain—controlled. Confining pressures
of 0 , 0 .5 ,  1, and 3 kba.r. Strain—gage d,
cantilevered, spring arms used to measure
strains.

TC 3 NX by 10.2 cm 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

4

* See Appendix D.
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TABLE 3.3 TENSILE STRENGTH TEST RESULTS

Individual Pest Results
kb-~tr

Test Type Test No. 0
1 

0
3 

0
T Mean Values

Direct pull • T—NX2—6.24 — — —0.0058 0
T 

= —0.0063 kbar

T—NX 1—8 .8 —
- 

— —o.oo24~
T—NX2—8.5 — — —0.0086

Brazilian tensile BT—NX2—6.O 0.03242 —0.01124 — a
~ 

= 0.0369 kbar

BT—NX2—5.5 0.0393 —0.0131 — 0
3 

= —0.0123 kbar

BT—NX2—9 .O 0.0372 —0.01224 —

Hollow cylinder HC—1 0.0690 —0.0710 —0.0096 = 0.0669 kbar

HC—2 0.0624 8 —o.0668 —0.0089 0
3 

= —0 .0689 kbar
= —0.0092 kbar
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TABLE 3.24 SU!.~4ARY OF CO~~ RESSION WAVE VELOCITY MEASUREMENTS ON LAR C~-
DIAMETER CORE

Average Measured
Con~ ression W ave Velocity
Axial Radial
rn/ sec rn/Sec Source Receive r

Core No. 1

( 1) 1180 — Haxnn~ r 1O—kHz accelerometer

Core No. 2

(2) 1100 — Hamn~ r 10—kHz accelerometer

( 3)  1090 — Ha2m~~r 1—MH z piezocrystal

(24) 1330 — Schmidt hammer 1—MHz piezocrystal

( 5 )  — 1090 Hann~r 1O—lc.H z accelerometer

(6)  1050 — 20—kHz Vibrator 20—kl-Iz receiver
(soniscope )
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Figure 3.3. Compressional (Vp) and shear (v5) wave velocities of
air—dried NX sandstone specimens.
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CHAPTER 14

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 approxi mations. Indeed , these calculations of gross fe atures

of the penetration process , if they require only parameters which can

easily be measured by stan dard labor atory 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 axisymxnetric 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 lOO—kbar to 1ow—~!bar 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 giveu

in References 7—15. Parametric code calculation studies of the effects

of constitutive property and material model variations on the maximum

54

~ 

---—~~~-~~~~~~~ :~~~



--~~~~~~~~~-— - ----— -~~~ —~~~~— - - . - - - -  -~

external loads on a penetrator (impacting a rock not much different from

that present at the San Ysidro site)15 indic~,ted:

(1) Penetration dynamics are sensitive to strength and frictions.].

characteristics of the material, next to the penetrator, i.e., the corn—

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.
- . . - . 16,17These conclusions appear to be qualitatively valid for soils also.

Results of penetration code studies and event calculations show

that the stress paths for typical target locations vary from states of
- . . 8,12 ,15—17pure shear to states of triaxial compression (TX). For the

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 post failure

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
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 1~ 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 REC~i~U€NDED CONSTITUTIV E PR OPERTIES FOR IN TACT DAKOTA SANLSTONE

14.2.1 Pressure—Volumetric Strain Behavior in Hydrostatic (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 4.1 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 Fi gure 4.1

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 4 .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 4.2

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 recommen ded

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 medi um 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 4.1 and 4 .2) .
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strain cur ve , again for test No. 4 of Figure 3.10, the data of Fig-
ures 3.8, 3.10, and 3.14 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 WFS

static and dyn ami c 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 defi ne

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

deviatori c stress versus confining pressure for the TT and WES TX tests,
and the dashed line is a possible relation (a 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 devi atoric 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 4.7.

4.2.3 Failure Dat a. Fi gure 4.8 is a summary plot of failure data
derived from the WES TX compression tests and various tensile tests
plotted in ~~ versus mean normal, stress space , where J~ is the

second invariant of the stress deviator tensor. The solid curve is the

recommended failure relation for the intact san dst one. 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 recommende d fai lure surface. Also shown are the failure
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relation for comminuted sandstone (short—dashed line) and the relation

de f ining 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 v~~~
’ 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 TI 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

Fi gure 7, Appendix D) .

4.2.4 Volume Change During TX Compression Tests. An increase in

volume during shear (in a DC compression test ) relative to the material

hydrostat is called dilat ation . Fi gures 3.7 and 3.9 show evi dence of
both compaction and dilatation during the TX tests. Fi gure 4.10 com-

pares the mean normal pressure—vo lumetric 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 dyn ami c 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 4.4—4.8, to

construct hypothetical deviatoric stress—strain curves for the intact

sandstone . In Fi gure 4.12 , devi atoric stress—strain curves are con-

structed for hypothetical TX tests with confining pressures corresponding

to the TX tests in Fi gure 3.8. The procedure is as follows :
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(1) Use Figure 4.4 to select the appropriate initial loading shear

modulus G0 for the test confining pressure.

(2) Use a TX loading stress path in Figure 4.5 to determine the

deviatoric stress at which the deviatoric stress—strain curve departs

from linearity , and draw a line with slope G0 to this stress to deter-

mine points A in Fi gure 4.12.

(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 deviatori c stress , respectively , at failure and , hence , deter-

mine points B in Figure 4.12 .
(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 comp ares 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

the considerations of Section 3.2 .3. The hypothetical curves are seen

to qualitatively reproduce all significant features of the stress—strain
curve s and are considered quantitatively accept able considering possible
errors in individual test results and data scatter when considering WES

static and dynamic test results and TT static test results as ~ com-
posite data set.

4 • 3 COMPARISON F ELASTI C MODULI CALCULATED FROM FIELD AND lABORATORY
VELOCITY MEASU~~~~ N~~ WITH DETERI’IINATIONS FROM LABORATORY ~~ CHAN ICAL
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— si-id S—wave velocities and the laboratory ultrasonic F— and
S—wave velocities. The magnitude of the discrepancy is larger than can

be attributed to in situ rock quaiityl8 or di fferences 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—di as~ ter 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 arid large—diameter core measurements. Whether the discrepancy

is due to di ffe rences 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 di fference to be expected due to the

in situ rock quality.

4.3.2 Elastic Moduli Determination. The equations relating the

bulk and shear moduli to the compressional an d 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 mod~1i 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 + 4/3 G); the
first four values of constrained modulus were calculated from the
K and G values while the last two values are the measured initial

slopes of two TI IJX 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 TI 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 : (i) stress—strain data 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
tests subsequent to the peak deviatoric stress, and (3) WES and TI tests

on comrainuted 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

behavior of the rock in a completely fractured con dition , 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 RECOMMENDE D 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 the.~e questions may be as simple as just
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 ts to adjust the initial slopes of laboratory stress—strain

curves to correspond to modu,li 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 az-i d full—scale in situ penetration tests.

4.~~.i Constitutive Properties for Large—Diameter Sandstone Cores.

The large cores were free from any visible fractures or other disconti—

nuities . Result s of limited size effect studies indicate no appreciable
strength decrease with test specimen size increase (Figure 3.12). ModuJ,i

calculated from compressive and shear wave velocity measurements on the
large core are almost identical with modul i determine d 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 RQ.D = 100 percent for the

upper met re 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 4.4)

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

defined in Figure 4.~ 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 4.7. For calculational schemes that extend to depths

greater than 3 in, 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 do 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.

63

- ‘  ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ -



— — - - - -- -—~-— - ---- -~—-—
~~~ — - -  

o o o 0 0o U~ 0 0
H H H

U) +1 +1 +1 +1 +1
a)

El .
~~ C) 0 0 0 0 0

H +) C) 0 ~~ 0 0 Lf\ tI\
U) ~r1 ~) 0 t(\ (N -~~ H 0

C ) U )  H (N H H H
o O~~~

—

H ~ II II II II H

H ~~ ~~l i-i ~~~ ~~~ ~-1P1 U) P1 P1 P1
>-4 ~~~ ~~

. 
~~

. 
~
> ~;.. ~>

~ 

I
~~~~a-p a) •rl Cfl +’ H a )  +) 0)

ixl a) H a) p4
Ci 0 H 0 a )~~~ a D 4 +‘ 0

~ 0 j.,-4 •r-I C)

~ 0) .C~ ~ 0 0~~~ u a
UI U) ~ ~~~~~~~~ ~~~~~ ~

H ..-~ 0 ~ +‘~~~~ a) ~i C )  ci
o a) ~l 0 H O ~~~i c i a )  ~., 0

U) 0 f~~ ~~~~~4-”-- ~> + )  El Cl)

C.) E
C-)

fr.~ 
0)

o 0
...

~ 
41)

ci 0) 0

C) C)
—4 a)
~l-4

~) 
.
~-4 .

~~ 41)
U) 

C) -P
a) a)

a) p4
H ~ri U)
. I—I

-~~~ -~~

C.] 0 a)
-~ 

0) C)

El H Z

64

-I

_ _ _ __ _ _ ___1

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_-_ -- -—

~~~~~~~~~~~ -~~~~~~~~~_~~~ —-~ --—~~~--—



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-- --- — --~~ ——--~-—-,---—---------- ----—------..--~-—--- - —— ------ — --- - -- - -
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

TABLE 4 .2 ELASTI C MODtJLI

Bulk Modulus Shear Modulus Constrained Modulus
K G M

Derive d From kb ar 
— 

kbar kbar

Ultrasonic velocities 45 40 98

Large—core velocities 14* 10* 27

In situ seismic velocities 12 6 20

WES laboratory mechanical 12 11 27
property tests (0

3 = 0)
TI UX tests 25

45

V
* Calculated using = o.6

PL
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TABLE 4. 3 SELECTED PHYSICAL PROPERTIES FOR LARGE.-LIAMETER SAN DSTONE
CORES

Dry density 2.02 ± 0.02 g/cm3

Specific gravity of solids (G5) 2.68 ± 0.02

Water content (w) (assumed air dry) 0.5 ± 0.5%

Volume of voids (VV) 25 ± 1%

Volume of air (V
A
) 24 ± 1%

Compression wave velocity (V PL ) 1150 ± 50 rn/sec

Shear wave velocity (VSL) 690 ± 50 rn/sec

Unconfined compressive strength 0.23 ± 0.07 kbar

Unconfined tensile strength 0.007 ± 0.002 kbar

Shear modulus (G) (from VPL and vSL) 10 kbar

Bulk modulus (K) (from VPL and vsL) 
114 kbar

I ,
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CHAPTER 5

CONCLUSIONS AND RECc1v11~Th~NDATIONS

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 in 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 slight ly larger initial

bulk modulus.

(5) Rate 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 siguificant 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 corn—

pression of small test specimens and the comparison of crosshole

and downhole field seismic velocities give no evidence of si~ -iificant

anisotropy.

(ii) 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
recoxanendations 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 st rength
which is a function of stress level.

f. Provide , as a minimum , for post—failure st rength
degradation to the residual strength of crushed san dstone .
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APPENDIX A

IN SITU SEISMI C SURVEY

SANDSTONE PENETRATION SITE, SAN YSIDRO, NEW MEXICO

A.l INTRODUCTION

An in situ seismic survey was conducted at the proposed Defense

Nuclear Agency (DNA ) sandstone penetration site near San Ysiir o, New

Mexico, during the period 19—23 Septen~er 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 , WEE,

and was conducte d by Messrs. E. Gomez, D. H. Douglas, and J. R. Cu.rro, Jr.,
of the Earthquake Engineering and Vibrations Division , WES . This ap-
pendix was prepared by Mr. Curro.

A. 2 EQUIPMENT AND TEST PROCEDURE S

A.2.l Surface Refraction Seismic Tests. The surface refraction

seismic tests were conducted using a battery—operated 24—channel seismo—

graph and canEra. The ca~~ ra 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 .~as about 0.5 rnsec. Response of the soil

was monitored by vertical velocity—type geophones. A 16—pound hanuner

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 hanuner , and a
recording of the compression—wave arrival detected by eacl~ geophone

8~
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was obt ained , the first geophone having recorded zero time. The plate

was then move d to the opposite end of the line and again struck with

the hammer, and another recording was obtained. Whe n this procedure
had been completed , two seismic traverses (forward and reverse)

resulted. The ab ove 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 requi red 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—
p~one versus the respective distances of the geophones from the source.

Velocities and depths to interfaces are calculated using procedures
commonly found in seismology texts !”1

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 charmels 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 move d to the next desired test
evaluation in the borehole and the seismic signal again recorded.

The above procedure was repeate d 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 groun d 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 F— 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 xnsec. 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 crosahole tests were performed using

existing boreholes at the site which had been drilled in the sandstone

and , there fore , did not necessitate plastic casing to pre vent caving.

Borehole ori entation surveys to establish the vertical alignmer t of
the holes were not conducted.

The cros shole test procedure consists of placing a triaxi al 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 F— 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 F— and S—wave dat a
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 a crosshole test are the times required for

P— and S—waves to propagate from a source in a borehole to a point of

87

~~~~~~~~ —-- -- 
_ _i

___ _
~~~~ 

I_~~
_ _ ___ ~~~~~ _i 

~~~~~~~~~~~~~~~~~~~ 
- — -

~~~
-— - — - --



—
~~~ 

-~~~ - r——-———- -r——- ’— — .-—,— ---.-.~--.------.-.- ,—---.— ~~~~~~ 5 5  ----—_—,- _ ---— — - - —.—----— _ — - -—- — --,- —- ~~~~~~~~~

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
faster pat h than the direct distance path . In such instances, calcu-
lations based on Sneil ’s law of re fraction must be used to determine
true velocities by accounting for zones of high velocity contrast.

Due to the nature ai-id number of cal culations 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 !”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.l Surface Refraction Seismic Tests. Four surface refraction

seismic traverses (two lines) were run at the site. These traverses ,

designated S—i 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—l

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.14 and A.5. Two velocity zones were indicated

from the data. The near—surface zone ranged from 3~~ 5 to 3415 fps

and varied in thickness from 10 to 13 feet . The underlying zone ran ged

from 5160 to 5345 fps and extende d to an undetermined depth.

A.3..2 Dowi-thole Test. The results of the downhole test which was

conducted in boring NX-3 (Figure A.l) are shown in Figure A.6. Two

velocity zones were indicated from the downhole test data. The near—

surface zone exhibited average F— and S—wave velocities of 3725 and

1665 [‘ps, 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—l and NX— 3 and the other used borings NX—2
and U—i. 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—l and NX— 3 and from borings NX— 2 and

U—i are shown in Figures A.7 and A.8, respectively. P—wave velocities

determined from the crosshole tests are presented alongside the geo—
phone positions . In. a like manner , seismic source and geophone

loc ations used in the crosshole tests are again presented in Figures A.9
and A.lO but S—wave velocities determined from the tests are included
beside the geophone position.

A.4 DATA INTERPRETATION

The P—waye velocity results from the crosshoie, 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.ll

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.l3

and A.14. Three zones were interpreted from the crosshole and downhole

dat a obtained from borings Nx—l and NX— 3 as shown in Figure A.l3. The

near—surface zone had a velocity of 1665 fps and extended to a depth of
about 6 feet where a 2825—fp s zone was encountered. This zone was noted

to a depth of about 15 feet . The third velocity zone , 3390 I~ s , extended

to azi undetermined depth. The dat a from borings NX— 2 and U— i were con-

toured into two velocity zones as shown in Figure A.14. The near—surface
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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 tes t ing)

in depth. It should be noted that borings i~X-2 and U—i were only

10 feet deep; therefore, the third velocity zone at 15 feet could not

have been detected. The velocities and interface depths for zones 1

and 2 from borings I’IX—l and NX— 3 correlate very well with those from
5 NX—2 and U—i. 
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velocities determined from borings NX—l and NX —3 .
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APPENDI X B

DYNAM I C TEST DATA PLAI E~J

Dctta plates for the dynamic uriiaxial strain , dynamic isotropic corn—

pression , and dynamic t r iaxiai. compression tests conducted in the WES

laboratory tes t ing  pro~~’am are presented in the following order:

Test Type Plat e Number

Dynamic uniaxial strain B.l
Dynamic isotropic compression B.2 — B. 14

-; Dynamic triaxial compression B.5—B.9

For the isotropic compressi on 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—~~ rain plots.
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PROJEC T DNA PENETRAT ION
L O C AT I O N  SAN Y S I O R O .  NEW M E X

BOR I NG NO . P4K 
TEST NO . DNA DIC NX2-8 .O

SPECIMEN HE I GHT H .CM 12.233 SPECIFIC GRAVI TY G 2.68
SPECIMEN DIAM ETER Cl .CM 5.471 SATURATION S.Z 25.7
WET DENSITY .G/CC 2 .103 VOID RA TIO E 0.312
WATER CONTENT W .V. 3.0 VOLUME AIR V * .V. 17.7
DRY DENSI T Y .0/CC 2.042 VOLUME WATER V s.V. 6.1

DA TE OF TEST 6-10-75 VOLUME SOLIDS V s .~ 76.2
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PROJ ECT DNA PEN ET RATION
L O CA T I O N  SAN Y S I O R O .  NEW M E X

027 TEST NO . DNA OIC-NX2-0 .9

SPECI MEN HE IGHT M .C PI  7.483 SPECIFIC GRAVITY G 2.68
SPECIMEN DIA METER O.CM 5.461 SATURATION S.Z 24.5
WET DENSITY .0/CC 2.078 VOID RA TIO E 0.328
WATER CONTENT W.X 3.0 VOLUME AIR V..V. 18.6
DRY DENSITY .0/CC 2.018 VOLUME WATER VM./. 6.1

DATE OF TEST 5-16-75 VOLU ME SOLIDS Vs.V. 75.3
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PROJE CT DNA PENETRATION
L O C A T I O N  SAN Y S I O R O . NEW M E X

BOR iNG P40. 
1.43 TEST NO. ONA OIC-NX2-4 .7

SPECIMEN HE IGHT H.CM 7.658 SPECIFIC GRAVITY 0 2.68
SPECI MEN DIAMETER 0.CPI 5.453 SATURATION S Z  23.9
WET DENSITY .G/CC 2.065 VOID RATIO E 0.337
WATER CONTENT W .V. 3.0 VOLUME AIR V*.V. 19.2
DR Y DENSITY .0/CC 2.004 VOLUME WATER VM.V. 6.0

DATE OF TEST 5-16-75 VOLUME SOLIDS Vs.Z 74.8

TEST RE MARKS ________________________________________

_ _ _ _ _ _ _  
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F PRO JEC T DNA PENETR A TION
L O CA T I O N  S A N  Y S I O R O.  N E W  M E X

~~~~~~~~~ 
~~o TEST NO. DNA DTX -NX 1-2 .3

SPECIMEN HE I GHT H.CPI 12.4I65PEC IF1C GRAVITY 0 2.68
SPECI MEN OIAM ETER D.CM 5.466 SATURAT ION 5.7. 24.8
WET DENSiTY .0/CC 2.085 VOID RATIO E 0.324
WATER CONTENT W . V .  3.0 VOLUME AI R Vm.Y. 18.4
DRY DENSITY .G/CC 2-024 VOLUME WATER V~ .V. 6.1

DA TE OF TEST 6-2-75 
VOLUME SOLIDS Vs.V. 75.5

TEST REMARK S _________________________
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PROJECT DNA PENETRATION 
-

L O CA T I O N  SAN Y S IO R O .  NEW  M E X

B G N O . 
2 9 3  TEST NO . DNA DTX-NXI-9.6R

SPECI MEN HE IGHT H.CPI 12 .713SPECIFIC GRAVITY 0 2.68
SPECIMEN DIA METER D.CM 5.469 SATURATION 5.7. 23.8
WET DENSIT Y .0/CC 2.063 VOID RATIO E 0.338
WATER CONTENT W .V. 3.0 VOLUME AIR V*.V . 19.2
DRY DENSIT Y .0/CC 2.003 VOLUME WATER VN.V. 6.0

DATE OF TEST 6-9-75 
VOLUME SOLIDS Vs.Z 74.8
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_ _ _ _ _ _  
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PROJECT DNA PENETRATION
L O CA T I O N  SAN Y S I O RO .  N E W  M E X

293 
TEST NO . DNA OTX-NXI-9 .66

SPECIMEN HEIGHT H.CPI 12.713 SPECiFIC GRAVITY 0 2.68
SPECIMEN DIAMETER D.CM 5.469 SATURATION 5.7. 23.8
WET DENSITY .0/CC 2.063 VOIO RATIO E 0.338
WATER CONTENT W.V. 3.0 VOLUME AIR V*.V. 19.2
DR Y DENSITY .0/CC 2.003 VOLUME WATER Vs.V. 6.0
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PROJE CT DNA PENETRATION
L O C A T I O N  SAN Y S I D R O .  NEW M E X

TEST NO. DNA DTX-NX I-8 .O

SPECIMEN HEIGH T H.CM 12.725 SPECIFIC GRAVITY 0 2.68
SPECI MEN DIAMETER O.CN 5.456 SATURATION 5.7. 22.4
WE T DENSITY .0/CC 2.032 VOID RATIO E 0.359
WATER CONTENT W.V. 3.0 VOLUME AIR V . . V .  20.5
DR Y DENSITY .0/CC 1.973 VOLUME WATER VM. V. 5.9

ORTE OF TEST 6-2-75 
VOL UME SOLIDS Vs.7. 73.6
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PROJECT DNA PEN ETRATION
LOCATION SAN YSIORO, NEW MEX

2.32 TEST NO . DNA OTX-NXI-7 .6

°ECIrIEN HE IGHT H.CM 12.266 SPECIFIC GRAVITY 0 2.68
SPECIMEN OIA M TER D.CM 5.465 SATURAT iON 5.7. 22.9
WET DENSITY .0/CC 2.044 VOID RATIO E 0.351
WATER CONTENT W . V .  3.0 VOLUME AIR V~ .V. 20.0
DRY DENSITY .0/CC 1 .984 VOLUME WATER Vi.7. 6.0

DATE OF TEST 5-29-75 VOLU ME SOLIDS Vs .V. 74.0

T EST REMAR KS ___________ _________________________
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C M ~ R~H~~iuN ~‘AVE V E I -~~ 1 1~I M~~~UNi~i- - _ *~t -~~~ LAR,~3~—L iA ~ETER ~~~~~

:~e~ ; o~~t s  of compression wave ye i u ci t y  mez~~~~ ure;i~~~ r it s  ~~~~ tw  -

~~u~i ~~~~~~~~ cur~c fi-~~rn the proposed penetratiur~ site near ~ar~ ~s icr - , 1~~w

Mexicu , are tabulated below . The velocities were cu:apotud Ir~~. tra:~cit ti:r~

rne~~surernents uU the t wu  cores. Two types of impulsive sources (hammers )

wer ~ ~.seJ and twu types ~t sj~~ a1 dete ct~ rs we re used (10—kHz accelerometer

and 1— :-liiz p iezocrysta~~).

;txial i-~adl a1
V V~~pL

ie~ t ~~~~ rn / sec  rn/sec Remarks

~Jure No. 1

1 1170 — Hammer source and 1O—kHz accelerometer receiver
2 1210 — Hamme r source and l0—kHz accelerometer recei -i-r
3 1210 — H amme r source and l0—kHz acce lerometer  ruceive r
4 1170 — H ammer source ana l0—kHz accelerometer receivu r

1110 — Hamme r source and lD—k ~!z accelerometer receiver
1150 — Hamme r source and 10—kHz acceler 1rneter recei-iu r

Core No. 2

1 1150 — H amme r and accelerometer
2 1090 — Hammer and acce le rometer
3 1150 — Hammer and accelerometer
4 1130 — Hammer and accelerometer
5 1110 — Hamme r and accelerometer6 1130 — Hammer and accelerometer
7 1350 — Schmidt hammer and piezocrysta~ receiver ( — :: . ~~ )

1380 — Schmi dt hammer and p iezocrystal  receive r ( i — ~-~ :z )
) 1290 — Schmi dt h ammer and p iezocrystal  receiver ( — - : . : )

10 1290 — Schmidt hammer and piezocrystal  receiver (~~— :-~u z )
11 1320 — Schmi dt ham mer and piezocrystal receivor (l— ~~ z)
12 1090 — Hamme r and piezocrystal  receiver
13 1110 — Hammer and accelerometer
114 1000 — Hammer and accelerometer
15 1000 — Hammer and accelerometer
16 — 1060 Hammer and accelerometer
17 — 1000 Hammer and accelerometer
18 — 1100 Hammer and accelerometer
19 — 1210 Hammer and accelerometer

* 
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APPENDIX D

RESULTS OF THE TERRA TEK LABORATORY TF~TING PROGRAM

This appen d i x  contains a report submitted to the De fense Nuclear

A~;em1cy by le rr a  Tek , Inc., Salt Lake City , Utah . The report presents the

re~~-~~i ts  of a laboratory tes t ing  pro~~-am on Dakota san iutone from tu e pr -~—

p sod ian Y~~i 1r ~~, New —i exico , peuetrat ion site and is reproduced here by

per mrS. i un -
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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 typica l 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

samples from which gradation curves were obtained showi ng grain size dis-

tributions before and after testing . These tests showed the crushed mat-

erial strength at pressure to be little changed from the intact sandstone.

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

tract number DNAOO1-75-C-0l77 , with Major Todd Stong as Contracting Officer

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

in Terra Tek report number TR 75_9•1 The III program 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 oenetrator program is

the prediction of the nenetrator Derforniance . 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, ~~ Mexico. The Ter ra Tek

effort was to supply selected mechanical properties data and along wi th

l aboratory and field data from Waterways Experiment Station (WES), present

the necessary material properties .

The proposed test program on the sandstone ~~s 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 materia l

surroun ding the penetrator after the event , additional tests were conducted

on pre-crushed samoles supolied 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 determi ne qrain

size distributions before and after loadino .



--~~~~~~~~-~~~~ _

TEST RESULTS

The stress-strain response during the shearing phase of the triaxial

compression and extension tests is shown in Figure s 1 and 2, respectively.

The ‘failure envelopes ” (defined as the maximum stress the sample would

support at a gi ven 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 ~n the “failure envelope .” The low failure is thought to have

been caused by an un representative sample. Figure 3 also shows the failure

strengths of the crushed samp l es.

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—fl ) on intact sandstone is shown in Figure

5. Both a 4 kilobar 1-0 and 8 kilobar 1-fl are shown along with the 8

kilobar hydrostat for reference . The stress-stress response for the l-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 triax ial corn-

press ion tests. These distributions are shown in Figure 9. As a note ,

t ro i~~a point in Figure 3 at 0.1 kilobars confining pressure was obtained

~ ~~~ and is shown here for reference.

2
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Figure 9: Effects of Hydrostatic Pressure
on the Grain Size Distribution for Crushed Sandstone.
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DISCUS SION AND CONCLU SIONS

The individual stress—strain curves indicate Young ’s Modulus doubles

as the confining pressure is increased from 0 to 0.5 Kba r as shown in

Figure 1. Subsequent increases in confining pressure above 0.5 Kbars show

little effect on the Modulus . The data also indicates comoaction orior 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 indi cate 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 frictiona l 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.
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