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Table 1. Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From To Multiply By
angstrom . meters (m) 1.000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1.013 25 X E 2
bar kilo pascal (kPa) 1.000 000 X E +2
barn meter? (n°) 1.000 000 X E -28
British thermal unit (thermochemical) joule (J) 1.054 350 X E +3
cal (thernochemic-l)/cmzs mega joule/n2 (MJ/mz) 4,184 000 X E -2
calorie (thermochemical)$ joule (J) 4.184 000
calorie (thermochemical)/g$§ joule per kilogram (J/kg)* 4.184 000 X E o3
curies giga becquerel (GBq)* 3.700-000 X E 1
degree Celsiusg degree kelvin (K) t. " t'c + 273.15%
degree (angle) radian (rad) 1.745 329 X E -2
degree Fahrenheit degree kelvin (K) t, - (t'F * 459.67)/1.8
electron volt§ joule (J) 1.602 19 X E -19
erg§ joule (J) 1.000 000 X E -7
erg/second watt (W) 1.000 000 X E -7
foot meter (m) 3.048 000 X E -1
foot -pound-force joule (J) 1.355 818
galion (U.S. liquid) meter® (n%) 3.785 412 X E -3
inch meter (m) 2.540 000 X E -2
jerk joule (J) 1.000 000 X E +9
joule/kilogram (J/kg) (radiation
dose absorbed)$ gray (Gv)* 1.000 000
kilotons§ terajoules 4.183
kip (1000 1dbf) newton (N) 4,448 222 X E 3
kip/inch2 (ksi) kilo pascal (kPa) 6.894 757 X E 3
ktap newton-second/m2 (N-s/-z) 1.000 000 X E +2
micron meter (m) 1.000 000 X E -6
mil meter (m) 2.540 000 X E -§
mile (internationsl) meter (m) 1.609 344 X E o3
ounce kilogram (kg) 2.834 982 X E -2
pound- force (1bf avoirdupois) newton (N) 4.448 222
pound-force inch newton-meter (Nem) 1.129 848 X E -1
pound-force/inch newton/meter (N/m) 1.751 268 X € «2
pound-force/foot2 kilo pascal (kPa) 4.788 026 X E -2
pound- force/inch® (psi) kilo pascal (kPa) 6.893 757
pound-mass (Jbm avoirdupois) kilogram (\g) 4.535 924 X E -1
nound-mnss-footz (moment of inertia) kilogram-meter: (kg-m:\ 4,214 011 X E -2
pound-mss/foo!3 kilogram-mcterS (kg/ms) 1.601 846 X E <1
rad ‘radiation dose absorbed)$§ grav (Gv)* 1.000 000 X E -2
roentgen§ coulomb/kilogram (C/kg) 2.579 760 X E -4
shake second (s) 1.000 000 X E -8
stug kilogram (kg) 1.459 390 X E <]
terr (mm tig, 0° C) kilo pascal rkPa) 1.333 22 X E -}

*The grav (Gv) is the accepted SI unit equivalcrt to the energy imparted by ioniting radiation to a mass of
er2rsiy corresponding to one joule/kilogram.

“The becquerel (Rq) is the S1 unit of radioactivity; ] Bq = 1 event/s.

$Temperature may be reported in degree Celsius 38 we)l as degree kelvin,

¢Tncse unite chould not be converted in DNA technical reports; however, a parenthetical conversion is
permitted at the author's discretion.
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1.0 INTRODUCTION

In the event of a nuclear strike against U.S. ICBM forces,

advanced missiles may be required to successfully launch and ascend

through a variety of hostile environments as depicted in Figure 1.1,

Laboratory tests to evaluate missile design concepts and to screen
candidate shroud and motor case protection materials have been developed
to simulate anticipated particle encounters. Granite projectiles are
used for testing to provide more realistic impact simulation. These
granite projectiles, representative of current operational site geology,
provided the existing data base for various shroud concepts and materials,
However, the use of granite projectiles may be uncharacteristic of sites
presently being considered for advanced ICBMs., Additionally, the rela-
tive penetration capability of in-situ debris versus granite spheres was
unknown. Since the penetration capability of different types of projec-

tiles will partially determine the performance requirements of a missile

material and the material's weight contribution to the overall weight of
the missile, it is imperative that representative projectile materials

and impact conditions be used for shroud evaluation.

This program was initiated to evaluate the ballistic penetration
of in~situ debris compared with the current baseline tonalite granite,
The general approach is depicted in Figure 1.2. A two-phase program was
pursued for site debris sampling (Phase I) and site debris characteriza-
tion testing (Phase II), Phase I consisted of determining the location
of proposed basing areas, conducting a geologic (map) survey of the
sites, obtaining samples of the geology, and included sample preparation
for Phase II of the program, Within Phase II uniaxial compression tests
were conducted on in~situ samples to obtain a ranking of the rock types
which may correspond to their capacity for ballistic penetration. Ballis-
tic penetration tests using titanium (6AL4V) targets were carried out

with spheres made from both in-situ debris samples and tonalite granitef

*
A quartz, plagioclase and horneblende igneous rock.
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The program provided a compilation of test data and rankings of i

the in-situ debris and granite spheres in terms of their relative pene- \
tration capability, The effort also documented in-situ particle size

distributions for selected candidate basing sites. From the test re-

sults of the program and the literature, correlation of data bases for i
*
various projectiles (glass spheres, granite spheres, SAFR's , and in~-

situ rock) was obtained, From this correlation and test results a test

methodology for the characterization of shroud materials and shroud

concepts is recommended.

——

*
Standard Air Force Rock, cone/cylinder/cone geometry,




2.0 SUMMARY

The effort described in this report characterized andvevaluated~
the in-situ lithology of several advanced missile Candidate Deployment
Parcels (CDP)* located in Nevada. The objective of the program was to
evaluate the use of in-situ materials for penetration testing and estab-
lish the difference in damage that would result using these materials
versus the current baseline tonalite granite. To accomplish this, a
test methodology was developed to rank in-situ debris materials against
the baseline tonalite granite. This methodology included static and
dynamic rock testing and ballistic impact tests on monolithic titanium,

The first task of the program consisted of a geological survey of
candidate deployment parcels in order to determine the relative percent-
age of the geology represented by individual rock units which would con-
tribute to the clasts and cobbles within the alluvium of each CDP valley.
Results of the survey showed a predominance of siliceous tuff, rhyolite,
and andesite rock masses in the geology. With the type and extent of
geological units tentatively identified in the field, sampling of the
regions was conducted for test specimens. In order to validate the field
identification of various rock types we analyzed the test specimens in

detail by using standard petrographic techniques.

An assessment of the ballistic penetration for the range of rock
types found at Candidate Siting Regionf (CSR) located in Nevada was made
for a Ti6AR4V target material in order to delineate the variation in the
extent of the damage to the shroud during ascent. The introduction of

in-situ rock types into the shroud evaluation procedure rather than a

%
CDP - An area of 150 to 500 square nautical miles potentially suitable
for MX siting.

+CSR - Potentially suitable area between 4000 and 6000 square nautical
miles containing CDPs.

-
3
3
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standard projectile material and shape will contribute to a more realistic
specification of the cloud environment which may be encountered and pro- ‘
vide an accurate definition of both thickness requirements and character- {

istics of the missile materials,

The capability to prepare spherical projectiles for all the site §

rock types was developed under this effort. This capability to manufac- j

ture spherical projectiles for the complete range of hardness represented

LR

by the in=-situ rock types was previously unavailable. Techniques were
developed to propel the spherical projectiles over the range of velocities ]
anticipated to be encountered during the ascent phase. These techniques 1

are also applicable to a wide variation in projectile geometry. 1

Ballistic impact tests using the various rock types were conducted
at increasing impact angles at constant impact velocity until penetration
(or tearing) of the titanium target occurred. A considerable spread of
penetrability of the rock types was evident at the lower impact veloci-
ties (less than 1000 fps), while the penetration capability of many of
the rock types converges at higher velocities (greater than >1000 fps).
The penetrability of the baseline tonalite granite was found to be com-
parable to several of the in-situ rock types at the higher velocities,
Volcanic tuff and scoria which represent rock units* that constitute from
40 to 907 of the geology at any one valley surveyed were found to be two
to three times less penetrating than rock materials representative of

other rock units identified in the survey.

i Figure 2.1 gives a summation of the geological survey and of the
ballistic impact response of the in-situ debris compared with tonalite

] { granite, Figure 2.la depicts the percentage of total geology of the CDP

investigated represented by the individual rock units, Rock Unit I**

Rock units - distinct rock masses with different characteristics {

! " (e.g., igneous, metamorphic, sedimentary).
Refer to Table 3.4 for specific identification of rock units A through 1I.

14
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comprises greater than 60% of the total geology and represents anywhere
from 40 to 90% of the geology in any one CDP. Figure 2.1b depicts the
results of the ballistic impact tests., Impact angle versus impact veloc-
ity is plotted for different rock materials, The curves represent ballis-
tic limits for three different rock materials from Rock Unit I. The
shaded area represents the response of tonalite granite and of materials

from rock units other than I,

When the program data was compared to previous literature data for
thicker targets and applied to a representative shroud design (Kong, 1978),
it was found that the volcanic tuff and scoria materials (Rock Unit I)
would pose no single-pebble penetration threat, For the debris materials
that had penetration responses comparable to tonalite granite, it was de-
termined that a shroud thickness of at least 40 mils would be required

to assure survival in the pebble environment,

Also, in-situ particle size distributions for selected candidate
basing sites are tabulated and presented in Figure 3.5. This data sum-~
mary indicates an in-situ particle size distribution several orders of
magnitude finer than for a competent rock geology and at best an order
of magnitude finer than for a previously considered site representative

geology (Rosenblatt, 1979),

Due to the timing and scope of this program, the data presented
in this report should not be considered totally representative of all
the currently proposed candidate deployment parcels. CDPs are being
considered for both Nevada and Utah and the area under consideration

has more than doubled since the program inception.

16




3.0 SITE CHARACTERIZATION

Since the in-situ geological material at candidate siting regions
(CSR) will influence the characteristics of airborne particles, charac-
terization of the geological material at the CSRs is of prime considera-
tion. In order to define the potential threat and guide materials test
programs, it is necessary to describe the penetration potential of repre-
sentative rock types and accurately define the distribution of each rock
type at the CDPs. Procedures have been developed for classifying the
geological material at the CDPs both with respect to areal extent and

subsurface gradation distribution.
3.1 GEOLOGICAL SURVEY OF CANDIDATE MX SITING REGIONS

The locations of the proposed basing sites were identified and
a geological survey* was made of candidate sites. This was accomplished
through contacts with companies conducting siting investigations for
the Government, Figure 3.1 shows the location of the CSRs evaluated
under a geotechnical survey** recently conducted by Fugro National, Inc.

(Fugro, 1979)., The CSR of prime consideration is designated as F, on

the figure and named the Great Basin CSR. Representative candidate de~
ployment parcels are also shown in the Figure. For this effort the ex-
tent of the geological survey was confined to the valleys located be~
tween and including Ralston Valley and Dry Lake Valley. Figure 3,2
shows in more detail the valleys surveyed and for which representative

samples were obtained.

*
Maps used to identify predominant rock units for which representative
samples would be obtained.

%ok
Table 3.1 defines several important terms relative to the geotechnical
survey,

.’.

Samples representative of Dry Lake Valley, White River Valley, Coal
Valley, Garden Valley, Railroad Valley, Ralston Valley, and Big Smoky
Valley were obtained for this evaluation,
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Table 3.1 . Glossary of Terms,

CANDIDATE - One of some group of regions, areas or sites being con-
sidered for MX deployment. Removal of candidate from a specifi-
cally named region, area or site term indicates selection by
SAMSO/MNND,

CANDIDATE DEPLOYMENT AREA (CDA) ~ An area encompassing between 500
and 1000 square nautical miles of potentially suitable land with
either naturally or artificially defined boundaries designated
for convenience of study, discussion and data depiction. The
candidate deployment area could be composed of two to four par-
cels and should have a specific plane name description.

CANDIDATE DEPLOYMENT PARCEL (CDP) - An area of 150 to 5000 square
nautical miles potentially suitable for MX siting which, when
aggregated with others, forms a Candidate Deployment Area. Each
parcel should have a specific geographic description. (In the
Basin and Range Physiographic province a parcel may correspond
to a geographic valley and in Texas to some agri-economic unit.)

CANDIDATE DEPLOYMENT SITE (CDS) - A non-specific (i.e., not finally
approved) site proposed for some element of the MX system within
a chosen deployment area (i.e., trench or shelter site).

CANDIDATE SITING PROVINCE (CSP) - An area potentially suitable for
deployment of the MX system generally encompassing more than
6,000 square nautical miles which, in a broad sense, is homo-
geneous with respect to most of the important characteristics
governing siting of a total MX system,

CANDIDATE SITING REGION (CSR) - Potentially suitable area between
4000 and 6000 square nautical miles within one, or encompassing
portions of more than one, candidate siting province which allows
for full MX deployment,




All of the CDPs are valleys located between linearly extending

mountains which are the source of the geologic material that fills the
valleys. In order to determine the constituents of the alluvial filli,
a survey was undertaken using available geological maps of the regions
containing the CDPs, This survey concentrated on the mountains sur-
rounding the valleys since they are the sources for the materials

carried into the valleys.

In geological terms, bedrock is fragmented by the natural process
of weathering over a long time period. This is true for all types of
rocks that have exposed surfaces, but the resulting fragments (size and
shape) are dependent on the rock type., Hard rock fragmentation is a
very long process and the fragments tend to be large and very angular.
Softer rocks tend to be weathered faster and are widely distributed (by
water and wind), In order to minimize data scatter likely due to the
fragmentation process and flaws introduced by weathering, virgin samples

were obtained from outcroppings.

Additionally samples obtained directly from the valley floor
could not be identified as to the rock unit source of the sample and
it would be literally impossible to find samples of the specific rock
units identified from the geological maps. Of primary importance in
the sampling was to delineate the range of rock types that could comprise
an explosion-induced debris cloud based on the major percentage of the
geology. However the direct use of alluvium for further testing shroud

vulnerability should not be ignored.

Figure 3.3 is a geologic map of the Dry Lake Valley, one of the
CDPs from the large-scale map in Figure 3.2, which will be used to illus-
trate the procedure followed to establish the character of the geologi-
cal material present at the sites considered to date. Table 3.2 is the
legend for the geology shown in Figure 3.3 for the Dry Lake Valley. The
geology is defined in terms of rock units.
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Figure 3.3, Geological Map of Dry Lake Valley, Nevada.
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Table 3.2. Key to Figure 3.3.

~ DRY LAKE VALLEY - LINCOLN CITY, NEVADA

Tkv

! Tkvu

‘ o*x -
e

NOTE:

} Playa

Basalt

1
S
' LEGEND
Qp -
Qs
Qol -
, -
3 Tvy’
T*, T
g r

recent playa deposits (unconsolidated)

- intermediate lake beds (unconsolidated)

older alluvium (unconsolidated)

basalt (igneous) (unconsolidated)

%fTW,%yT s T -~ younger volcanic rock (igneous)

vrY vt

* % % - . .
s Tgp’ ng, T* , Td’ Tvn intrusive volcanic rock (igneous)

qm

Tf - lucustrian (non-marine) limestone (sedimentary)

older volcanic rocks (igneous)

volcanic rocks ~ undifferentiated (igneous)

pure

quartzite (metamorphic)

* indicates hard rock.

TERMIN

OLOGY

Intrusive =

Quartzite -

clay, silt, and salt remaining after evaporation of
water in desert depressions.

black to medium=-grey aphantic rock (composed chiefly
of tiny crystals). Most abundant lava.

masses of plutonic igneous formed by cooling of
molten rock (magma) beneath the surface.

very hard, sugary-textured composed predominantly
of interlocking quartz grains.
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Rock units are distinct rock masses with different characteristics,

They are typically classified as containing sedimentary, igneous or meta-

morphic rock. Sedimentary rock generally refers to the case where mechan-

3 . ical, chemical or organic sediments are transported, deposited, and either
‘ H consclidated and/or cemented into a new rock type. Such deposits normally
arise from wind, water, or glacial action., Igneous rock generally refers
to rock formed by solidification of molten magma and may have been formed
f on or below the earth's surface, Metamorphic rock generally refers to

rock formed by recrystallization of igneous or sedimentary rocks through

A
{
)
|
!
{
4
!
|
i‘
1
1
1
{

the action of high pressure, heat, and hydrothermal alteration. Such
general groupings, however, give little indication of the properties of

! the rock insofar as engineering applications are concerned (Hall, 1974).

A five mile wide border area consisting of the mountains surround-

i e nalhe s, o

ing the valley defined the basic land area used to obtain bounds on the
percentage of the regional geology containing individual rock units. The

total surface area contained in this border region (not including the

*
valley area ) was surveyed to determine the relative percentage each rock 4

unit represented in the total geology. Table 3.3 lists the areal percent-

age of the geology type as determined on this basis for Dry Lake Valley.

Quartzite (0e), which is probably the hardest material present, makes up
less than one percent of the total area outlined by the five mile border.
Based strictly upon the survey, the debris present in the Dry Lake Valley i
and within close proximity to the valley appears relatively innocuous
compared with tonalite granite material, Thus it was necessary to obtain
I representative samples to test the in-situ ballistic response with that

of tonalite granite., It must be remembered that this is an areal survey

S BV TR e e et— A £

: and does not account for the subsurface geology which would involve an

expensive field survey,

f ; The percentage geology containing each rock unit was determined
in a similar manner for the seven valleys identified in Figure 3.2. The

;- .
f . general rock units identified within close proximity of the seven valleys
{

.

*
The valleys contain primarily alluvium for which the mountains are the
source, Including the valley area would underestimate the relative
percentages,
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Table 3.3. Result of Areal Survey of Dry Lake Valley,

AREA OF DRY LAKE VALLEY 360 SQ. MI.

AREA OF 5 MI, BORDER AROUND VALLEY 1037 SQ. MI.

v COMPOSITION OF VALLEY

k' ; Qtlz 72 sq. mi, (20%)
3 Qolz 288 sq. mi. (80%)
i
COMPOSITION WITHIN 5 MI., BORDER OF VALLEY

Qolz " 600 sq. mi. (58%)
Qt1: N~ 77 sq. mi. (7.5%)
vy: ~v 105 sq. mi, (10%)

Vo Tkvu: v 82 sq. mi, (8%)

i Tvb: nNo 15 sq. mis  (1.5%)

’ Op: ~vo 23 sq, mi. (2%)
0, v 3 sq. mi. (Ve3%)

E t Misc: 132 8q. mi. (V12,7%)
, Total 1037 sq. mi. (100%)
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identified in Figure 3.2 are tabulated in Table 3.4. Nine distinct rock
units were found., The primary rock types comprising each rock unit are
also listed in Table 3.4, Rock units considered to contain the hardest
of the rock materials found in the survey (e.g., quartzite and volcanic
rocks) are denoted by an asterisk: rock units C, E, and G, Figure 3.4
is a graphical representation of the resulting estimates in terms of the

rock units defined in Table 3.4.

It is important to note that the exact percentage of each rock
type making up the individual rock units is not known and cannot be de-
termined from the available geological maps. In order to obtain the more
refined rock type distributions, an extensive and costly geological survey
would be required. This would involve visiting all localities and doing
large volume sampling. Such an evaluation would be a useful and informa-
tive undertaking once the exact basing sites have been identified, but

it was beyond the scope of the current effort,

Based upon the survey of geological maps, it is apparent that in
no one valley do rock units C, E, or G represent more than 30 to 407 of
the geology. These rock units were determined to have the highest prob-
ability for containing a significant percentage of hard rocks. Rock unitl
was the most widely distributed among the individual valleys as well as
within the CDP as a group. It represents from 40 to 90% of the geology
of the five valleys investigated, Rock unit A was the next most preva-
lent with the area of White River Valley consisting of almost 507% of this
unit, but rock unit A represents only 0 to 15% of the geology of the

other valleys.

With the relative percentages of each rock unit that constituted
the geology of the mountains surrounding the valleys known, a field trip
was organized to sample the rock units of interest for further character-

ization of the rock constituents and to provide specimens for mechanical

property evaluations,
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Table 3.4. Rock Units within CSR Sampled.
UNITS

A, UPPER PALEOZOIC SEDIMENTARY ROCKS
Conglomerates
Siltstone
Limestone
Shale
Sandstone

B. UPPER PALEOZOIC SILICEOQOUS & VOLCANIC ROCKS
Shale
Siltstone
Sandstone
Conglomerates
Mafic - nonquartzose volcanic

C. LOWER PALEOZOIC *
Siliceous and Volcanic Rocks
Chert
Shale
Siltstone
Sandstone
Quartzite
Limestone
Greenstone

D. MIDTERTIARY 16-17 x 104 YEARS OLD
Basalt
Andesite
Rhyolite
Siliceous Tuff

E. TERTIARY GRANITIC & DIORITIC ROCK *
F. MIDTERTIARY 6-7 x 10® YEARS OLD
Tuffaceous

Sedimentary

G. LOWER PALEOZOIC SEDIMENTARY ROCKS *

Limestone
Dolomite
Shale

Siltstone
Sandstone
Quartzite

6

H. RECENT VOLCANIC ROCKS 6 x 10 YEARS OLD
Mostly Basalt

I. LOWER TERTIARY VOLCANIC ROCK 17-43 x 106 YEARS OLD

Siliceous Tuff
Rhyolite
Andesite and Related Rocks

* Considered to contain mostly hard rocks.
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As part of the geological survey of the CDPs, a compilation of

particle size distribution (Fugro, 1979; and Ramanjaneya, 1979) was ob-

tained from geotechnical work conducted under contract to the Air Force.

This type of data provides input for the material/concept methodology

discussed in Section 4,4, For particle impact testing of missile mate-

rials or concepts, it is required that representative particle sizes be
: used., For this reason and the fact that nuclear dust cloud models re-
quire representative particle size distribution, graphs similar to
Figure 3,5 are important, Figure 3.5 plots particle size versus percent
finer by weight and shows particle size distribution for an incohesive

{ soil, an in-situ geology, advanced missile site representative geology,

and a competent rock geology.

Included in particle size distribution data is data obtained from
near surface (0 to 10 ft.) and from core samples (10 to 300 ft,). Al-
though this data is highly pertinent to the description of the geology,

it should be used with caution., To obtain the near surface data, the

surface layers of cobbles and boulders are removed and then bulk samples
are recovered for analyses. For the core samples, typically six inches

diameter, subsurface geology can be mapped as shown in Figure 3.6. The

problem with using core data is that if rocks are encountered with diame-
ters larger than the core diameter, they cannot be recovered. Thus the

exclusion of the larger particle (cobble) sizes systematically biases

these data.

3.2 FIELD SURVEY AND SAMPLE ACQUISITION

After the rock units within the seven valleys were identified,
sampling of several rock units within these valleys was accomplished.
The rock samples collected during a single field trip are cataloged in
. Table 3.5. The list identifies the sample number, locality number,
locality, rock type (initial identification), pertinent distribution or

significance of the sample, measured bulk density, and rock unit represented.
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‘ In order to obtain realistic in-situ debris, once the percentage
; of geology represented by each rock unit was determined, representative
rock samples were gathered from the rock units that cover the largest

areas of the CDP, For example, rock unit I represented anywhere from

; 40 to 90% of the geology within the valleys considered; therefore, sam-
% i ples of siliceous tuff, rhyolite, and andesite rocks (samples #10, 11,

4 12 and 14 identified in Table 3.5) were obtained for additional charac-
terization and mechanical testing. In rock units where a considerable

amount of rock types was represented, only the rock units that were

considered to contain hard rocks were sampled,

e

: Figures 3.7 through 3.11 are photographs of the terrain within

the valleys in the CSR. Figure 3.7a shows a panoramic view of Dry Lake

-

Valley looking northeast. Vegetation is scarce with a predominant playa
deposit occupying roughly sixteen square miles of the valley floor.
Several river beds cut through the valley and provide natural exposures
of the alluvium. These exposures indicate the character of the sedimen-
tary layering of the alluvium (Figure 3.7b) and particle size distribu-
tion found in the valleys. Figure 3.7b shows the sedimentary layering
at a creek bed in Dry Lake Valley. Figure 3.8 shows the same layering

*
but to a depth of about ten feet .

One of the valleys sampled, Railroad Valley, contained considerable

indurated basalt. Figure 3.%9a shows exposed basalt flows protruding from

—-——

hills near the edge of the valley. The floor of this valley was covered

‘ 3 with basalt and scoria as shown in Figure 3.9b. The basalt is represented

i by material #13 as listed in Table 3.5 and the scoria is material #12.

*
In both figures a geological hammer (approximately 1 foot long) is
shown to indicate size.
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a) View of Dry Lake Valley Looking Northeast,
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b) Example of sedimentary layering of the alluvium. |

Figure 3,7, Dry Lake Valley, Nevada.
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. Figure 3,8 . Sedimentary Layering in Alluvium,
’ Dry Lake Valley.
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b) Wind-stripped alluvium.

Figure 3.9. Railroad Valley, Nevada.
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b) Crude cobble layering at base of Rock Unit.

Figure 3,10. Big Smoky Valley, Nevada.
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Figure 3.11,

Wind-stripped Alluvium Exposing Cobbles
on Valley Floor, Big Smoky Valley.
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The last valley visited, Big Smoky Valley, contained a large rock
unit of granitic material (material #16 in Table 3,5) located near the

southern edge of the valley. Figure 3.10a shows the rock unit as seen

looking east across the valley. Near the base of the mountain there was

: considerable granite detritus present (Figure 3.10b) due to weathering.
3 , Figure 3.11 shows wind exposed cobbles on the valley floor that is also

k! _ typical of the near surface geology for most of the valleys visited.

3 All samples acquired at the valleys were taken from fresh outcrop

so that the specimens would be unweathered. Figure 3.12 shows examples

o T —

of the typical sample sizes.

-

3.3 FETROGRAPHIC ANALYSIS

There are many factors associated with the formation of the major
groups or rock types which influence their properties, including the fol-
lowing: mineral constituents, which in turn possess their own character-
istic strength, hardness and durability; cementation, as it affects the
bonding of the aggregate structure; texture, the term commonly used to
describe the apparent grain size, for example, coarse or fine grain; frac-
tures, joints, bedding planes, and weathering; chemical or physical weather-
ing may serve to change the in-depth characteristics of the rock from a
few inches to many feet, The sum total of events in the geologic history
at a given site leads to a particular lithology. The lithology of a rock

refers to its mineral composition, texture and fabric (the appearance or

pattern produced by the shapes and arrangement of the crystal grains, in-

cluding orientation features not evident from grain shape alone) (Hall, 1974).

In order to verify and further refine the field identification of
- o the rocks collected in the field sampling, a petrographic analysis was
undertaken. This analysis consists of grinding a thin slice of the rock
i material to a thickness approximately 0.001" thick and then examining
the thin section with a petrographic microscope.

—— -
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Figure 3.12, Examples of Rock Samples Obtained from Valleys,
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Results of the analyses are given in Tables 3,6 and 3,7 with
materials grouped into limestone, orthoquartzite, and volcanic classes.
All the limestones are strongly cemented with calcite and have little or
no porosity. The orthoquartzite is 1007 quartz with zero porosity. In
the volcanics, except for material #15, the higher the percentage of

quartz and fledspar the stronger the material is expected to be., Material
*
#15 is 80-85% microlite.

Detailed analyses of all sixteen rock samples, including transmitted

light micrographs, are provided in Appendix A.

*
Lava has cooled slowly above ground resulting in the formation of very
small crystals in the volcanic glass referred to as microlites.
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Table 3.7. Thin Section Results for the Volcanics.
% QUARTZ + % PORE
SAMPLE NO. % GLASS FELDSPAR % MAFICS SPACE
. s 4 70-75 20-25 Hematite present 5
5 40-50 40-50 5-10 1-3
‘l 6 40-50 50-60 5-7 -
. 7 60-70 30-40 3-5 -
| g
2 10 90-95 5-10 (present) 1-3
g
gy n 99-95 5-10 trace 1-5(2)
jar} ] ]
ga:
TR 12 30-40 20-30 1-2 40-50
& w
13 plagioclase 60-70 20-30 7-10
{ calcite
i 14 60-70 30-40 1-2 -
15 80-85 10-20 2-3 1-2(?)
(Microlites)
, 1L 16 Granodiorite See Table A.16.
! % - Percent by volume.
. (?) - Possible increased porosity due to chemical reaction during
' polishing process.
!
[}
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4,0 PENETRABILITY OF IN-SITU ROCK TYPES

In a hostile environment a missile payload shroud may encounter j

essentially two type of particle effects, The first is large pebble

-~

penetration and the second small particle erosion, Since the mass lofted {

and particle size distribution in the cloud does have temporal and alti-

tude restrictions, the two effects can be evaluated separately., Large
\ pebble penetration can be a problem during the initial phases of launch
! and small particle erosion effects may be more relevant at later stages

of ascent, Large pebble penetration is the primary consideration in this

e —

report, However, site lithology is important to both effects since the

constituents of the environment are determined by the in-situ geology.

This section discusses the site debris characterization phase of
the program as illustrated in Figure 1.2. Specimen preparation and both
uniaxial compression and ballistic impact testing of in-situ samples will
be described. The uniaxial compression test is a relatively inexpensive
! test for screening and for ranking the various types of in-situ debris
material in terms of average peak load to failure. A comparison of the
results with ballistic impact response ranking is used to develop a mate~
rial screening methodology as described in Section 4.4. The ballistic
impact tests are used to compare the relative penetration capability of

the in-situ debris, resulting in a comparison between sites and rock

——

materials, to determine whether tonalite granite provides a conservative
or nonconservative baseline projectile material for shroud material/con-
cept testing. From these results a methodology is recommended for

evaluation of shroud materials/concepts.

4,1 RELATED BALLISTIC IMPACT DATA

[ ) Hastings, et al. (1977), provide a compilation of impact pebble
data covering various types of projectile and target materials, Data
taken from this report shows an interesting effect of projectile type
on ballistic limit,

44
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Figure 4.la and b are plots of impact angle versus impact velocity
for several rock types., In both figures the rock materials are tonalite
granite, Indiana limestonet and an unspecified sandstone all in SAFR
geometry, The test specimens were all titanium (6A%-4V) 0.063" thick.
Figure 4.la is data for 0,625" diameter projectiles and Figure 4.1b is
data for 1.0" diameter projectiles. In all cases the mass of the projec~
tiles were essentially equivalent for the same diameter, except the 1,0"
diameter granite SAFR's were approximately 10% heavier than either the

limestone or sandstone SAFR's,

The lines drawn through the data are visual fits to the data
indicating the approximate threshold conditions for penetration at the
test conditions, For test conditions above the line penetration is ex-
pected for that particular rock type. Thus, the rock type considered
most detrimental would be the lowest on the graphs. Figure 4.la indi-
cates that the granite is about 257 worse in terms of the ballistic re-
sponse of the specimen than either the limestone or sandstone. Interest-

ingly the limestone and sandstone response is apparently equivalent, but

grain size and other physical properties for these particular projectiles
are not available and could influence the response of the materials.,
Figure 4.1b is a plot of the 1.0" diameter data. Data at an impact
velocity of 4000 feet per second is limited and thus the upper curves

are extrapolated to the higher impact velocity test conditions., As
opposed to the data in Figure 4,la, the sandstone response is worse than
the limestone response. In any event the ballistic response using granite
is more than twice as severe as the ballistic response using limestone

and sandstone, thus a definite particle type effect is noted.

Earlier tests using a SAFR projectile shape were conducted to
investigage particle type effects but did not address any shape effects.
This geometry was selected because spherical geological shapes could not

be easily manufactured, The cone/cylinder/cone geometry made it possible

*
Indiana limestone typically has the same density as tonalite granite but
is more porous, It is not at all similar to limestone found at the CSR.,
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P to obtain a nearly spherical geometry (volume essentially equivalent to
‘ a sphere of the same diameter) which could be launched successfully.

Comparing data for the two geometries indicates a definite shape effect
on penetrability, Figure 4,2 shows a plot of impact angle versus impact

velocity of projectiles from three different materials and for spherical

i and SAFR shapes., The curves are reproductions of data fits for the bal-
listic limit of a titanium ,063" thick target using .625" projectiles
(Kong, 1978 and Hastings, 1977)., The lower the curve in Figure 4.2, the

; more penetrating the projectiles for the particular impact conditions,
For the SAFR geometry, the tonalite granite is more penetrating than

; either the sandstone or the Indiana limestone (a porous rock similar to

sandstone). A definite increase in penetrability with velocity is noted‘

for the spherical geometry compared with the SAFR data

Thus, it seems apparent that the shape of the projectiles may have
a significant effect on their penetrability: in particular the harder
materials. Since the harder rock masses will produce highly angulated

pieces upon fragmentation (either as a result of weathering and/or nuclear

v explosion), the orientation of the sharp edges relative to the surface of
the shroud will influence the degree of interaction with the impacted
i surface, Since the data shown in Figure 4.2 indicates a definite de-

crease in penetrability for nonspherical projectiles, this shape effect

may significantly reduce the penetration threat from a cloud of highly

angulated particulates.

Even though the data does indicate a particle shape effect, the
spherical geometry was used for this effort since the primary objective
was to evaluate particle type effects and most of the recent data base
is for spherical tonalite granite projectiles. Also, the spherical

geometry will minimize data scatter due to shape effects.

Due to the large amount of rock types and limited amount of
testing available, a specific approach to material ranking and screening

tests was employed as follows:
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1. Conduct uniaxial compression tests on in-situ debris samples

and obtain a ranking of relative hardness. In this manner,
rock types with similar compressive strengths and densities

can be screened and grouped for ballistic testing.

2. Spherical projectiles are made from representative materials
of each group and then ranked in terms of their ballistic
response., Ballistic response is determined as a function of
impact velocity and angle of impact for various types of rock

materials to obtain curves similar to Figure 4.1,

This approach resulted in ballistic penetration curves of impact
angle versus impact velocity which are compared with previous data.
These curves represent the approximate ballistic limit with penetration
occurring for conditions above the curve and no penetration below the

curve,
4,2 TESTING PROCEDURES

With the test logic delineated, test specimens were manufactured
for both the uniaxial compression test series and the ballistic impact
test series, Each of these series of tests required unique specimen
geometries as discussed in the following sections along with facility

description and test techniques.

4,2,1 Specimen Preparation

As discussed by Vutukuri (1974), most mechanical property test
specimens have a cylindrical geometry. Depending on the type of test,
the length-to-diameter ratio of the cylinders should be between 0,2 and

3.0, However, the ratio is commonly fixed for each type of test.




For the uniaxial compression tests cylinders with a L/D = 2.5 were
made by using a core drill. The ends of the cores were cut flat and
parallel using a disc saw and then polished to minimize friction and to
eliminate stress concentrations. All the samples from each rock type
were cored in the same direction to attempt to minimize material

anisotropy.

It was the purpose of these tests to establish a ranking relative
to tonalite granite and not to determine a compressive strength value
for the rock specimens. In order to determine a compressive strength
value, large numbers of tests per rock material would be necessary along
with an evaluation of anisotropic effects. For this effort three test

points per material were obtained.

To obtain baseline material for the tests, tonalite granite cores
were obtained from Cedar City, Utah, from which specimens were made.
Soda lime glass cylinders (L/D = 2,5) were obtained commercially for

comparison with the rock materials,

Dry bulk density measurements were made after the cylindrical
specimens were machined, Figure 4,3 shows a plot of bulk density versus
material in decreasing density. It was expected that a comparable rank-
ing would be obtained from the uniaxial compression test series to be

discussed in Section 4.2,2,

Material ranking by bulk density, as seen in Figure 4.3, was
not definitive except for materials #10, #11, and #12, This type of
ranking was used strictly for guidance during the uniaxial compression

tests.
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The ballistic test series consists of testing titanium (6AL4V)
targets for ballistic limit response using 0,625" diameter spheres made
from eight of the rock materials. The eight materials, for a wide range

of hardness, were chosen based upon results from the uniaxial compression

tests,

All of the spherical ballistic test specimens were manufactured
by ETI in a two-step grinding process. The first step was a rough machin-
ing into a quasi-spherical shape and then a fine grinding in a sphere-

making machine. The resulting spheres are 0.615" + 0,010" in diameter.

4,2,2 Dynamic Compression Tests

The degree of damage (penetration) sustained by a missile during
the initial ascent portion of the flight will depend upon a number of
parameters. One such parameter will probably be the compressive strengths
of the dust and debris (i.e., rocks). The magnitude of the stress gener-
ated by the rock impacts is dependent on the equation of state and Hugo-
niot of the target and rock materials., However, the degree of penetra-
tion is dependent on both the compressive strength of the rocks and the
material response to absorbed energy which is manifested as material

damage.,

Dynamic* compression is a test technique used to rank in-situ
materials in terms of their average peak load to failure and is a screen-
ing technique to minimize the number of ballistic impact tests required.
The objective was to compare the material ranking from this test series
with the relative ballistic penetrability for use in developing a test
methodology.

When a cylindrical specimen is loaded in axial compression in a

testing machine, the compressive strength is given by the relation

9) == (401)

*
Dynamic refers to loading rates of 48 in/second as compared to static
of 0,008 in/second.
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where op = compressive strength of the material
F = applied force at failure
A = initial cross-sectional area normal to the

direction of the force.

Of importance to the determination of O_ are material properties
(e.g., mineralogy, grain size, and porosity), friction between platens and
end surfaces, specimen geometry (shape, height to diameter ratio L/D,
size), rate of loading, and environment (moisture content, temperature,

etc.),

Vutukuri (1974) made the following conclusions concerning

compressive strength testing:

a) Cylindrical specimens with a L/D ratio of 2,5 - 3,0
should be used.

b) Specimen ends should be flat and parallel with ends
polished to minimize frictional effects.,

c) Steel platens of the same diameter as the specimens
should be used,

d) Specimens should be tested in an environment comparable
to in-situ conditions.

e) Rate of loading will have a variable effect on the

compressive strength of rocks,

Following the procedures outlined above, test specimens with

L/D = 2,5 were tested using a drop tower to achieve loading rates approxi-
mately 48 in/sec (static loading rates are typically 0,008 in/sec). The
test fixture employed is illustrated in Figure 4,4, The striker (tup)
attached to the falling weight is strain gaged and calibrated to measure
the compressive loading of the specimen. The instrumented tup is inter-
faced to an ETI Model 300 data automated acquisition and analysis system.
The basic components of this system consist of a velocity measuring/trig-

gering unit, microprocessor unit, a printer/plotter unit, and a floppy

disk drive unit. A schematic of the system is shown in the block diagram
in Figure 4.5.




PP 1wt + 7

Il ToP PLATE

TOP LOAD BEARING ROD

«a— GUIDE POST

SPECIMEN

BOTTOM LOAD BEARING ROD

=
{EBASE PLATE

Figure 4,4, Dynamic Compression Test Fixture.,
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The velocity/trigger unit measures initial impact velocity for use {
in computer analyses of the instrumented tup signal, It also supplies
the trigger for the data acquisition system. The microprocessor unit
consists of the computer hardware and software as well as a transient
signal recorder. Utilization of the microprocessor assures the data
capture and analysis is performed using consistent procedures and permits
the use of in-depth data analysis on a routine basis. The printer/plotter {
unit permits operator communication with the equipment and provides auto- l
matic printing of test data an- plotting of the computer analyzed curves
on a graph, Figure 4,6 shows a representative load-energy trace for an

instrumented impact test on material #9 (pure quartzite), The upper b

curve is load versus deflection and the lower curve is energy versus de-
flection, The energy curve is just the integral of the area under the

load curve.

Dynamic compression tests were conducted on all sixteen in-situ
materials plus baseline tonalite granite and soda lime glass cylinders
with a maximum of three data points per material. A Model 8100 Drop Tower
was used with a crosshead weight of 490 1bs. for the first six tests and
1000 1bs, for the remaining tests., The initial tests resulted in noisy
traces due to inertial effects associated with specimen loading. To get
a load trace that would minimize these effects, the drop height was re-
duced from 6 to 3 inches and crosshead weight increased from 490 to
1000 1bs. Tape was used on the test fixture to damp out extraneous noise
to the strain gages in the tup. These test parameters were used for the
remaining tests. The two test parameters described above did not appear

to influence the peak load measured, only the trace noise.

The results of the dynamic compressive strength tests on the various
types of rock are summarized in Table 4,1, In addition to average maximum
load (Pmax)’ the table also includes the energy corresponding to the total
energy (ET) to failure for each specimen. Although the initiation energy

has arbitrarily been defined as the energy required to reach maximum load,
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Table 4,1. Summary of Dynamic Compression Test Results j
of In-situ Samples.
MATERIAL Puax Ey
NUMBER (KN) (9)
s 1 152 116
'; 2 163 129
Tj 3 133 99
3 73 50
a 4 59 37
; 5 49 29
6 50 24
7 60 44
8 89 65
9 110 84
10 7 4
n 51 34
12 26 10
13 62 44
14 53 27
15 88 66
16 76 64
| Soda Lime 205 190
i Tonalite 67 43
58




the extent of microcracking prior to maximum load was not investigated.
However, in all the tests, catastrophic failure was found to initiate at

the maximum load.

Material ranking in terms of decreasing density, decreasing average
peak load and decreasing average peak energy are summarized in Table 4.2,
A plot of average peak load with decreasing density is given in Figure 4.7
to compare with Figure 4,.3. Figure 4.7 indicates a trend of decreasing
load with decreasing density for all materials except the soda lime glass,
and materials #9 and #15. Replotting the results of the figure gives a
slightly different material ranking with average peak load (Figure 4.8).
As discussed in Section 4.1, materials #2, 8, 9, 13, and 16 were origi-
nally considered to be strong materials as is indicated by these tests,
Materials #8, 9, 10, 11, 12 and 13 were considered to be the most pre-
dominant (V907 geology) in the valleys sampled. As can clearly be seen
from Figure 4.8, the materials identified above represent a good cross
section of relative hardness and density. Thus these eight materials
were manufactured into spheres for ballistic testing and penetrability

ranking,

Also shown in Figure 4,8 is the scatter band for the three tests
conducted on each sample (except materials #3 and #3')? After each test,
sample pieces were recovered and examined. The lowest data points for a
given material correspond to those specimens which fractured into the
fewest pieces (i.e.,, they had the largest fragments). This fracture be-
havior probably resulted from the formation of a few large cracks in the

material and propagating along planes of weakness, such as joints.

The highest load and energy absorbing specimens fractured into many
small rieces as a result of the formation of a large number of small,

individual cracks.

*
Due to limited material, only two tests were conducted on these materials,
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Table 4,2,

Ranking of Materials by Average Peak Load,
Average Peak Energy and Bulk Density.
JECREASING | DECREASING | DECREASING
LOAD ENERGY DENSITY
Soda Lime | Soda Lime ]
2 2 2
1 1 3
3 3 3
9 9 8
8 15 16
15 8 Tonalite
16 16 9
3 3 7
Tonalite 13 Soda Lime
13 7 6
7 Tonalite 14
4 4 5
14 1 13
N 5 15
6 14 4
5 6 N
12 12 12
10 10 10
60
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The petrographic analysis in Section 3.3 resulted in grouping the
materials as limestones, orthoquartzites, or volcanics. Comparing the
petrographic analysis results with Figure 4.8, one quickly sees that the

limestones and orthoquartzites are the harder materials and the volcanics

¢ the weaker., All the limestones are cemented with calcites, have small

: grain size, and have little or no porosity. The orthoquartzite is 100%
quartz, small grains with zero porosity. In the volcanics, the higher
the percentage of quartz and feldspar the higher ranking achieved in
Figure 4,8. On the other hand, the higher the percentage of volcanic
glass the weaker the material, The only exception is material #15 which
contains 80 to 857% microlite glass which is different from volcanic glass
because during the much slower cooling process a very fine crystal

structure is formed.

—-

Thin section analysis substantiated the dynamic compression ranking
and indicated that the strongly cemented, nonporous limestones can sustain

the higher load before fracturing. Vutukuri (1974) found that mineralogy,

grain size, and porosity are the intrinsic properties controlling rock
strength, The compressive strength of rocks is found to decrease as the

binding material varied from quartz to calcite to ferrous minerals with

the weakest being clay-like binding materials, The strength of rocks in-

creases with decreasing grain size and with decreasing porosity,

The ability of a rock material to sustain high loads prior to

R

failure accounts for the small pieces recovered after testing. Vutukuri

s S 3 TR

(1974) observed three modes of failure in materials tested.

‘ 1) The first consists of a general crumbling by development of

L me e .

multiple cracks parallel to the direction of applied force at
; mid-height of the specimen near the surface and its extension
to the ends and into the center of the specimen. This results
. upon failure in conical end segments and long slivers of rock

around the periphery.
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2) The second type of failure occurs with development of one
or more major cracks (called slabbing or vertical splintering) 1
parallel to the direction of the applied force resulting in a 1

series of columns.

3) The third type of failure is the shearing of the test

specimen along a single oblique plane.

All three modes or combination thereof were observed as a result
of the dynamic compression test series. The mode of failure appears to
be a function of material type and/or material flaws. The higher ranked
materials (soda lime glass, #1, 2, 3, and 9) literally exploded into
small pieces after failure, Interestingly, material #9 had closed cracks
running the length of the cylindrical specimens, yet they did not fail
by shear along these flaws, All these materials, except the soda lime
glass, had minimal data scatter in the test results, It is not clear why
the apparently homogeneous soda lime glass cylinders had considerable

data scatter.

Material #8, a limestone, had fractures filled with sparry calcite
(see Figure A,8) that extended throughout the cylinders. Recovered

specimens indicated that failure was not along these fractures,

Material #8 through #5 in Figure 4.8, inclusive, all appeared to
fail as a result of the first two modes discussed above. Any low data
point indicated in Figure 4.8 was a result of failure by shear. Mate-
rials #10 and 12 both appeared to fail by shear. This difference in
failure mode would appear to be a combined material and geometry* effect

which did not have an influence on the ballistic test results,

*
The first mode of failure described by Vutukuri (1974) is usually
attributed to the end constraints by the loading platens.
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4,2,3 Ballistic Impact Tests

Figure 4.9 illustrates the gun facility which can be operated
either as a powder gun (velocity range 800 to 5000 ft/sec), or as a gas
gun (velocity range 200 to 800 ft/sec). For both operating modes the
sabot is identical. Serrated sabots made of polyethylene are machined
to accommodate the projectile. The sabots are machined so that upon
exit from the launch tube the aerodynamic forces separate the sabot from
the projectile., After separation occurs, the projectile passes through
a sabot stripper which prevents sabot fragments from impacting the target,
The distance from the sabot stripper to the target is about 1.5 feet.

It is over this distance that the impact velocity is measured (see
Figure 4,10).

A DYNATUP Model 502 Velocometer is used for the impact velocity
measurcments. The major components of this system are two velocometer
main frames and two laser heads., Figure 4,10 shows a schematic of the
velocity detector system currer..ly employed at the facility. The orien-
tation of the laser beams and photodiodes in the velocometer units is
such that the projectile will traverse and interrupt the laser beams.

The photodiodes are adjusted for a ten volt offset when completely satu-
rated by the laser beam. Upon interruption of the beams by the projec-
tile the output reverts to its baseline voltage. Thus a signal similar
to the one shown in Figure 4.10 is obtained on an oscilloscope. The out-
put of the first velocometer triggers the scope so that a complete veloc-
ity trace is obtained., This output was also used for triggering flash

units for shadowgrams and frontlit photographs.,

Test specimens are mounted in a test stand as shown in Figure 4.1la
and clamped down along all four edges. The test stand is adjusted to
orient the specimen at any incident angle desired (0° to 90°) using a
Mitutoyo universal bevel protractor and vernier height gage. Due to the

high aiming accuracy (<1/8") impacts at very low glancing angles on

6"x6" specimens are possible,
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a) Time exposure of impact (note impact flash).

b) Time exposure of projectile just before impact.

Figure 4.11. Test Fixture and Diagnostics.

68

A, s

it i St e s B ot . .n - . .




A m—

T——

A total of eighty-three (83) tests were conducted using spherical
projectiles manufactured from materials #2, 8, 9, 10, 11, 12, 13, 16,
tonalite granite (both spheres and SAFRs) and soda lime glass, The pro-
jectiles were all nominally 0,625" diameter. Titanium (6A14V)* 0.019"

thick and 6" square was used as test targets.

The objective of the tests was to determine the ballistic limit of
the titanium panels for various impact conditions, The ballistic limit
is defined as the conditions at which the specimen just tears. At times
this had to be a judgment since a slight variation of velocity would
cause no penetration or vice-versa, Tests were conducted with parameters
varied until tearing of the specimen just occurred. The mode of failure
of the titanium was distinctive enough (large dent to tear to complete

punch out) that an estimate of ballistic limit is possible,

In most cases, except for the soda lime spheres, the projectiles
broke up or were pulverized by the impact. At very shallow angles, most
of the spheres ricocheted off the specimen intact (with the exception of
materials #10 and 12).

Photographs of the projectiles prior to impact indicate that all
of the materials are capable of being launched and impact the target in-
tact as shown in Figures 4,1la and b, Figure 4.lla is a photograph that
depicts the test fixture, laser beams, sphere prior to impact, and mate-
rial response to impact. The timed flash illuminated the sphere just
prior to impact and since the shutter was still open, the impact flash
was also recorded., Figure 4,11b is a higher magnification photograph
that shows the projectile just prior to impact.

*
MIL SPEC 9046 Type 3 Composition C.
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Using the procedure and diagnostics discussed above, spherical
projectiles made from volcanic tuff (density of 1.3) were successfully
launched without breakup prior to impact. Very porous materials (for
example, scoria) were also successfully launched using this same tech-
nique, It is apparent from these results that any of the rock materials
representative of the in-situ debris can be successfully launched to

velocities of interest.

Ballistic impact tests were conducted for increasing impact angles
at constant impact velocity until titanium penetration (or tearing) oc-~
curred. The test results are summarized in Table 4.3 and shown graphi-
cally in Figure 4.12i A considerable spread of penetrability of rock
types at the lower velocities is evident, while the penetration capability
of many of the rock types converges at higher velocities, The penetra-
bility of the baseline tonalite granite is comparable to several of these
rock types at the higher velocities and of the CDP's evaluated represent
(in rock units) approximately 30 to 607 of the geology. Clearly mate-
rials #10 and 12, volcanic tuff and scoria, respectively, do not fall in
this grouping, however they represent rock units that constitute from 40

to 90% of the geology surveyed.

4,3 DISCUSSION AND RESULTS

The objective of the uniaxial compression test series was to
provide a material ranking for the various geological materials thereby
providing a possible screening test for the ballistic impact test series.
By normalizing the average peak load to the baseline tonalite granite re-
sponse a qualitative ranking is obtained (Figure 4,13) that is a defini-~
tive, more distinctive, and somewhat different ranking than by material

density (Figure 4.3).

*
Penetration for a particular rock type would occur at conditions above
the ballistic limit curve for that rock type,
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Table 4,3, Summary of Ballistic Impact Data.

BALLISTIC LIMIT CONDITIONS
PROJECTILE IMPACT VELOCITY 1
MATERIAL (ft/sec) (°)
T-SAFR* 580 20
T~SAFR* 1100 12
2 550 33
2 1150 12
2 1380 8
; T 550 42
; T 1150 12
, T 1480 6
) sL 550 42
SL 1150 12
9 550 a4
9 1280 12
16 550 44
8 550 45
f 8 1460 6
% 13 550 52.5
13 1400
13 1590 6
: 11 550 55
. 1 1370 12
‘ ) 11 1540 8
N 12 550 80 i
;i 12 1230 30
; 12 1800 6
' 10 1300 60
10 1660 30
' *SAFR - Cylinder cone shape of Standard Air Force Rock.
. K +See Tables 3.6 and 3.7 for material type. 7
' SL = Soda Lime Glass
{' T = Tonalite Granite
v
.ﬂip 71
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Comparing Figures 4,12 and 4.13 for spherical projectiles at
impact velocities of 550 feet per second the relative penetrability re-
sponse ranks in the same order as shown by the dynamic compression test
results. The soda lime sphere data is comparable to the tonalite data,
but was on the average able to sustain over three times the load for
tonalite granite prior to failure, As stated before this may be a geom-
etry and material effect, As the impact velocity is increased the re-

sponse of the materials tend to group due to the thin target material.

It would appear that the use of dynamic compression testing as a
screening test for many geological materials prior to ballistic testing
would be of value, This will need to be clarified for increased target

thicknesses as discussed below.

In order to apply the particle type data shown in Figure 4.12 to
the penetration resistance of a titanium shroud, a representative shroud
design was selected. Shroud geometries (forward, mid, and aft) at vari-
ous angles of attack are consideredf A plot of angle versus velocity
for the various sections of the shroud in different D&D environments is
constructed (Figure 4.l4a). The aft section of the shroud poses no sur-
vivability concernT However, the fore and mid sections suggest that
rock unit materials, which tonalite represents, would penetrate but

materials #12 and #10 would not.

Using t/d (thickness/particle diameter) data and extrapolating
for impact velocities < 1000 fps indicates, as shown in Figure 4.14b,
that 40 mils of titanium on the fore and mid sections would insure sur-
vivability., This varied thickness data shows the expected trend of the
ballistic limit curve shifting up and to the right with increased

titanium thickness, It is also reasonable to expect the ballistic limit

*

Angle of attack taken from Reference Trajectory (Polich, 1979) was added
to the shroud angle to give a maximum incident angle with time (i.e.,
velocity).

Penetration will not occur for test conditions below the curves of the
various rock types.
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curves for the various material types to shift in the same manner as
target thickness is varied. Comparing Figures 4.l4a and b suggests
that 40 mils of titanium would be required for at least the mid and
aft sections and possibly the fore section of the shroud to insure
cloud survivability to materials represented by tonalite (30 to 60% of
geology). It is also obvious that rock types similar to materials #10
and #12 (representing 40 to 90% of the rock units in the geology) pose

no concern for the postulated titanium shroud.

4,4 CONCEPT/MATERIALS EVALUATION METHODCLOGY

From the approach used for the geological survey discussed in
Section 3 and the ballistic impact test results, a methodology was estab-
lished as depicted in the flow chart in Figure 4.15. This methodology
is recommended to survey proposed basing areas and to evaluate advanced

ICBM concepts and materials relative to the in-situ debris.

The first step in this evaluation is a determination of flyout
environment conditions from system requirements. If the type of environ-
ment and source (natural and nuclear augmented) are well known, then
material/concept evaluations can be conducted in terms of design and sys-
tem issues, If the environmental concerns are not well known, for example
in an augmented particle environment, the approach is to determine the
locality (basing areas) of the proposed systems and then conduct a geo-
logical survey of the areas, From the survey it will be apparent if
sampling is required. If the survey indicates a geology represented by
tonalite granite, no sampling is required and test projectiles can be
manufactured from tonalite for missile material/concept evaluation., If
sampling is required, an effort is necessary for in-situ sample acquisi=-
tion, petrographic sample analysis, and test projectile fabrication. Uni-

'x{al compression tests can be used as a screening test to determine the

o ative performance and impact ranking of the rock types compared with
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tonalite, If the results indicate performance comparable to tonalite,
testing proceeds the same as if sampling was unnecessary. If results
indicate the need for further evaluation, then ballistic impact tests

are conducted for further comparison with tonalite granite, Based upon

these results, a selection is made regarding the use of tonalite as a

———

representative material or the use of actual in-situ materials for

advanced ICBM external material/concept D&D evaluations.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The objective of the program was to evaluate the use of in-situ
materials for penetration testing and to establish the difference in
penetrability that would result using these materials versus the current
baseline tonalite granite. To accomplish this a test methodology was
developed to rank in-situ debris materials against the baseline tonalite
granite, This methodology included uniaxial compression tests on rocks

and ballistic impact tests on monolithic titanium,

5.1 CONCLUSIONS

As a result of this effort, tonalite granite appears to be a
somewhat conservative material for use as a test projectile for advanced
missile material evaluations. Tonalite granite is representative of rock
units that make up 10 to 30% of the geology at the CDPs evaluated in this
program, Rock types that are representative of rock units that make up
40 to 90% of the geology are about two to three times less penetrating
than equivalent tonalite granite projectiles., These results indicate a
definite rock type effect with the more widely disseminated geology being
less penetrating than the tonalite granite material. Applying the current
data to a representative shroud design suggests that materials represen-
tative of from 40 to 90% of the geology in any one CDP would probably

pose no single particle penetration threat.

From this effort a methodology has been developed for ranking
in-situ debris materials that are representative of proposed basing sites,

This methodology is applicable to any geology considered as a possible

cloud particulate source,
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A compilation of in-situ particle size distribution obtained from
recent geotechnical efforts is summarized in this report. Analysis indi-
cates that particle size distribution for either the competent rock or
the previously considered missile site representative geologies are orders

of magnitude larger than for the in-situ geology.

Historically, spherical projectiles are used for particle impact
simulation to minimize data scatter due to particle shape effects and to
provide conservatism, However this spherical geometry is more represen-
tative of the softer, more easily fragmented, in-situ materials, Thus,
the spherical projectile is more representative of the less detrimental
materials (e.g., volcanic tuff) and it is not apparent at this time what
affect this geometry restriction has on the degree of penetrability for

the harder rock types.,

It seems apparent from previous data as well as from data generated
during this program that the shape of the projectiles may have a signifi-
cant effect on their penetrability: in particular the harder materials.
Since the harder rock masses will produce highly angulated pieces upon
fragmentation (either as a result of weathering and/or nuclear explosion),
the orientation of the sharp edges relative to the surface of the shroud

will influence the degree of interaction with the impact surface,

The important aspects of particle coupling effects (multiple
impacts, erosion, etc.) were not addressed due to limited scope of this
effort, The program objective was evaluation of particle type effects
on penetration thresholds of advanced missile materials; therefore,

only large particle impacts were considered.

As a result of this effort several important issues and

recommendations warrant consideration and evaluation:

o All of the proposed and/or selected CDPs were not geologi-
cally investigated within this effort (Figure 5.1), and it
is not apparent at this time whether the extended areas are

geologically similar to the valleys discussed here.
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The influence of increased titanium thicknesses on the

t/d data trend shown in Figure 4,14b (especially for
velocities less than 1000 feet per second) is not

apparent from the results of the current effort,

An increased thickness of titanium may both increase the

spread between the ballistic limit curves and shift the

curves of the various materials (i.e., materials #2, 16,

8, 9, 11, and 13) compared to tonalite granite,

A spread in penetrability response may affect the

penetrability ranking of the various rock types.

The reasonableness of using a competent rock (i.e.,
tonalite granite) or a soft rock (i.e., tuff) geology
or some combination of the two for cloud modeling and

particle size distribution is not apparent.

The limited data accumulated during this program
does not address the effect of particle shape on
material/concept response to an augmented D&D

environment.

Of primary importance is the influence of the above
issues in the generation of realistic specifications

of the advanced missile ascent environment.
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APPENDIX A

RESULTS OF PETROGRAPHIC ANALYSIS

!I As discussed in Section 3,3 a necessary requirement in identifying
rock samples as well as in determining the lithology of the in-situ de-

§ bris is a petrographic analysis. Results of the thin section analysis

is given in Section 3.3 with photomicrographs, using transmitted light,

of the thin sections shown in Figure A.l1 through A.16. Tables A.l

through A.16 give detailed results of the analysis.




Figure A.l. Photomicrograph of Thin Section from Material #1,
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Table A.1. Slide 1 Limestone - 100% Calcite (Angular Fragments).

; SHELL HASH—OSTRACODS—DOMINANT—TO 1.2 MM MAX., .6 AVERAGE
FORAMS
BEDDED
SPARRY CALCITE GRAINS—.5 MM AVERAGE
; MICRITE LOCALLY ABUNDANT—INFILLS ALL SPACES BETWEEN SHELL HASH
POROSITY ~1%
FECAL PELLETS TO .5 MM

40% SHELL HASH
60% MICRITE
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Photomicrograph of Thin Section

from Material f#2.
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Figure A.2,




Table A.2. Slide 2 Limestone (Angular Fragments)

‘ CRINOID STEM

FORAMINIFERA - 10% OF FOSSILS (SPARRY MOTTLED FOSSILS)

FECAL PELLETS

E FRACTURES .1 MM CUT ACROSS SLIDE, CALCITE FILLED,
BEDDING

QUARTZ GRAINS - DISSOLVED, REPLACED BY CALCITE <.05 MM
REMNANTS
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Figure A.3. Photomicrograph of Thin Section from Material #3.
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Table A.3. Slide 3 Recrystalized Limestone.

MICRITE PELLETS ~50%

SPARRY PELLETS - VOID FILLINGS OR RECRYSTALIZATION TO 2 MM
AVERAGE = 5 - 10%, .7 MM PELLETS ROUNDED

SPARRY CALCITE CEMENT

QUARTZ GRAINS - RECRYSTAL - MOST ALL HAVE BEEN DISSOLVED
BY CALCITE ~.5MM MAX ~1%
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Table A.4. Slide 4 Rhyolite,

70—75% DEVITRIFIED GLASS
a 20—30% QUARTZ SANDSTONE
PORE 5% SPACES FILLED WITH SMALL QUARTZ-CRYSTALS (VESICLES) !

RELICT SHARDS PRESENT ‘

SANIDINE .5—1 MM AVERAGE

-




Figure A,5. Photomicrograph from Thin Section from Material #5, ,




Table A.5. Slide 5.

40—50% GLASS—BROWN, DEVITRIFIED TO CHLORITE
PORE SPACE 1—3%

OPAQUES - BIOTITE HORNBLENDE IN PERCENTAGE

BIOTITE—LATHS—UNSTRAINED—UP TO 1 MM

5—-10%
(GREEN, BROWN) HORNBLENDE .3—.5 MM

QUARTZ + FELDSPAR } TO 4 MM

40—50% 4 MM AVERAGE

SUBHEDRAL TO EUHEDRAL WEAKLY DEFINED FLOW BANDING




Figure A.6.

Photomicrograph of Thin Section from Material #6.




Table A.6, Slide 6.

ABUNDANT PHENOCRYSTS IN CLEAR UNALTERED GLASS

5—7% BIOTITE, SLIGHTLY BENT, BROWN, GENERALLY TABULAR
TO .5 MM LONG

50—60% PLAGIOCLASE + SANDINE TO 2 MM .5—.7 MM AVERAGE
HORNBLENDE TO 2 MM

ROCK FRAGMENTS WITH SMALL PLAGIOCLASE LATHS + OPAQUES NO PORE
SPACES (VESICLES)

NO FLOW BANDING, NO VESICLE WALLS
CRYSTALS ALL ANGULAR
2 MM = MAX PHENOCRYST SIZE i

GLASS: 40—50%
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Photomicrograph of Thin Section from Material #7,
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Table A.7. Slide 7 Rhyolite.

i BIOTITES—BROWN—SLIGHTLY BEND .5—.7 MM

GLASS—BROWNISH—DEVITRIFIED

[P S

! HORNBLENDE
I
? 1 MM ( PLAGIOCLASE—MODERATELY ZONED—TWINNED (CARLSBAD)
q AVERAGE
| 30—40% | QUARTZ  ~TO 3 MM

HEMATITE
! MAGNETITE

POOR SORTING OF CRYSTAL SIZE

PHENOCRYSTS ARE ANGULAR (SUBHEDRAL TO EUHEDRAL)
NO PORE SPACES

GLASS BANDED AROUND CRYSTALS—COLLAPSED SHARDS
PHENOCRYST TO PHENOCRYST CONTACTS NOT COMMON
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Table A.8. Slide 8 Micrite Limestone,

90—95% LIME MUD

QUARTZ GRAINS—ATTACKED BY CALCITE—SMALLER THAN SILT (<0.5 MM)

FRACTURES IN SLIDE (.1 MM—.5 MM) FILLED WITH SPARRY CALCITE

INDISTINCT BANDARY—SUB-PARALLEL BUT HIGHLY DISTORTED,
LIKE ALGAL MATTES

THESE BANDS MARKED BY SLIGHT INCREASE IN CALCITE CRYSTAL SIZE

NO PORE SPACES
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Photomicrograph of Thin Section from Material #9.
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Table A.9, Sliide 9 - Orthoquartzite.

METAMORPHIC—100% QUARTZ

NO PORE SPACES

WELL-SORTED

.15—.4 MM, MOST AROUND .25 MM

NUMERQUS TRIPLE-POINT GRAIN CONTACTS

ALL QUARTZ GRAINS OVERGROWN

VERY CLEAN ROCK

WHITE IN HAND

SPECIMEN COLOR
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Figure A.10, Photomicrograph of Thin Section
from Material #10,
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Table A.10. Slide 10,

90-95% DEVITRIFIED GLASS WITH CLEAR RELICT SHARD STRUCTURE

MODERATE RELICT FLOW BANDING

- i s A

SANIDINE + QUARTZ TO 1.7 MM, MOST SMALLER (v.1—.5 MM)

SOME LINED VESICLES—BOLATED, 1-—3% .3 MM AVERAGE SIZE
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Photomicrograph of Thin Section

from Material #11.
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Figul‘e A. 11 .




Table A.l1l. Slide 11 Devitrified Giass.

90—95% DEVITRIFIED GLASS

MODERATE FLOW BANDING EXHIBITED BY COLLAPSED RELICT SHARD
STRUCTURES

HORNBLENDE

5—10% SANIDINE + QUARTZ CRYSTALS TO 2 MM, .15—2 MM COMPLETE SIZE SPECTRUM

BIOTITE—TRACE

COLLAPSED VESICLES HAVE BEEN FILLED, REPLACED BY QUARTZ/CHALCEDONY (?)

MAY BE SOME POROSITY—HARD TO DETERMINE
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Figure A,12, Photomicrograph of Thin Section
from Material #12,
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Table A,12., Slide 12.

50—60% GLASS (PLAGIOCLASE MICROTITES + DEVITRIFIED GLASS)

VESICULAR 40—50% POROUS

EUHEDRAL PLAGIOCLASE PHENOCRYSTALS~TO 1.5 MM TWINNED

PYROTENE—AUGITE~—TO .3 MM, 1—2%

MOST VESICLES HAVE THIN ALTERATION (CLAYS) LINING VESICLE WALLS

PLAGIOCLASE LATHS ALIGNED, MOST MICROTITES, .1—.3 MM

PLAGIOCLASE = 97—99% OF PHENOCRYSTLS (30—40% TOTAL ROCK)
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Figure A.13, Photomicrograph of Thin Section

from Material #13.
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Table A,13. Slide 13.

PLAGIOCLASE LATHS , CALCITE MAKE UP BULK OF ROCK
1 RESORBING PLAGIOCLASE PHENOCRYST ~3.5 MM LONG
PLAGIOCLASE 60—70% = .1—.2 MM AVERAGE

CALCITE 20—~30% <.05 MM—ALTERATION PRODUCT

OPAQUES 7—10%

PORE SPACE 7—10%

ILL-DEFINED THROUGH-GOING CRYSTAL ALIGNMENT —LOCALLY STRONG

CRYSTAL ALIGNMENT; ZONES ADJACENT TO ONE ANOTHER CAN
BE AT RIGHT ANGLES

111
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Figure A.1l4, Photomicrograph of Thin Section
, from Material #14.
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Table A,14. Slide 14,

PLAGIOCLASE—LOCALLY EMBARGED AVERAGE = .6 MM FOR LARGER SIZE SET
.5 FOR SMALLER SIZE SET

BIOTITE TO .3 MM

QUARTZ

LIGHT BROWN GLASS—DEVITRIFIED TO PLAGIOCLASE + CHLORITE (?)
RELICT SHARDS PSEUDOMORPHS PRESENT

NO STRONG FLOW BANDING OBSERVED

SANIDINE

2.5 MM SANIDINE

BIMODAL PHENOCRYST SIZE DISTRIBUTION LARGER CRYSTALS SUBSEQUENT,
SUBHEDRAL

60—70% DEVITRIFIED GLASS
30—407% QUARTZ + FELDSPAR
1—2% BIOTITE

113
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Figure A,15, Photomicrograph of Thin Section
from Material #15,
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Table A.15. Slide 15,

80~—85% GLASS

MICROLITE LATHS IN GLASSY GROUND MASS CREATE FLOW BANDING
LATHS VERY SMALL .05 MM LONG DIMENSION

BIOTITE 2—3% .5 MM LONG

PLAGIOCLASE BEING RESORBED—TO 2.5 MM AVERAGE .8—1.2 MM

o O N S - e v e

PORE SPACES (VESICLES)-—PSEUDOMORPH
RELICT PLAGIOCLASE PHENOCRYSTLS—PLUCKED
GRAINS? —1—2%




Figure A.16, Photomicrograph of Thin Section
from Material #16,
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Table A.16. Slide 16.

QUARTZ GRAINS STRAINED—POLYGONALIZATION IS ATTEMPT TO REXTALIZE,
RELIEVE STRAIN

GRANODORITE .
50—60% PLAGIOCLASE—ALBITE TWINNED T—2.5 MM

2—5% EPIDOTE—CLINOZOBITE .4—.8 MM

15—20% QUARTZ—SOME POLYGOND GRAINS 2 MM POLY CLOTS
TRACE HEMATITE .2 MM

5—10 CHLORITE—NOT BENT

GREEN BIOTITE 1—5 MM

2 MM = AVERAGE CRYSTAL SIZE RANDOM CRYSTAL ORIENTATION—"ISOTROPIC"
5~—10% KSPAR—ORTHOCLASE—GRAMOPHYRES LOCALLY TO 6 MM

CRYSTAL BOUNDARIES NOT SHARP—AS IF ITS SLIGHTLY REXTALIZED, BUT
NOT EXTENSIVELY. CLOTS OF QUARTZ HIGHLY POLYGONALIZED.
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APPENDIX B

AUTHOR'S RESPONSE TO QUESTIONS

During the initial technical review, several questions were raised
by the Contracting Officers Representative. The body of the letter in
regponse to these questions is presented here to clarify several points

raised in the report.

Body of letter to Capt. A. T. Hopkins DNA/SPAS dated
22 January 1980.

"Most of the gquestions raised during the report review were
addressed in the report, but I think it is appropriate that others
be discussed further in terms of the program objective and approach.
I have responded to the questions as encountered in the report.

On page 15and elsewhere in the report, there is the continuing
question for doing the petrographic analysis. In order to determine
the 1ithology (numerical composition, texture and fabric) of the rocks
that were sampled, petrographic analysis is the primary technique
available. It is an inexpensive process that provides positive iden-
tification of the type of rock and therefore the rock unit sampled.
As discussed in Tables 3.6 and 3.7 and in Section 3.0, the petrographic
analyses were used to substantiate the uniaxial compression tests
ranking by indicating that the limestones were able to sustain a higher
load to fracture than the volcanics, due to their low porosity. Also,
the percent pore space determined by the analysis was found to be an
important factor in the penetration response of the rock materials.
Results of the analysis are also important in determining a represen-
tative material for erosion effects studies since particle type is an
important consideration with respect to erosion. Chemical constituent
of the in-situ material can be used to determine their hardness relative !
to Mg0 for erosive effects evaluations. !

Once the type of geology present was determined, the next step
was to determine the extent of the geology (percentage). This was
accomplished by a geological survey using available maps as discussed
in Section 3.1. The results are shown graphically in Figures 3.4 and
2.1(a). From Figure 3.4 one can see that rock unit I is representative
of anywhere from 40 to 90 percent of the geology in any one of the
COPs investigated. Figure 2.1(a) shows the percentage of total geology
represented by the rock units for all five COPs combined. This figu
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shows that rock unit I represents upwards of 60 percent of the total
geology. Obviously rock unit I is representative of the most prevalent
geology at the CDPs investigated.

This brings us to the reason for sampling. As discussed on page
23, the valleys are located between linearly extending mountains which
are the source of the geological material that fills the valleys.
The source of the nuclear cloud particulates is the alluvial fill, thus
the need to evaluate the in-situ samples in terms of their penetrability.
An understanding of the relative penetrability of the in-situ debris

and tonalite granite will help determine the response of an ascent shroud

to a nuclear generated debris cloud.

Obviously, the survey and sampling conducted under this effort had
to be limited due to the enormous land area involved. However, a
logical approach was used to delineate what were considered to be the
more detrimental rock units for evaluation. The extent and relative
hardness of the rock unit samples were of primary importance in sample
selection. Identification of the individual rock units had to be based
upon the available geological map data since an extensive and individual
field survey would be extremely expensive. Unfortunately, most of the
available data are aerial surveys. To conduct an accounting of the sub-
surface geology is well beyond the scope of the program, but represen-
tative valley profiles (e.g., Figure 3.6) are available from other
sources and have been referred to in the report.

The objective of this program was to evaluate the relative pene-
trability of in-situ debris and tonalite granite and to develop a meth-
odology for evaluation of shroud and motorcase materials/concepts.

As a part of the methodology, an inexpensive uniaxial compression test
is suggested for debris material screening prior to any relatively
expensive ballistic impact test. This screening would be invaluable
if the geological source for an augmented environment is different
from the one evaluated under this program, as pointed out in Section
4.4, At the present, there does not appear to be a direct correlation
between the compression test results and the ballistic impact test
results except for relative ranking of the response for the various
geological materials.”
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