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FOREWORD

The study reported herein was sponsored by the U. S. Army Elec-
tronics Proving Ground (AEPG) of the U, S, Army Test and Evaluation Com-
mand under Project 9-C0-002-000-010, "Sensor Surveillance System." It
was conducted by personnel of the U. S. Army Engineer Waterways Experi-
ment Station (WES) during the period August 1971 through December 1972
under the direct supervision of Mr. Bob O. Beun, Acting Chief, Eaviron-
mental Research Branch (ERB), Mobility and Environmental Systems Labo-
ratory (MESL), and under the geusral supervision of Messrs. W. G,
Shockley, Chief, MESL, and W. E. Grebau, Chief, Environmental Systems
Division. Tield tests were performed in August 1971 (wet season) and
March 1972 (dry season), Personnel making significant contributions werc
Messrs. H. W. West (DProject Engineer), of the Environmental Simuiation
Branch. M., A, Zappl, Environmental Characterization Branch, and C. Miller,
B. 7. Helmuth, and C. Lebron, SP4 T. Engdahl, and SP4 B. Shumard of ERB;
Messrs. J. R. Curro, R. E. Leach, M. Carlson, D. H. Lecuglas, E. Perry,
and L. O. Steen, and Dr. B, Rohani of the Soil Dynamics Division, Soils
and Pavemenis Laboralory (S8PL); Mr. J. D. Broughton, Geology Branch,
SPL; and Messrs. M. Savage and S. W. Guy of the Operations PBranch, In-
strumentaticn Services Division.

The reducticn of seismic and enviromnmental date and mapping of the
seismic intrusion detector test areas were accomplished by Mr. Curro,.
The theoretical depth-of-penetration predictions of the air-delivered
sensors were produced by Dr. Rochani. The report was prepared by
Mr. West and Dr. Rohani.

Acknowledgment is made to Messrs. L. Jay, Project Coordinator,
Colin Giorgi, and Merle Wittmeyer, and LT Gary Wills of the AEPG, Fort

Huachuca, Arizona, for their many contributions to the field
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Huachuca, Arizona, for their many contributions to the ficld experi-
mental program, including the establishment of meteorological sta-
tions within the Fort Huachuca East Range, acquiring test vehicles,
obluining high-speed photographs for the determination of impact veloc-
ities of the ADSID/S sensors, and providing personnel support for con-
ducting special seismic tests; and to SP4 W. Richardson and SPL4 K.
Gilliland of the AKPG for their assistance and cooperation in obtaining
environmental data and conducting seismic response tests. Acknowledg-
ment is also made to CPT E. R. Bedard and SGT Serfass of the Ccmbat
Survejllance Electronic Warfare School, Unattended Ground Sensor Divi=-
sion, Fort Huachuca, for their assistance and cooperatiun in obtaining
penctration data on the ADSID/S sensors.

Director of WES during this study and preparation of this report

was COL Ernest D. Peixotto, CE, Technical Director was Mr. F. R. Brown.
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NOTATION

Drag coefficient associated with projectile penetration,
dimensionless

Cone penetration resistance, kPa

Young's modulus of elasticity, kg/cm2
Frequency corresponding to SPV, Hz

Shear modulus, kPa

Bulk (constrained) mcdulus

Hydrostatic pressure, kg/cm2

Peak particle velccity, cm/sec

Peak summed particle velocity, cm/sec

Root mean square

Summed particle velocity, cm/sec

Time, sec

Thickneses of refraction layers 1 and 2, respeciively, cm
Compression (primary) wave velocity, m/sec
Rayleigh wave veloclity, m/sec

Shear wave velocity, m/sec

Total volume ol soil sample, cm3

Moisture (or water) conlent of soil sample, %
Weight of solids within soil sample, g

Total weight of wet soil, g.

Weight of water within soil sample, g

Soil dry density, g/cm3

Angle of friction between projectile and soil, deg
Axial strain, %

Deviator strain, kg/cm2

ix




[

4 Viscous damping coefficient, dimensiouless
2 Lamés stress constant, kg/sec2 [
U CoefTicient of friction between projectile and soil, P
dimensionless ”

v Poisson's ratio i
p Initial wet density of soil, g/cm3 C

pp Current wet density of soil, g/cm3

pp/p Soil compressibility parsmeter, dimensionless
oy Axial stress, kg/cme
0. Radial stress; also confining pressure, kg/cm2
Oq = Op Deviator stress, kg/cm2
0 -0 Stress difference at failure
( a {)max

(?a + 2or>/3 Mean normal stress, kg/cm2
o

Ultimate soil shear strength, kg/cm2
¢ Angle cf internel friction, deg o
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CONVERSION FACTORS, MEIRIC TO BRITISH AND BRITISI TO
! : METRIC UNITS OF MEASUREMENT

Units of meusuremcnl used in ithis report can be converted as follows:

Multiply By To Obtain

Metric to British

millimeters 0.03947  inches
centimeters 0.0328 feet
centimeters per second 1.668 Teet per minute
squarc centimeters 0.1550 square inches
cubic centimeters 0.06102  cubic inches
: meters 3.281 fiet
meters per second 2.257 miles per hour
| kilometers 0.6214 miles
[ square kilometers 0.3861 square miles
! kilograms 2.205 pounds
{ kilograms per square ceablmeter ik.e23 pounds per squarc inch
% grams 0.0022 pounds
? grams per cubic centimeter 0.0361 pounds per cubic incl
; kilopascals (kilonewtons per 0.1450 pounds per square inzh
square meter)
Celsius or Kelvin degrees 9/9 Fahirenheit degrees®*
i British to Metric
| inches 0.0254 meters
! pounds per square inch 6.6048 kilopascals (= kiloncwtons
per square meter)
: cubic feet 0.0283 cubic meters
1 miles (U. S. statute) 1609. 344 meters
i feet, 0.30u48 meters
L _—
i * To obtain Fahrenheit (F) readings from Celsius (C) readings, use the
: following equation: F = 9/5(C) + 32. To obiain Falirenheit from

A

Kelvin (K), use:

o

F = 9/5(K - 273.15) + 32,

xi
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SUMMARY

To obtain a quantitative basis for experiment design decisions
regarding evaluation of' seismic intrusion detlector (SID) systems, test
arcas were sclected (one for hand-emplaced SID's and six for air-
implanted SID's) and special scismic and envirommcntal ficld experiments
were conducted at Fort Muachuca, Arizona, during August 1971 and March
1972. Data obtained were assumed Lo be representative of wet- and dry-
terrain conditions at the test sites. This report discusses the selec-
tion of the SID test areas, their wet- and dry-terrain characteristics,
and the procedures for collecting envirormmental data and conducting
seismic response tests (i.e. man-walking, drop-hammer, M151 whecled and
M577 tracked vehicles, ambient and induced noises). Also presented arc
experimental. detection distance data on the hand-emplaced minlaturized
SID (MINISID), and experimental data on the depth of penetration and
angle of impact of the air-delivered scismic intrusion detector/short
(ADSID/S).

This report also prescnts a theoretical system for modeling the
quantitalive effcets of the terrain on fID detection performance and
mcthods by which SID test results can be extravolated from one site con-
dition to another. This system has been lmplemented on ithe U. 3. Aumy
Engincer Waterways Experiment Station computer and involves (a) acquisi-
tion of terrain and seismic data for input to the model, (b) exercising
the model for each set of terrain factor data, and {c¢) portraying ihe
performance predictions for each set of terrain and seismic factco data.

A system of eguations is presented for determining soil penetra-
tion and deceleration of air-delivered SID's. The system employs a
series of computer routines that treat the soil as an elastic-plastic,
strain-hardening, and compressible medium. The inputs for the pene-
tration equations are ihe dynamic stress-sirain data obtained from
laboratory triaxial compression and uniaxial strain tests.

The hand-smplacement area was found to provide near-ideal terrain
conditions for performing engineering tests of hand-emplaced SID's.
Surface and subsurface terrain Cata of the area show mere variation
from site to site than between wet- and dry-season conditions. The
scilemic responscs mceasured at the 10 test sites within the hand-
emplacement area show some site-to-site variation, and this variation
should be considered in 3ID engincering testing; however, it is believed
that this variation can be accounted for analytically and, therefore,

t
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will noi necessarily result in any erratic or inconsistent results in
engineering tests performed on the hand-emplaced SID's. The variaticns
in seismic response parameters portrayed by airdrop areas 1 and 4-6,
measured in the dry season, generally indicate that the detcection per-
formance of air-implanted SID's can be cvaluated for a large range of ’
terrain conditions. The variation in these conditions allows the i
‘ testing of air-implanted SID's under varying stress conditions (i.e.

| high to low rigid-body deceleration values) and under a variety of soil
: strength conditions.

The theoretical detection prediction schame and/br concepts pro- -
vide an analytical framework for predicting SID performance for man-
walking targets in various world terrains. The scheme reguires specific
terrain and ceismic input data for execution, and as a result, four
typec of maps were prepared. These include (a) terrain factor complex
maps for subsurface layers 1 and 2 to provide inputs to the theoretical
seismic wave propagation model, (b) surface condition maps to be used
with the forcing function model under development, (¢) seismic response
factor complex maps to show the relative seismic response of the hand-
emplacement area, and (d) SID one-man walking detecticn performance
map. The predicted depths of penetration of the ADSlD/S compared.
reasonably well with the very limited experimental penctration data;
they show the depth of penetrations to be very dependent upon near-
surface moisture conditions.

Appendix A describves the operating principles of hund-empiaced
miniaturized SIL's and air-delivered SID's used in special tests to
yield dats for aiding in the evaluation of the techniques for predicting
SID performance. Appendix B describes the test sites and contains sup-
plementary refracticon seismic data. Appendix ( presents the eguations
; for predicting penetration depths and deceleration values for aly- -
. implanted SID's. Appendix D describes the computer models used teo pre-

dict SID uetection performance.
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EFFECTS OF TERRAMN ON THE PROPAGATION OF MICROSETSMIC
WAVES AND IMPLANTATION CHARACTERISTICE OF
ATR-DELIVERED SENSORS AT FORT HUACHUCA, ARIZONA
WET- AND DRY-SEASON CONDITTIONS

PART I: INTRODUCTT.N

Background

i 1. The U. 8. Army Electronics Proving Grdtnd (AEPG), Fort

i Huachuca, Arizona, has the responsibility for developing methodology and

conducting engineering tests for the U. S. Army Test and Evaluation Com-

mand (TECOM) for the purpose of evaluating seismic intrusion detection

S R R T o

p | ,

E ; ! svstems.
: ‘ 2, The development of a capability for testing the engineering

] adequacy and operational suitability of seismic intrusion detection de-

vices must necessarily rest on an understanding of the physical phenom- M

H

ena invclved in the delection process., Generally, a seismic intrusion

detector (SID) is intended to provide, at a miniwmum, the information

P R P

that something (hereafter referred to as a target) is mov ng across the

e e e N

terrain within some specified distance from the SID. It would, of

e i e

course, be far better if more information could be obtained, and thus

C eiforts have been made to design SID'c that will provide information on

Al o

target characteristics (i.e. will discriminate among types of targets),

target rate of movement, target directiocn, and target rarge.

3. The detection process alone (i.e, determination that there is

okt L e

I a target within a given area) is relatively complex, and with the addi-

tion of other types of information, the process becomes very complex

ETE Fon . X Nase i o

indeed. In view of this, it seems appropriate to provide 2 brief dis-

cussion of the detection process and of the physical phenomena involved

therein.

AR




Transfer of energy from
seismic source to substrate

4, The detection process consists of a sequence of interrelated

physical phencmena (fig. 1). The sequence starts with the target .
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SEISMIC WAVE PROPAGATION

Fig. 1. ©Signal generation and propagation of microseismic waves

Anything that moves on the surface of the ground applies a force to the
substrate. The thing may be a man, a vehicle, the pressure pulse of an
acoustic wave, an animal, or even trees being moved slightly by the wind.
If the force is raised to a level such that the substrate is stressed
enough to deform, even if only minutely, the energy is carried away f{rom
the point of deformation by seismic waves. The implications of the
statement that anything that applies a force to the subsirate of suffi-
ciept magnitude to stress and deform it will produce a seismic wave
train should be thoroughly understood. For example, wind blowing
throvgh trees and shrubs transmits forces down the stems and into the
substrate, and the deformations result in the generation of seismic

wave trains. Those waves are not gualitastively different Irom the ones

n

Lo




v NN Ao e, shce

produced by a moving tank. A passing train produces seismic signals;

so does traffic on highways. Factories produce seismic signals. In
fact, the active crust of the earth produces seismic wave trains
throughout the surface of the globe. No area on the planet is entirely
free of such extraneous weve trains, =nd those waves will inevitably be
sensed by military SID's, Just as will the waves from a military target.
The point is that if one is interested in detecting a specific type of
target "false alarms"” will always occur; the only point of issue is
thelr frequency.

5. The amplitude anéd, to some degree, the type of seismic wave
generated depends upon its stress history. For example, a walking man
applies a localized force at the point of each footfall, and that force
and the resultant substrate stress are charactérized by a particular
relationship between magnitude and time. That is, the force is not ap-
plied instantaneously; rather, it rises and falls sccording to a partic-
wlar pattern, ever though the entire time involved is only a fraction of
a second. This "force-time history" can vary remarkably. The major
variations can be classed as: (a) variations in the nature of the tar-
get itself, and (b) variations in the nature of the substrate (soil,

rock, pavement, snow, or any other material composing the medium on

which the target is moving).

6. Variations in the nature of the target are important because
they result in differing rates and magnitudes of force application to
the substrate. That is, they affect the force-time history by which

he availablc cncrgy Is epplied to the substrate. The major potential
variations are size of the mass and rate of force application.

T. Other things being equal, a large mass will result in greater
forces than a smell mass, and these will, of course, be reflected in
the force-time history. Thus, a large man tends to produce a force-time
history different from that of a small manj; this also is true for large
and small vehicles.

8. Again other things being equal, a force applied rapidly will

produce a force~time history different from that of the same force

applied slowly. Thus, a man placing his feet slowly and carefully on
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the ground will produce a force-time history significantly different
from that produced by the same man walking normally. Similar differ-
ences occur in the force-time histories of wvehicles. For exasmple, a
wheeled vehicle moving on a smocth, even surface applies force rela-
tively smoothly, without sharp discontinuities in force level. On the
other hand, the treck pads of a itracked vehicle strike the ground se-
quentially, and thus produce a force-time history consisting of a series
of high and low force levels. Obviously, the rate at which those cycles
occur is & function of vehicle speed. This situation becomes even nore
complex if the surface over which the vehicle is moving iz irregu'ar,
since in this instance the dynamjc response of the vehicle, regarciess
of whether it 1s wheeled or tracked, will result in maxima and minima in
the force applied to the substrate.

9. Veariations in the nature of the substrate may also affect the
force-time tistery, since that history is a record of the xelation be-
tween force nand time as measured at a specific point. If the surface is
soft and spongy, the thing applying the force (i.e. an infantiyman's
foot, the track pad of a tank, etc.) requires a longer time between ini-
tial contact and achievement of maximum Iorce level than would be the
case on a firm, hard surface. Thus, the force-time histories of the two
gituations will not be identical, even though ne intrinsic changes in
the character of the target are present. One implication of this is
that the force-time history of a man walking in a sod-covered area will
be different from that of the same man walking at the ssme pace in an
areu o bare ground.

10, The force applied to the ground surface creates a set of
stresses in the substrate material, and if the stress level is high
enough, measurable deformation occurs., The energy of deformation is
then carried away from the point of deformation by seismic waves., Thus
it follows that the stress-time history and the characteristics of the
substrate materials control the nature and magnitude of the seismic

waves.

11. There are three major seismic wave modes, all of which move

radially outward from & point of substrste deformation (i.e. the point




at which stress is applied): (a) compression waves (P-waves), in which
the principal particle motion is along a radial; (b) shear waves (S-
waves), in which the principal particle motion is at right angles to a

radial; and (c) surface waves (Rayleigh weves), in which the principal

‘particle motion is elliptical, with the planc of motion chiefly perpen-

dicular to the surface of the propagating medium and the major axis of
the ellipse usually subparallel to the surface. Compression waves move
in all directions, so that the advancing wave front is approximately a
hemisphere. Shear waves also move in all directions, so that the ad-
vancing wave front is also gpproximately a hemisphere. However, they do
not necessarily move at the same velocity as the P-wave, even in the
same material. Unlike P-waves and S-waves, Rayleigh waves move only at
shallow depths and parallel to the swrface, so that at a point a few
meters from the target, the advancing wave front is cyliindrical, with
the vertical axis of the cylinder at the target. For all practical pur-
poses, Rayleigh waves (assuming very low amplitudes such as are of in-
terest in SID utilization and design) affect a substrate zone equal to
about one~half wavelength. Amplitudes of Rayleigh waves are at a maxi-
mum at the surface and decrease progressively with depth. The propaga-
tion velocities are not the same as those of either P-waves or the
S~waves.

12, Generally, both P-waves and S-waves are diffracted in the
direction of greater substrate densities, and since nearly all natural
es incycasc in density with depth, these waves tend to diffract
downward. The result is that they appear to attenuate very rapidly at
the surface. They may, however, reflect from a subsurface discontinuity
and reappear at the surface at some distance from the target. Thus
there mey be zones in which the P-waves and S-waves cannot be detected
at the surface. Conversely, the Rayleigh wave propagates only along the
surface; thus there can be no discontinuities in the area over which the
signal can be detected. This, and the fact that about two-thirds of the
energy at the source is carried away in the Rayleigh wave, is the prin-
cipal reason for choosing the Rayleigh wave as the mode upon which to

base SID designs.
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13. All seismic waves are affected by the nature of the materials
through which they propagate, However, since the Rayleigh wave is the
principal mode of iuterest, the following discussion will be restricted
1o matters of conceran to Rayleigh wave propagation.

14, The "ijdeal" situation for the propagation of Rayleigh waves
would consist of a completely homogeneous elastic half-space. Anything
that departs from these ideal conditions serves to attenuate the wave
form more rapidly than would be the case by purely geometric sttenuation
(i.e. the attenuation resulting from the same amount of energy being ap-
plied over a longer wave front as the wave moves outward away from the
source). There are several basic types of nonhomogeneities commonly
found in nature. The dramatic effects of nonhomogenelities on wave prop-
agaticn stem primarily from the fact that each type of material tends to
act as a specific medium for a specific suite of wave frequencies. Thav
is, a specific type of material tends to propagate certain frequencies
more et'ticiently than others. The result is thst substrate materials
act as selective filters. For example, most targets generate a seismic
wave train (or signal) consisting of a complex of frequencies (or wave-
lengths) renging from very low (i.e. very long waves) to very high (i.e.
very short waves). Generally, the signal contains a broad spectrum of
frequencies as it emerges from the source. However, as the wave train
roves radially away from the source, two things happen to it. First,
since each frequency tends to propagate at a s ightly different speed,
the wave train tends to separate into sections, each having a characier-
istic frequency. This effect is wusually not obvious, since the process
rarely has time to produce complete fregquency separation before the wave
train dies completely away.

15. ©Second, some frequencies are propagated efficiently over
rather long distances and others die out guickly. The effect of this
phenomenon is to filter out some of the original frequencies, leaving
8 signal characterized only by those frequencies that are efficiently
propagated. In practical terms, the implication is that, in some ter-
rains and at long detection distances, all targets tend to be charscter-

ized by wave trains exhibiting the same frequencies. It is obvious that
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in such situations, virtually all targets will look the same insofar as

-
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the frequency composition of their signatures is concerned.

16. There are several basic types of variations in substrate
characteristics, each of which interacts with the seismic wave trains
in specific ways. One such btasic type is stratification. DNearly all
substrates are stratified to scme degree, and many are divided very
sharply into distinct layers. For example, most agricultural areas are
characterized by soils having a minimum of three more-or-less disilinct

strata; (a) a disturbed layer, down to plow deptl, consisting of rela-

tively low-density materials; (b} a layer in which the parent material

is only partially modified by soill-forming processes; and (e) a layer
consisting of the original parent material, which is o¢often rock. Each
such layer tends to be characterized bv somewhat different propagation
characteristics, with the result that the seismic waves itry to propagate
independently through each. The interference thal occurs at the inter-
faces absorbs energy, and the wave as a whole therefore tends to atten-
ugte rapidly. Many other conditions of ctratification alse cccur; the
hand of man is not required to produce them.

17. It should be noted that stratification is not a constant with
respect to time. The most common cause of a change in stratification is
a change in moisture content, The presence of water in a soil affects
the overall density, the intraparticle adhesion, and in some cases even
particle orientation, all of which change the elasticity and/or viscos-
ity of the sojl, and therefore the wave propagation characteristics.

The effects of moisture are often dramatic. For example, the deep,
nearly homogeneous, silty sand soils that occur along the Guli Coast of
the United States scem superficially to approach the ideal as a propaga-
tion medium and, indeed, do approach the ideal during periods when mois-
ture content is uniform throughout the soil mass. However, during and
for a short period after rain, the near-surface soil stratum is near
saturation, whereas the soil at depth has a much lower amount of con-

tained water, The result is an effective, if temporary, stratification

that may result in a more rapid attenuation of the seismic wave than

would normally be the 'case. 1In piractical terms, this means that the
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effective detection range of a SID might be significantly reduced duriag
the period of stratification. Somewhat similar situations can occur and
persist for longer periods; for example, detection distances in some
Tropical situations are characteristically less during the wet season
than during the dry.

18. A change in stratification of the kind described above may
alsc result in a change in the frequency characteristics of the signal
as a function of time. The reason for this is that a wet soil may not
efficiently propagate the same frequencies as the seme soil in a dry
state. The practical effect of this phenomenon (see paragraphs 14 and
15) is that the signals arriving from the same target at the same dis-
tance may be different in wet and dry seasons.

19. A second vasic type of variation in substraie characteris-
tics is facies changes. Nearly all substrates chapnge laterally to some
extent, and in many geographic situations such changes occur abruptly‘
and within short distances. This phenomenon may have important effects
on seismic wave propagation if an interface cccurs between the target
and the SID. For example, consider a situation in which the first half
¢f the propagation medium consists of a material that efficiently propa-
gates low-frequency waves, bubt guickly attienuates high-freguency waves,
and the second half consists of a material that efficiently transmits
high-frequency waves, but not low-freguency waves. The signal leaves
the target with a normal spectral composition of both high and low fre-
guencies. During the first half of the path, &ll ©
cies are aftenuated and lost, so that only low freguencies remain as the
- s8ignal c¢rosses the interface betwcen material types. Since the second
type will efficiently transmit only high frequencies, the low frequen-

cies will be quickly attenuated and lost, leaving nothing. The preac-
tical implication of this is that a seismic wave train may be eliminated

in a distance less than wculd be the effective detection distance if the

entire propagation path were in either one of the substrate types.
20. Nonhomogeneities in the soil mass are a third basic type of
variaticn in substrate characteristics. Many substrate materials con-

sist of particles that are both small with respect to the size (i.e.
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wavelength) of the seiuamic wuves that propegets through the substrate
and alsc materials with particles roughly equal to the size of the prop-
sgating wave, On the other hand, many soils consist of aggregstes of
different materials, some of which contain relatively large-size parti-
cles such as boulders in sand. The effect is somewhat like plums in a
pudding. In addition to the size disparity, there are many situations
in which the "plums'" exhibit elastic and/or viscous properties markedly
differenv from those of the matrix material.

21. ©Such internal nonhomogeneities may arise from a number of
causes. For example, the widespread boulder-clays of the northeastern
United States are materials in which the matrix is basically silty clay,
and the plums are cobbles and boulders of solid rock. In forested
areas, the nonhomogeneity may be caused by the roots of trees. In warid
and subarid climates, discontinuous masses of caliche (a form of celcium
carbonate) may form in the soil. In the Arctic the plums may be ice
wedges buried in the soil,

22. Generally, substrate meterials exhibiting this type of non-~
homogeneity attenuate all seismic waves much more repidly than a homoge-
neous material of comparable elastic and viscous properties. However,
the effect is usually more dramatic on high frequencies than on low.

The reasons are to be found in the frequency-dependence of propagation
efficiencies (paragraph 14). For example, consider a material such as a
fine sand with large rocks in which the matrix etfficiently propagates
low frequencies. A broad-spectrum signal propagating through such g me-
terial will be rapidly attenuated because of a complex of phenomena:

The highk-freguency components are guickly filtered out because of the
properties of the matrix, the low frequencies are attenuated btecause the
basic wave forms are distorted as they pass around the plumg, and so on.

23. Yet another basic type of variation occurs as changes in sur-
face geometry. Very few terrains exhibit perfectly planar surfaces,
which is the ideal situation for the propagation of Kasyleigh waves. In-
stead, nearly all are irregular to some degree., Generally, the more ir-
regular the topographic surface, the less efficient is the propagation

of the Rayleigh wave., There is, however, one important proviso; namely,
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that the irregularities be large enough to significantly'interfere with
the wave form, but not so large thal one or more wave forms can be ac-
commodated on the feature. Since the wavelengths that are of primary
interest 1rom the point of view of UID design and utilization vary in
length from about 2 to 50 m,* it is obvious that surface geometry fea-
ture size is also frequency-dependent. That is, a feature (such\gs a
ditch) that is a meter acrcss may well interfere significantly with the
propagation of a high-frequency wave (i.e. a wave having a length of
only a few meters); whereas it might not interfere significantly with a
low-frequency wave (i.e. a wave having a length of tens of meters). The
converse is also possible; that is, a high-frequency wave may not be
significantly affected by a feature tens of meters across, because sev-

eral complete wave forms of the high-fregquency wave can be accommodated
on it.

Transfer of seismic
energy from substrate to SID

24, The previous paragraphs have dealt with the transfer of
energy from a seismic source to the substrate and the propagation of
seismic waves within the subsftrate. The following paragraphs present
a brief discussion of the phenomena deasling with the transfer of seismic
energy from the vibrating medium (i.e. substrate) to the SID.

25. As the propagating secismic wave passes the geophone of the
SID, the geophone is carried along by the motion of the substrate par-
ticles, if the geophone is properly placed in contact with the ground,
and if certain other conditions are met. In the case c¢f hand-emplaced
SID's, the various conditions are relatively easy to meet, but this is
not necessarily the case with air-delivered or artillery-delivered de-
vicegs. There are three major conditions that can affect SID perfor-
mance: {a) depth of penetration (or emplacement), (b) geophone alti-
tude, and (c) coupling of the geophone with the substrate material.

26, In the context of peretration depth, it must be recalled that

¥ A table of factors for converting metric units of measurement to

British units and British units of meacurement to metric units is
presented on page xi.
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the particle motion produced by a Rayleigh wave is at a maximum at the
surface, and that the amplitude decreases as a tunction of the ratio
depth/wavelength of the substrate material and becomes effectively un-
detectable at a ratio of 1.2 in almost all substrate materials.l The
practical effect of this characteristic of the wave mode is that maximum
detection distance (or range) is achieved when the geophone is at or
very close to the surface. Thus, if a geophone is emplaced at a depth
of 1 m, it may not detect a terget that is readily detected by a geo-
phone placed at the surface, because the amplitude of the particle mo-
tion at that depth will be somewhat lower. This effect becomes more and
more pronounced with depth, even in nonstratified substrates.

27. If the substrate is strongly stratified, the effect may be
even more pronounced. This situation can occur if the second layer has
propagation characteristics markedly different from those of the surface
layer. In this situation, it is common to find that very little of the
available energy 1s coupled into the second layer, and therefore the
particle motion is very small. Thus, a geophone emplaced in the second
layer may be scarcely affected by a wave passing sbove it and which is
propagating almost entirely in the surface layer,

28. From these considerations, it is evident that depth of pene-
tration of the geophone is critical. If it is placed too deep, the geo-

phone may be telow the zone in which active particle motion is taking

Place,

wanwlars a1l

29. All existing SiD's, and nearly all ihose presently in design

stages, utilize geophones that operate at maximum efficiency when the
axis of the geophone is parallel to the pull of gravity. The point is
that the geophone should be vertical with respect to sea surface,

not vertical with respect to the substrate surface (except when ses
level surface and .he substrate surfaces are parallel)}. The geophones
become less efficient with increasing angles of inclination, and most
become completely inoperative at arngles from the vertical of between

45 and 60 deg, depending upon type. The practical effect of this phe-
nomenon is that two SID's placed virtually side by side will not neces-

sarily detect the same target. If one geophone is vertical and the
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other is at some angle, the vertical geophone will characteristically
achieve greater detection ranges than the one emplaced alL an asngle. It
is also apparent that the probable detection range of an air- or
artillery-delivered SID cannot be reliably estimated unless the attitude
of the SID geopnone is known,

30. In order for the particle motion produced by the wave to be
sensed by the geophone, the case of the geophone must move as if it were
8 substrate particle., Generally, this can only be achieved if the geo-
phone is in intimate and solid contact with the substrate. If it is
not, only a fraction of the real particle motion may be transferred to
the geophone, with the resull that the geophone will record the passing
of a wave having an apparent amplitude of much less than that of the
real wave. The practical effect of this phenomenon is, again, a reduc-
tion in the detection range.

31. Failure to achieve adequate coupling can arise from several
mechanisms. For example, the impact of an air-delivered SID may
"erater" the substrate, lesving only the very tip of the projectile em-
bedded in the ground. This limited surface contact may be inadequate to
transfer all of the motion from the substrate to the SID. The impact of
the SID may, in some soil types, cause the soll to surge away from the
projectile body, resulting in a tubular cavity. The walls of the cavity
may break and collapse into the space between the cavity wall and the
projectile, which results in a very loose material actually in contact
with the SID. The loose material may act as an energy-absorbing system,
effectively preventing any significant amount of seismic motion from
penetrating to the SID. The practical effect, of course, is to reduce
the effective detection range of the device.

32. Finally, the passing seismic wave produces appropriate motion
in the geophone, and the geophone then sends an electrical analog signal
to the SID logic, which the logic then processes in some way. The pre-
cise operation of the logic is of major importance in any attempt to
predict detection range. One example may suffice.

33. Let it be assumed that a particular SID has a logic system

that will transmit a "detection" alarm only when a particular wave
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amplitude is exceeded four times within a H-sec period. Thus, in ef-
fect, the logic "listens" for a particular wave amplitude. When it
“hears" it, il stores the memory away for Tuture reference, and con-
tinucs to store away similsr memories for a veriod of 5 sec. It then
adds the memories, and if the total is four or more, it transmits an
alarm.

34, DNow let it be assumed that the SID is in a place where there
is a cyclic background "noise" (i.e. a wave train generated by some sit-
vation in the ambient environment), which occurs in such a way that the
threshold amplitude of tiie SID is exceeded once every 2 sec, The 51D,
of course, hears the background noise signals, but since only two such
events occur in each 5-sec period, the 51D does not alarm. Now let it
be assumed thet an intruder approaches the position of the EID, At scme
voint, while the intiader is still some distance away, the SID will be-
gin to hear some of the intruder's footsteps. It will not hear them
all, at first, because of natural variations in the intruder's pace, be-
cause of slighl changes in the character of the surface, and so on.
However, the SID adds ihe record of those footsteps that it does hear to
the background noise events, and when the total exceeds four in a S-sec
period, the SID alarms. In this situation, the practical effect of the
background was to increase the apparent sensitivity of the SID, since it
achieved a detection at a distance that it would not have achieved had
there been no background seismic events.

35. Now let it be assumed that the same SID is emplaced in a re-
gion in which the Ptackground noise exceeds the threshold emplitude on a
random schedule, rather than on & regular cyclic schedule. Given this
situation, a number of things may occur. First, a chance concentration
of neise events may cause the S5ID to alarm in the complete absence of an
intruder. A different concentration may produce the same effect as that
described in paragraph 34 above, thus producing an abnormally long de-
tection distance. A still different random concentration of noise
events might also saturate the SID logic, in which case an intruder

could pass through the srea without detection, since the SID would be

alarming constantly; the signals added by the intruder could not be
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differentiated from those of the background noise. The point is that
the effects of background seismic events are not necessarily either con-
sistent or constant. At the extremes, they can produce what appears to
be abnormal sensitivity in a sensor, and they can prevent detection
entirely.

Scope of engineering tests

36. From the preceding discussion, it is apparent that any objec-
tive test of a SID should, if possible, asccount quantitatively for ail
of the potential variables that have been described. Only in this way
is it possible to achieve confidence thet the system is operating as in-
tended, and only in this way can its true performance characteristics be

established.
Objectives

37. The overall objective of the seismic and environmental study
reported herein was to improve procedures for conducting engineering
tests to evaluate various BID systems. The specific objectives were to:

&. Determine the significant terrain and/or seismic respcnse
factors required for interpreting the engireering test
results and extrapolating the results to other test
conditions.

Determine the variation (i.e. site to site and season to

io

eason) in the significant environmental and microseismic

©

»

T Ead vy N -
esponse factors measured at Fort Huachuea.

Develop and/or assemble field data collection procedures

e

for the acquisition of the significant terrain and seis-
mic response data.

d. Map the distributicon of the terrain and microseismic re-
sponse factors of the hand-emplacement test area consid-
ered significant to the engincering evaluation (i.e.
those factors related to the prediction of SID detection
range) of a typical Phase III SID system.

e. Examine WES analytical systems to determine their usetul-

ness in extrapolating SID test resuits.
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Determine theoretical estimates of the depth of penetra-
tion and deceleration for a typical air-delivered SID in
selected airdrop test areas under varying terrain condi-
tions {(i.e. under two different meisture conditions that
were assumed to be typicael of wet- and dry-terrain condi-

tions, respectively).

Approach

38. To provide a quantitative basis for making experiment design
decisions in regard to evaeluating SID systems, test areas were selected
(one area for hand-emplaced SID's and six areas for air-implanted SID's)

and special seismic and environmental field experiments were conducted

by WES personnel at Fort Huachuca, Arizona, during August 1971 and March

1972, respectively. Deata obtained during these periods were assumed to
be representative of the respective wet- and dry-terrain conditions at
Fort Huachucs. Also, special tests with cir-implanted SID's were con-
ducted at Fort Huachuce by Combat Surveillance Electronic Warfare School
(CSEWS) personnel during August 1972 to provide experimental data on the
depth of penetration of SID's in the Fort Huachuca terrain.

Sensor detection performance

39. To provide a framework for studying the quantitative effects
of the terrain on SID detection performance, the detection problem was
divided into efforts to develop procedures or models to describe the
following phenomensa:

a. Tae transfer of energy from the target to the substrsate
material.

h. The propagation of the microselsmic waves within the
substrate materials.

¢, The transier of energy from the vibrating medium (sub-
strate) to a SID.

d. The rezsponse of the senscr logic to the vibrating medium,

These four facets of the seismic detection problem are related as shown

in fig. 2. Each facet was studied within the framework of theoretical

15
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mechanics; and, where possible, mathematical models that closely simu-
late the phenomena involved in each facet were formulated. The input
regquirements of the models define the data that must be measured cr in-
ferred to make a prediction.

40, The performance prediction procedures form the keystone for
extrapolating SID test results from one site condition to another. The
concept for extrapolation or comparison of SID performance in different
areas is shown graphically in fig. 3. The system involves (a) acquisi-
tion and maepping of the terrain data required by the various models,
(v) exercising the forcing function and wave propagation submodels for
each set of terrain factor data, and (c) portraying the performance pre-
diction for each set of terrain factor data.

Sensor air-implantation performance

41. The development of guantitative tools for predicting the per-
formance of air-implanted sensors has been restricted to studies of ailr-
delivered SID (ADSID/S) soil penetration and deceleration. The approsch
to the soil pcnctration problem employs a series ot computer routines
that treat the soil as an elastic-plastic, strain-hardening, compress-
ible medium. The dynamic stress-sirain data required as input to the
computer routines are obtained from laboratcry triaxial compression and
uniaxial strain tests.

Program structure
42. 1In practice, the entire research effort was divided into

three subprograms, and those subprograms are used as the basis for the
structure of this report. Thus, each subprogram is described in a part,
as follows:

a., Part II: Sensor Test Areas, Test Procedures, and Envi-
ronmentel Characterization. This includes a description
of the process of test area selection, the test program,
the data collection and processing methods employed, and
related matters.

Fart III: Analysis of Data. This includes an analysis

Ilo‘

of both environmental and seismic responss data, a dis-

cussion of seismic propagation models and their
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43,

utilization, a discussion of sensor implantation data and
models, and related matters.

c. Part IV: Mapping of Terrain and Seismic Response Factors
and SID Performance Values. This includes a discussion
of techniques developed for mapping terrain factors re-

lated to seismic sensor utilization, end related matters.
Definitions

Certain terms used in this report are defined as follows:

a., Coefficient of friction (u): The coefficient of friction

between the projectile (or sensor) and the soil,

dimensionless,

=

Compressibility parameter (pp/p): The ratio of the cur-

rent wet density (pp) of the substrate material to the
initial wet density {p) of the substrate material. Sym-
the compressibility pavameter, o /o = exp by
where e, is the vertical or axial strain.

¢. Compression wave velocity (VP): The speed of a compres-

sion (primary) wave through a medium. Compression waves
have thz greatest velocity of any elastic wave in the
same medium. The motion of the particles is parallel to

the direction of propagation. V is defined mathemat-

P
ically as
V. = >\+gr‘il/2
P 9
where
VP = compression wave velocity, LT-l
A = Lamés constant, L2
G = shear modulus, FL ™2
o0 = mass density or soil wet density divided by

gravitational constant, g, FL_hT2

d. Cone penetration resistance (CPR): The force, in kilo-

pascais, required to make a 30-deg right circular cone
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of 3.23 cme base (or projected area) penetrate a soil
mass. The CPR is commonly accepted as a dimensionless
index of the shear resistance of the soil. The CPR of
the surface soil and the average CFR of the O~ to WS-cm
layer are used in this report,

Drag coefficient (CD): The coefficient representing the

geometry of the frontal face of the projectile and the
frictional forces acting on the projectile duriug a pene-

tretion event, dimensionless.

‘Moisture (or water) content (W): The ratio of the weight

of water (ww) in a sample of soil to the dry weight of
solids (wq) in the sample, expressed as a percentage. It

can be written

z{sz

w

Peak particle velocity (PPV): The maximum positive am-

plitude of the time rate of change of a particle of the
medium with respect to a specified reference frame., The
particle velocity was measured in the time domain by the
geophones used in this study.

Peak summed particie velocity (PSPV): The peak or maxi-

mum value of SPV.

Rayleigh wave velocity (VR): The speed of a Rayleigh

wave (particle motion ie elliptically retrograde and par-
allel to the direction of propagation) along the free
surface of a medium; depends on Poisson's ratio (v) of
the wmedium. F¥or values of Poisson's ratio 0 < v < 0.5 ,
the Rayleigh wave velocity has the range 0.875Vg < VR

< 0.955VS , where VS = shear wave velocity, Lr-t

Root mean sguare (rms) velocity: The velocity corre-

sponding to the square rcoot of the sum of the squares of
the individual velocities (i.e. the particle velocity at

each frequency component) within the seismic wave.
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Shear wave velccity (VS): The speed of a shear wave

(particle motion of the medium is perpendicular to the
direction of propagaticn) through a medium. Mathemat-
ically, Vg = (6/6)1/2

Span: Absolute difference between the maximum positive
and maximum negative amplitudes {or velocitjes) within
the seismic wave.

Sum-frequency (f): The frequency at which the maximum

value of PSPV occurs on the SPV-versus-frequency
relations.

Summed particle velocity (SPV): The particle velocity

summed in the frequency domain over a T-Hz bandwidth.

The summation is accomplished by performing a Fourier
transform to thc analog particle velocity recording {time
domain) and converting it to the frequency domain.

Thickness of refraction soil layers (Tl and T_): The

thickness of layer 1 (Tl) is the vertical depth to the
interface between the surface and the next deeper layer
as dislinguished by their differing compression (primary )
wave velocities. The thickness of layer 2 (TE) is the
vertical depth from the bottom of the first layer, as de-
termined above, to the surface of the next layer. The
compression wave velocities of these two layers are de-
termined by techniques of refraction seismology. ‘he

above-defined layers often, but do not necessarily,

correspond to soil layers as defined in soil nec.anics

studies. Mathematically, the thickness of layer 1 is

1
where
Tl = thickness ¢f first refraction layer, m
Xl = distance from the seismic source to point at

which first change in compression wave veloc-
ity occurs, m
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VPl = compression wave velocity in first layer,
m/sec

VP2 = compression wave velocity in second layer,
n/sec

The thickness of layer 2 is determined by:

o]

T2 VP3 -V 4y
Tﬁ - .n_— T z
=l

2 T 6

Vez * Vo
where
T2 = thickness of the se:xond layer, m

X = distance from the seismic source to the point
at which second change in compression wave
velocity occurs, m

V..., = compression wave velocity in third layer,
m/sec

It should be noted that a subsurface layer will not be
detected if the substrate material is an infinite, homo-
geneous, isotrcpic, elustic medium,

Ultimate shear strength (ou): The maximum or ultimate

shear stress of the substrate material. Mathematically,

o -0
& Y max  k
o, = X K
v3 cm
vhere
o = sxial stress, kg/cm

radia% stress (also confining pressure),
kg/cme

Q
i

Wet density (p): Wet unit weight; the totel weight (Wp)
of the wet soil (solids plus moisture) from a soil sample
per unit of total soil volume (VT) of the sample (volume
of soiids plus voids). Symbolically this is

wT £_

P =T »
v 3
T cm

Young's modulus of elasticity (E): Young's modulus is
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the stress-strain ratio in simple tension or compression.

Mathematically

. - d(ca - or)
de
where
d = differential
o, = axial stress, kg/cm2
0. = radial stress (also confining pressure),
kg/cm?

€, = axial strain, percent
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PART JI: SENSOR TEST AREAS, TEST FROCEDURES, AND
ENVIRCNMENTAL CHARACTERIZATION

Lh. This part of the report discusses the selection of the SID
test areas, their terrain characteristics and the procedures used in
collecting environmental date snd in conducting seismic response tests
(i.e. men-walking, drop~hammer, vehicle, and ambient or induced noise),
hand-emplaced miniaturized SID (MINISID) performence tests, and ADSID/S
air-implantation tests.

45, The field program consisted of (a) field reconnaissance and
site selection, (b) environmental data collection tc provide input to
the sensor detection and implantation performance models, (c) seismic
response tests to establish the selsmic response characteristics of the
various test sites at Fort Huachuca, and (d) data collection for verifi-
cation of the sensor detection and implantation performance models.

L6, The dete ccllected for ithe environmental characterization are
listed below.

a. Input requirements for detection perfeormance medel:
(1) Transfer of energy from source to substrate:
(a) Surface soil moisture content, percent
(b) Surface soil wet density, g/cm3
(c) Surface soil type (Unified Soil Classification
System, USCS)
(d) Surface soil strength (CPR), kPa
(e) Surface vegetation ground cover height, cmj; and
density of ground cover
(2) Propagztion of seismic waves:
(a) Thickness of refraction layer, cm (each layer)
(b) Compression wave velocity. m/sec (each layer)
{c) Shear wave velocity, m/sec (each layer)
(d) Soil wet density, g/cm3 (each layer)
{e) Surface terrain profiles, xyz coordinates
b. Ilnput requirements for sensor implentation performance

model:
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L8.

about T6 km north of the Mexican border. The reservation is on the

[o

The

o

|o

(1) Initial Young's modulus of elasticity (E), kg/cm2

(2) Ultimate shear strength (ou), kg/cm2

(3) Compressibility parameter (pp/p), dimensionless

(4) Soil wet density (p), g/cm3

(5) Coefficient of friction between the projectile and
the soil (p), dimensionless

(6) Drag coefficient (CD), dimensionless

Note: These data are determined from laboratory tests on

bulk samples obtained in the field.

Background meteorological data:

{1) Air temperature, deg Celsius

(2) Wind speed, m/sec

(3) Wind direction, deg

(4) Precipitation (rainfall, snowfall), cm

tests conducted for seismic responses are listed below.
Basic tests for model development:

(1) Man walking

(2) Drop hammer, or controlled source

(3) Vehicle

(4) Ambient or induced noise

Tests to verify prediction models:

(1) Semsor detection performance (MINISID tests)
(2) Sensor implantation performance (ADSID/S tests)

Location and Climate of Fort Huachuca Reservation

The Fort Huachuca Reservation is in Cochise County, Arizona,

The precipitation distributed by months is as follows.

northeast flank of the Huachuca Mountains and on the southern part of
the San Pedro River drainzge basin. The climate is mild and sunny and
the annual precipitation is about 36 cm (15-yr record, 1956-1970) of

which approximately 1.6 cm is the water equivalent of 16 cm of snow.

(For a detailed

summary of the meteorolcgical data at Fort Huachuca, see reference 2.3
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Precipitation Precipitation
Month cm Month cm
January 1.52 (0.17)* July 11.30
February 1.45 (0.48) August 9.22
March 1.45 (0.k1) September  h.1h
April 0.48 (0.07) October 1.70 (0.02)
May 0.18 November 1.24 (0.20)
June 1.02 December 2.62 (0.31)
Total 36.32 (1.6)

A,

*  Numbers in parentheses indicate snow.

49. The mean daily maximum temperature varies between 15 and 19 C
(Celsius) during the winter months (November-March) and between 23 and
32 C during the summer months (April-October); whereas the mean daily
minimum temperature varies between 1 and 8 C during the winter months

L~
11D »

3

and vetween 11 and 19 C during the summer mont he prevailing winds

[

during the months of September-May are in a southwesterly direction

(225 deg) and during the months of June-August are in a westerly direc-
tion (270-285 deg). The mecan wind speed during all months is approxi-
mately 3 to I m/sec, although peak wind gusts with speeds up to approxi-
mately 19 to 26 m/sec occur during all times of the year.

50. The field program was conducted at the following selected
arcas on the East Range of the Fort Huachuca Reservation and at the
Willcox Playa near Wiilcox, Arizona:

&. A hend-emplacement srea (trapezoidal-shaped with an area

o approximately 3 sq km).

b. Six airdrop (i.e. air-implantation) areas (rectangular-
shaped, each 100 m wide and 1200 m long). FPFive areas
were located on the Fort Huachuca East Range and one at
Willcox Playa.

Special airdrop area used by CIEWS for testing ADSIQ/S.

|0
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Test Aress

51. All test smreas were in Fort liuachuca's East Range (fig. 4),
except airdrop area 6, which was in a flat lake bed (Willcox Playa),
near Willecox, Arizona (fig. 5). The East Range covers approximately
117 sq km and lies, in general, on an alluvial spron along the northeast
flank of the Huachuca Mountains. WNear the eastern boundary of the
range, the alluviel apron merges into the floodplain of the San Pedro
River. The East Range is drained by intermittent streams (arroyos),
which flow either northerly to the Babocomari River or easterly to the
San Pedro River. Most of the arroyos are well incised, contain steep,
near-vertical banks, and vary in width from 1 t¢ 2 m to as much as
200 m,

52. The general terrain is relatively flat, except for the north-
east corner, which is flanked by hills some of which reach heights of
100 m above the surrounding terrain, The predominantly flat areas vary
between el 1230 and 1360.%¥ The soils are predominantly fine-to-coarse
sands (classified SC by the USCS) with a small mixture of silt and/or
clay. Gravels, cobbles, and boulders\up to 30 em in diameter are also
quite pfevalent within the substrate and usually ocecur within 25 ecm of
the surface, The upper banks of the arroyos normally contain greavels
and large stones embedded in the fine-to-coarse sends. Most of the
soils on the East Range are strongly calcareous, and hardpans of nodular
caliche are present. Caliche deposits were aiso noted in a few scattered
areas, but were normally found at depths greater than 1 m below the sur-
face. The caliche, in most cases, seems to develop as a thin, layered,
local deposit, '

$3. Vegetation at the East Range includes desert grass, mesguite,
creosote bush, acacia, and an unidentified bush (probably burrc bush).
Stands of yucca and a few cacti were also present, mostly on the 3lopis

of the arroyos, but were not very abundant (i.e. they were widely

* All elevstions (el) cited herein are in meters referred to meuan sea
level.
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Fig. 4. Aerial mosaic showing location of hand-emplacement and

airdrop test areas on the Euazt Range, Fort Huachuca, Arizona.

(For a larger print of this figure, see map 1 in pocket inside
back cover.)
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spaced). The vegetation in general was most dense in the bottoms and
along the upper banks of the arroyos. '

Hand-emplacement test area

54, The trapezoidesl-shaped area selected for con. -“ing te:ts
" with hand-emplaced SID's was in the south-southwest part of the East
Range (see fig. 4). The north boundary was 2880 m long, the east bound-
ary 2040 m, the south boundary 2970 m. and the west boundary 1680 m.
The geographical coordinates of the four corners of the area are as
follows:

NE corner: lat, 3103g'52" N
long. 110715'50" W

SE corner: lat. 31°3 53t N
long. 110°1k's59" W

NW corner: lat. 31°35'43" W
long. 110717'17" W

SW corner: lat. 3103h'55" N
long. 110716°38" W

5. This area was selected as being representative of most of the

physiographic, geologic, vegetation, and soils conditions found on the
Egst Rarge; it contained numerous homogeneous, relatively flat areas
suitable fur man-walking tests. Also, its anetwork of wnimproved roads
and trails provided gites for vehicle tests, and it wes sufficiently re-
moved from the high-activity (i.e. noise) areas. The east-west orienta-
tion of its long axis (sée fig. 4) afforded the use of the area for
testing with minimum dissection by drainage channels (arroyos).

Airdrop test areas

56. The airdrop areas were selected to provide a variety of soils
materials ranging in penetration difficulty from relatively easy to ex-
tremely difficult. The areas were tentalively selected on the basis of
"aV&ilable published data, topographic and geologic maps, and by a ste-
}eoscopic esamination of +the air photos, whereby photo patterns were
isolated on the basis of their tone, texture, and geometry. The final
seleciion of the airdrop aress was made gfter a detailed ground recon-
naicsance of the Eust Runge. The airdrop ares at Willcox Playa (see

tig. 5) was rear the center of the large pisya and was selecced to
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provide an easily penetrable, deep, near-homogeneous material for test-
ing air-implanted SID's.

57. Airdrop areas 1-6 werc rectangular in shape (each 100 m by
1200 m) and were positioned at the following geographical locations (cof
ordinates are in reference to the SE corner of each area).

8. Airdrop area 1: lat. 3103§'13” N
long. 110°16'40" W

b. Airdrop area 2: lat. 31°39'57" N

' long. 110°1k4'12" W

c. Airdrop area 3: lat. 3103g'36" N
long. 110718'15" W

d. Airdrop areg 4: lat. 31°37'57" N

long. 110°1k'10" W

e. Airdrop area 5: lat. 31°3§'19" N
long. 110°12'31" W

f. Airdrop area 6: 1lat. 32°09'4T" N
long. 110°51'06" W

58. A special airdrop area selected by CSEWS for conducting
drop tests with an ADSID/S had approximately the same dimensions as
the other airdrop areas. It was located at lat. 31035'27" N and
long. 110°13'36" W, The terrain description of the special airdrop area
and the results of the experimental tests with the ADSIS/S are included
herein for comparison with the other airdrop areas and for evaluating
the theoretical depth-of-penetration predictions presented herein.

59, Terrain conditions of the various ereas are discussed below:

a. Airdrop area 1, positioned at cl 4270 on the east side of

and pzrallel to an unimproved airstrip, had a general
slope of approximately 3 deg from south to north and very
few irregularities along the ground surface. The sub-
strate material varied from a lcoose sandy silt (classi-
fied SC by the USCS) to a reddish-brown clayey sand (SC),
except for the northernmost end (last 20 m). Here the
substrate materials consisted of a coarse sand with cali-
che nodules and considerable amornts of gravel, cobbles,

and rocks up to 10 to 15 cm in diameter.

L. Airdrop ares 2 was situated at el L435C on the west slope
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- of an igneous hill near the northeast corner of the East

Range (see fig. 4). This area was selected because it

i : represented the upper range of soil strengths that might
be encountered on the East Range. The ground surface
along the ares was very irregular and consisted of a
coarse gravelly sand with some cobbles and boulders up
to 50 cm in diameter. Patches of bedrock were exposed

within the area.

[o

Airdrop srea 3 was & rather large arroyo whose top width

was approximately 200 m and bottom width was approxi~
mately 150 m, The ground surface along the bed of the
arrocyo was relatively flat and was composed of s fine-to-

coarse sand with some mixture of silt and clay (SC to SM

by USCS). A small, but deeply entrenched, wash channel

| . (2 m wide and 5-7 m deep) was also in the main bed of

i the arroyo. This wash channel contained an assortment of
sand, gravel, pebbles, and a few small bc .lders. The bed
of the arroyo also contained a very dense stand of reeds

(a species of grass) 1 to 2 m in height.

e

Airdrop area 4 was on an alluvial plain of the San Pedro

River at el 4150 (fig. 4). The ground surface along the

center-line length was relatively flat (less than 2-deg
slope ), but along the southwest-northwest boundary it was
very irregulary as & result of numerous smell, well-

defined wash channels. The substrate materisl consisted

of a loose, gray, sandy silt with pebbles in the surface
layer (0-10 c¢m) and & firm, light-brown, sandy clay with
I various amounts of friable caliche down to & depth of 1 m.
i A-layer of caliche approximately 30 cm thick was encoun-
| tered at a depth of approximately 1 m near the southwest
corner of the area. The dominant vegetation consgisted vy;
of creosote bush approximately 1.5 m in height, with a |

few very widely spaced mesquite trees 2-3 m in height.

1

Alrdrop area 5 was also in an alluvial plaja of the
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“San Pedro River at el 4100-4150 (fig. 4). The topography
was slightly undulating as a result of small well-defined
wash channels that drain the area in the east-northeast
direction. The substrate materials in genersl consisted

‘of a sandy silt (SC) in the surface layer (0-10 cm) and a
very hard, compact, sandy silt with inclusions of pebbles
‘and caliche in the subsurface layer (10-120 cm). 4 layer
- of white caliche was also detected at a depth of approxi-

" mately 100 cm in the southeast part of the area. Vege-
tation covering the area was composed of a relatively
dense mixture of creosote bush (height 1-1.5 m) and
acacia (height 1-1.5 m).

f. Airdrop area 6 was in a rather large lske bed (Willcox

Playa) (see fig. 5). The topography was extremely flat

and very smoocth. The substrate material in the 0- to

20-cm layer was a compact, brown, silty clay (CL), and in
the 20- t¢ 150-m layer it was a homogeneous, blue-green
to black clay (CH). The playa contained no vegetation

and is inundated during certain periods of the year

(July-September).

g. Special CSEWS airdrop area was on an unimproved airstrip

located approximately 2 km west of the hand-emplacement

area (see fig. L) at el 4300, The substrate material
varied from sandy silt to clayey sand (SC) with small
emounts of gravel and small pebbles. The ground surface
was relatively smooth and contained & small grass cover

along the outer edges of the airstrip.

Seismic Response Testis

i fest site_selection

| 60. Within each sensor test area, one or more sites were selected
for conducting seismic response tests and collecting environmental data.
in the hand-emplacement area, 10 sites (sites 335-342, 348, and 349)

were selected for conducting man-walking and drop-hammer seismic
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response tests, and two sites (cross-country sites 34k and 345) were se-
lected for conducting vehicle seismic response tests., The locations of
all sites are shown on the aserial mosaic in fig. 6. Within each airdrop
test srea, except for the special CBEWS arca, one site was selected for
conducting man-walking and drop-hammer seismic response tests, All man-
walking and drop-hammer test sites were, in most cases, in areas portray-
ing the least ground surface irregularity within the general area,

Test site layout

61. Sites were prepared in a specified manner for the tests (drop-
hammer, man-walking, and moving-vehicle tests). For the drop~hammer and
man-walking tests, a reference line 110 m long was established by plac-
ing wood stakes at 5-m intervals. For the two vehicle cross-country
test sites, a reference line 1100 m long was established by placing wood
stakes at %0-m intervals., Typical site layouts are =hown in fig. 7.

Tegt procedures

£2. The seismic rcsponscs, or anglog signaturcs, recculting from a
walking man and a controlled source (drop-ha.mmer) were meagsured at each
test site. Also, the ambient background noise and any induced noises
that occurrad during testing were recorded. Special vehicle tests were
also conducted in the hand-emplacement area with two military vehicles
(M151 Jeep and MS577 Armored Command Post). The following paragraphs dis-
cuss the instrumentation used and the procedures for each type of test.

53, Instrumentation. The analog signatures resulting from a

walking man, a hammer drop, or a moving vehicle were measured with the
following scientific geophomes: a Mark Products Model L-4-3D (three-
dimensional geophone) positioned at sta O (see fig. T) and a Mark

Products L-lL-1D (one-dimensional, or vertic.l, geophone) positioned at

.sta -5 for the man-walking end drop-hammer tests, and an L-4-3D geophone

positioned at sta O for the vehicle tests. The natural frequency of the
geophones was 1 Hz., The L-U-3D geophone was emplaced by excavating a
hole gpproximately 30 cm in diameter and 22 cm deep and orienting the
three internal geophones as follows: The vertical geophone was normal

to the ground surface, the radial geophone was parallel to the reference

line, and the transverse geophone was perpendicular to the line. The
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Fig. 6. Location of test

sites, hand-emplacement test area
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’ Triaxis Geophone -
0m (Mark Products L-L-3D)
—— Vertical Geophone 0 m
~10 m (Mark Products IL-4-1D) '
-100 m
a&. Drop-hammer and man-walking b. Vehicle site layout
site layout (distance markers (aistance markers at
at 5-m intervals) 50-m intervals)
Fig. T. B8Site layouts for seismic response tests
materisl removed from the hole was then tightly packed around and slso
spread over the top of the geophone. The same emplacement procedure was
used for the L-4-1D geophone at sta -5, except that a hole approximately
20 cm in diemeter was excavated. Fig. 8 shows two geophones in place.
64, Ceismic analog signatures were recorded on anslog FM magnetic
tape and on & direct-print oscillograph (fig. 9), which were housed in
36
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Fig. 9. Battery-powered instrumentation used to obtain seismic
response data
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8 mobile, self-contained vehicle that wes normally positioned approxi-
mately 50-75 m from the site (or walk line). A wide-band-frequency
(2-300 Hz) battery-powered recording system was used to obtain
continuous high-quality data and an adequate dyﬁ%mic range. All instru-
ments used in the seismic tests were calibrated in accordance with the
National Bureau of Standards procedures, and no filtering of any type
was used. Seven channels were used to record the following:
' a. Four particle velocity measurements (one three-
dimensitmal geophone array st sta 0 and one vertical

geophone at sta -5).

b. One time code.
¢. One voice comment or remote acoustic data (microphone ).
d. One location of erergy source (position indicator).

65. Man-walking tests. In a man-walking test, a man walked at a

constant rate along Li.e prescribed 110-m path, starting from sta +100.
During the test, radio communication was maintained between the man and
the recorder for positioning each footstep (i.e. each foot encountcr
with the ground) along the line. Prior to the actual test, a practice
walk was made to establish a step of uniform length and rate.

66. Drop-hammer tests. A special drop-hammer apparatus (fig. 1C),

designed by U. S. Army Engineer Waterways Experiment Station (WES) was a
controlled energy source whose seismic response could be compared in am-
plitude and fregquency with that resulting from an average footstep. A
sample analog signature from the drop hammer is compared with that from

a footstep in fig. 11. The hammer, which consists of a 9.9-kg annular
weight with a Teflon sleeve, is connected by s metal guidepost to the
footing, which is a plywood base topped by two layers of O.2-cm-thick
hard rubber and two layers of 1.9-cm-thick soft foam rubber. In a drop-
hawmer test the hammer was dropped two times at each 5-m station along
the reference line siarting at sta O and continuing ocut to the distance at
which the seismic signal could not be detected over the system and ambient
noise level, Before the hammer was placed on the soil at each 5-m sta-~
tion, surface litter was removed, and the hammer was positioned so that

it would drop vertically and have uniform contact with the ground.
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"4, DROP-HAMMER SIGNATURES FOR FIVE DROPS

\
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b. FOOTSTEP SIGNATURE

NOTE: THESE RECORDS WERE OBTAINED FROM THE VERTICAL
GEOPHONE FOR THE 10-METER DISTANCE.

SCALE, TIME
10 :iO MSEC

| I S Y §

Fig. 11. Comparison of drop-hammer and footstep signatures
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67, Vehicle tests. Vehicle tests weore condurted in the hand-

euplscement ares with two vehicles (M151 and M57() in the same manner as
the man-walking tests., A vehicle was positioned st some arbitrary dis-
tance beyond sta +1000 so that it could attain a preselected speed upon
reaching sta +1000, Speeds of 8 and 32 km/hr were used, and two {ests

wvere conducted at each speed.

MINISID and ADSID/S Tests

MINISID tests

60. Man-walking tests were also conducted with four Phase IIT
MINISID's at earch of the seismic test sites to yield dats for aiding
in the evaluation of the technigques for predicting SID performance.
,(For a discussion of MINISID operating principles see Appendix A.)
The MINISID test procedures are discussed below.

€9. A small trench approximstely 5 cm wide, 10 cm long, and 5 cm
deep was excavated at sta O (fig. T) for emplacement of the four MINISID
geophones. Each geophone was placed in the trench by hand and forced

down until its spike was completely below the bottem of the small trench.

After the geophone was in place and as nearly vertical as possible (the
MINISID geophone senses the vertical component of the seismic wave),
slight pressure was applied to the side of the geophone to ensure that

it did not move and was in firm contact with the soil. Implacement of

the four MINISID's is shown in fig. 12. Once the geophones were

a. Geophones and detectors b. Geophone in trench i

Fig. 12. Emplacemant of MINISID geophones f
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emplaced, the material removed from the trench was tightly packed around
and loosely spread over the top of each of the geophoneg.

T0. The triggering of the MINISID's was monitored by using a por-
tatale that was positioned in the instrumentation van located approxi-
mately 50-T75 m from the walk line, The four MINISID's were set on the

following gains.

a. MINISID A: Low gain.
b. MINISID's B and C: Medium gain.
¢. MINISID D: High gain,

Tl., Individual walks were made for each of the four MINISID's.
For the first test (i.e..MINISID A, which was set on low gain) a man
walked from sta +100 down the 110-m line until an sctivation was indi-
cated on the portatale., At the point of activation the man was signaled,
by radio, to stop the walk and to determine his position (i . distance)
with reference to the MINISID. This distance was rec - 1 . the dglec-

tion distance of the MIN{%ID. The man thewn walked back to sta +100, or

al least 15 m pack tfrop“the detection distance, pausz2d for approximately
30-45 sec, and then started walk-
‘(——ANTENNAAND ing down the line again. Walk
END PLUG
tests were conducted until the
] MINISID's had triggered several

RADIAL () OF 4) -
‘ respectively.

SRS 5
_,/”]  TAILFLATE
///’///’ 72. Airdrop tests were con-

\\\\\\ﬁxﬁ\hk ducted by personnel of CSEWS at

Fort Huachuca during August 1372

l GROUND FILANE times for each gain setting,

with a dummy (i.e., not instru-
mented) Phase I1I ADSID/S, MA-3T,

/ FIN ASSEMBLY —

at the special airdrop area (unim-

CAsE
proved airstrip) descrided above.
NOSE TIP ——y Fig. 13 is a drawing of the
ADSID/S. The results of these ex-
Fig. 13. ADSID/S sensor perimental tests have been

i
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included herein te¢ aic ic the evaluatioh of the techniques for predict-
ing the penetration performance (i.e. deptbhs of penetration) of the
ADSID/S's. These tests are discussed below. ' '

T3. There were 120 ADSID/S's delivered from a fixed-wing sircraft

by dropping three sensors on each of several passes over a marked target

_area. The drop interval for the three sensors was regulated by an in-

tervalometer mechanism and normally resulted in a ground impact spacing
of 100-150 m. After each completed aircraft 1lyby, a COEWS field teanm
éssisted‘by one man from WES visited the impact ares to determine esth
sensor's depth of penetration (i.e. penetration depth measured along the
longitudinal axis of the impact trajectory), angle of impact with re-
spect to the vertical, and data on the terrain conditions (i.e. moisture
content, density, cone penetrstion resistance). In addition, the AEPG
provided a team to take high-speed photegraphs for the determination of
the neay-surface impact velocities for 11 of the sensorlﬁests‘(tests S,

'

9, 11, 12, 34, 36, 75, 76, =znd 78-8C).

Axrbient~ and Induced--Noise Tests

T4, The seismic motion resulting from both the smbient or natural
noise and any induced noises created by aircraft (fixed- and rotary-
wing), vehicles traveling along roads near the areas, wind gusts, rain,
Ietc., were recorded at each test site. Approximately 60 sec of data were
crecorded at each site as follows: The ambient seismic moticn was mea-
sured at a time when members of the test team were quiet and motionless
and normully before the start of a drop~hammer test; in the case of in-
duced noises, the seismic motions were measured as they occurred during

testing.

Environmental Characterizatlion

T5. To obtain informstion that allows the EID test results to be
eveluated within & rigerous theoretical framework, specific environmen-

tal data are required. ¥For convenience, the environmentel data

13

b b AR

T
el

S e
DATNLR T PR

TR e PR DR P 3.

o £

S Sl o




it

collected can te considered in support of: {a) the seismic response
tests and/or the prediction of sensor detection performence, and (b)

‘sensor implantation performsnce. The data regquirements for each cate-

‘gory are listed in paragraphs 46a and b.

76. 1In general, the terrain factors required (except soil type,

Atterberg limits, and soil particle sizes) sre sensitive in varying de-

grees to changes in moisture content and temperature. For this reason

“the field dete collection program was conducted under conditions gssumed

to be representative of wet- and dry-season conditions. It was recog-
nized that the probabiiity of sampling the extreme ranges of moisture
content during only one sample period each within the dry and wet sea-
-sons was very remcte. Thererore, it was decided that meteorological
data from which soil moisture content cen be derived should be collected
at specific lecations for at least a complete yearly cycle. The meteo-
rological data collected are compatible with the WES computer modei3 ror

~

predieting sooil moisture in the 0- to 15+ and 15- 4o 30-cm layers and

include:
a. Air temperature, deg C.
b. Wind speed, m/sec.
¢. Vind direction, deg.
d. Precipitation (rainfall, sncwfall), cm.

T7. The meteorological data were measured by AREPG personnel at
three locations within the East Range (see fig. 4), and were recorded
continuously during the period July 1971 to the time of this study. The
data were recorded on paper strip charts and, therefore, must be maau-~
ally extracted and put in a computer-compatible format before goil mois~-
ture data can be oblained. This work is not within the scope of this
study; however, dats were extracted from the records and tabulated fer
the times of the seismic respouse tests for each of the sites and zre
included in table 1.,

78. As stated above, the meteorological data were obtain=d to
provide a means for estimating the renge of scil moisture contents af
the linst Range SIiD test sites, A secondary, but importsnt, use ot the

meteorolegical data is the interpretation of causes for high smbient

Ly
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seismic noise caused by meteorological phenomena. For example, as
stated in paragraphs L4 and T4, wind blowing against vegetation can cause
considerable seismic noise, and for this reason, a cursory description
of vegetation was made in the field program. The vegetation factors for

which data have been obtained include:

a. Tree type (species).

b. Stem base diameter(s), cm; and number of stem components
per plant assemblage.

¢. Tree Leight, cm,

d. Average tree spacing, cm.

e. Tree crown characteristics (diameter and depth), cm.

f. Depth, cm; and density of ground cover.

Data collection procedures (sensor
detection performence reguirements )

79. Soil moisture-density and USCS classification. In support

of seismic response testing, soill samples for describing the substrate
were ohtained by digging a pit to & depth of 1 m near sta +5 at sites
335-342, 347-349, and 410-413. Also, for three sites (sites 336, 338,
and 340) a hole approximately 10 cm in diameter was hand-augered to a
depth of 3 m, Compaci soil prevented sampling beyond the l-m depth at
the other sites. Soil samples from which moisture content and wet den-

sity were determined were obtalned at the surface and at depths of

N
v
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g : , aind in
tional depths of 159, 200, and 300 cm, respectively. Bulk samples were
taken at varicus depths (as specified by the field geologist) to obtain
USCS classification for eac) identifisble soil layer., Soil moisture
content, density, and classification data for the wet and dry seasons
for the surface layer and layers 1 and 2 of the various sites (335-3k2,
347-349, and 410-413) are listed in table 2. A comparison of the mois-
ture data for the wet and dry seasons is given in table 3. The surface
soil plasticity and liquid limit data (Atterberg limits) for the sites
within the hand-emplacement test erea are compared in fig. 1k.

80. CPR measurements. Cone penetrometer readings (& measure of

soil strength) were obtuined at each site, at six stations (0, +10, +20,

45
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Fig. 1h. Surface soil plasticity and liguid limit data for
10 sites within the hand-emplacement test area

+30, +40, and +50) along the line at the surface and at 2.5-cm incre-
ments to a depth of 15 cm, and then at 7.5-cm increments to a depth of
45 cm (when possible). The cone penetrometer data for the wet and dry
seuasons for all sites except the CSEWS airdrop area are given in
tables 2 and 4. The CPR data for the CSEWS area for each sensor's loca-
tion sre given in table 5.

81. Compression wave velocity and thickness of layers. To cbtain

a neasure of the compression wave velocity and thickness of the refrac-
tion layers, a refraction seismic survey was conducted at the various
sites with the WES modified Geo-Space Corporation GT-2B, 1l2-channel
portable seismograph (fig. 15). The refraction survey consisted of em-
placing 11 geophones at specified intervals (3 m for the dry season and
5 m for the wet season) between two stations (0 and +30, and O and +50)
and recording the arrival times of the 1njtial s=ismic impulse at each
respective geophone, The selsmic signal was generated by a hammer blow
at each end of the refraction line (i.e. sta 0 and +30, or sta O and

+50). Refraction data (compression wave velocities and thicknesses of

L6
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5 Instrumentation uvsed in seismic refraction tests

layers) for the wet- and dry-season conditions are summarized for the

surface and first and second refraction layers in table 2. The refrac-

tion data portrayed in a time-versus~distance format for the sites are

included in Appendix B, figs. B12-B39.
82. Shear wave velocity. For this study the surface shear wave

velocity was considered equal to the measured surface (Rayleigh)} wave

velocity (see paragraph 43i). The shear wave velocity was determined by

comparing similar distinct wave forms from the time-displacement refrac-
tion records of six successive geophones. The shear wave velocity was

calculated by dividing the distance (3 m) between successive geophones

by the time lag between similar wave shapes. The depth at which this

calculated velocity upplies was computed as one-nalf the wavelength of
the wave used in determining the shear wave velocity. (The wavelength
is the wave period multiplied by the wave velocity.) By using several
successive geophones, varicus depths and their corresponding velocities
were determined. From thess data the shear wave velocity for various
selected depths, such as the first-layer refraction depth (or
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thickness), was computed. The shear wave velocity data for the various
sites are contained in table 2.

83. Topography. Ground surface configuration data were obtained
by surveying s detailed profile along each 110-m drop-hammer and man-
walking test site and each 1100-m vehicle test site. Since the drop-
hammer and man-walking sites selected were in relatively flat terrain,
there were very few terrain surface changes along the 110-m line. In
the cross—country vehicle test sites (sites 343 and 344), a few minor
elevation changes occurred along the 1100-m lines, but these changes
were nct abrupt; therefore, the effect on the seismic response would
probably be quite small. The surface configuration data for the drop-
hammer and man-walking sites and the vehicle sites have not been in-~
cluded in this report.

84. Vegetation, The vegetation surrounding each man-walking and
drop-hammer site was described by determining the plant type (species),
stem base diameters, heights, spacing, number of stews per plaul, and
crown charactericstics (diameter aud depth) of the dominant asnd codomi-
nant plants in the population, and determining the amount of grass or
other low-growing plants that occupicd the site. Also, the height of
ground cover along the 110-m line was measured and recorded. The vege-
tation data describing the various sites are listed in table 6. General
terrain descriptions of the various sites are given in paragrapns 2-13,
Appendix B.

Data collection procedures
(sensor-implantation requirements)

85. 1In support of providing input data for the theoreticsal equa-
tions that predict th: depth of penetration of air-delivered SID's,
special soil samples were obtalned at depths of 30, 90, and 120 cm from
two locations within each of airdrop areas 1, 4, and 5, respectively.
The locations of the soll pits in each of the three areas are shown in
fig. 16. The equations used to predict the depths of penetration are
described in Appendix C, The input requirements for the sensor-
jimplantation equations are listed in paragrajh 46b.

86. UData on E , 9y > pp/p , W, end CD were oblained from
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Fig. 16, Locations of soil pits, ajrdrop areas 1, 4, and 5
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the results of special uniaxisl strain and triaxial compression testis.
These special laboratory tests were performed on a goil sample from the
30-m depth at each site, at two mcisture contents believed to be repre-
sentative of the wet and dry condilions at the site. The laboratory
tests (unisxial and triaxial) and date reduction procedures are docu-
mented in detail in references 4-8, The results of the laboratory tests
are briefly discussed below.

87. The uniaxial strain tests were conducted by rapidly loading s
laterglly constrained soil sample and measuring its axial strain-time
response. The results from a typical fest are shown in fig. 17 and con-
sist of stress-tinme, strain-time, and stress—strain relations.

88. The triaxial tests were conducted by rapidly loading a con-
fined (confining pressures from O to approximately 68,950 kPa, or
10,000 psi) soil sample to failure (i.e. failure in 15-40 msec). The
results from a typical test, shown in figs. 18-20, consist of (é) rela-
tions of deviator stress (i.e. vertical stress-radial stress) versus
axial strain (fig. 18), (b) relations of mean normal stress to maximum
stress difference (fig. 19), and (c) relations of shear to normal stress
(fig. 20). The input parameters for the penetration equations were de-
rived from the laboratory test results as described below.

89. Initial Young's modulus of elasticity, E . This parameter

was obtained from the initial slope of the deviator stress-axial strain
relation as shown in the example in fig. 18. Mathematically, E equals
i1 the example the ave

samples is given.

90. Compressibility parameter, pp/p . The compressibility pa-

rameter was determined from the equation of continuity as follows:

o ,
L _
5 exp(e ) (1)
where
pp = current wet density of the substrate material
p = initial wet density of the substrate material
€, = vertical or axisl strain
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The experimental values of €, vere determined from the uniaxial

strain-stress strain data as shown in the example in fig. 17.

91. Ultimate shear strength. The ultimate shear strangth (Gv)

was computed by the equation

W

R (e

u
V3
where
o, F ultimate shear strength of soil
gy = axial stress used in the triaxial compression test
0. = radial stress or confining pressure used in tri-
axial compression test
(oa - or) = stress difference at failure
max
The maximum stress difference (Oa - Or) used in eq 2 was determined
L ol L e L = —_———— M P <1 ‘I.._.t.n}g'}-(.\;! < e 3 . h ¥l ml‘x;\ sy A Maa
Lol uile Jdyaadlile ylolud osullatte ao LidupLlavca 1il Llphe LT 411€ MEaNInUi

stress difference of the soil is assumed to be the maximum soil stress
that would be experienced by the substrate material and the ADSID/S dur-
ing a penetration event.

92. Drag coefficient. The drag coefficient was computed using

eq C2 (Appendix C), the ADSID/S dimension, and the computed coefficient

‘of friction (u) between the projectile and the soil. The coefficient u

was obtained as follows: The dynamic angle of internal friction of the
soil ¢ was determined from the Mohr diagram (i.e. shear stress versus
normal stress) shown in tig. 20, The relation shown in fig. 21 was then
entered using the relative amounts of sand and clay in the soll sample
as portrayed by the grain-size curve for the site and a value of §/¢
was determined for the dynamic case, where ¢ 1is the angle of friction
between the projectile and the soil. Since the angle of internal fric-
tion ¢ is known (fig. 20), 6 can be computed and the tangent of 6
is the coefficient of friction u . The values of p &and the ADSID/S
dimension in conjunction with eq €2 (Appendix C) were then used to com-

pute the dreg coefficient C for each airdrop area. The values of u

D
and the data used to obtain them are listed in table T.
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' PART IIX: ANALYSIS OF DATA

03. To reach the objectives identified in paragreph 37, the anal-
ysis of the datu was directed toward answering the following specific
questions,

What are the seismic response characteristics of the SID

Iy

test areas at Fort Huachuce? How do these characteris-
tics vary in time and space?

What environmental factors should be measured in support

(lea

of 3ID testing, i.ec. both sensor detection performance
and implantation performance, to provide a basis for the
intervretation of the resuits? What are the temporel and

spatial variations in terrain factors at Fort Huachuca?

{n

Do the airdrop test sites at Fort Huachuca provide test
i environments that will allow evaluation of ADSID/S im-
piantation over a wide range of soil conditions? What
are the impact stresses imposed on ADSID/3's at the Fort
Huachuca airdrop test areas?

What auialytical schemes can be used to extrapolate SID

| &

test results (both sensor detection performance and sen-
sor implantation performance) from cne set of terrain
{site) conditions to another?

94, This part of the report is directed toward the analysis of
the data on a site-to-site basis; wherecas Part IV addresses the mapping,

pmmad o
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sponse, and SID performance {detection distance) data.

Seismic Response Data

Selection of seismic
response descriptors

95. As »reviously stated, Lhe seismic response is the ground
motion resulting from the propagation of seismic waves generated by a
targel or some baclkground disturbance, The seismic waves generated by

various targets (drop hammer, walking man, moving vehicle, etc,.) used

56

" et = e o
#
)



TR

in this study vwere measured with scientific geophones and recorded in
analog format. OSince the analeg seismic signals vroved unwieldy for
site-to-site comparison and mapping, descriptors of the sjignal meaning-
ful to SID detection performance testing were selected for analysis.
These descriptors have been used in nearly all the seismic response
studies conducted at WES including those conducted for TECOM, i.e.
studies conducted for the Tropic Test Center and the Airborne Communica-

10-13 and at Fort

tion and Electronics Board in the Panama Canal Zone
Bragg, North Carolina.ll*’15 The descriptors selected for analysis are
PPV, PSPV, wnd f ; &ll are defined in paragraph 43,

96. As used herein, PPV is the maximum (peek) positive particle

velocity (or amplitude) that occurred in the seismic wave for each re-

- spective distance. PSPV (peak summed psrticle veloeity) can best be

described by the techniques used to obtain it. A fast Fourier computer
program was used to convert the digital date for each record from ihe
time domain to the frequency domain, resulting in a curve of particle
velocity versus frequency (f). A curve of summed particle velocity
(sPV) versus f was obiained by applying a simulabed T-Hz filter band

to the fast Fourier output data. The simulated filter used the equation

[Xg o * Xy g + X % X0 + X
SPV. = 7\ .
i 5

whers Xi is the particle velocity at a fregquency 1 , to average the
particle veloeity amplitudes occurring within the band and to determine
the total response that occurred within the band. This prcecess for ob-
teining PSPV is illustrated in fig. 22. The PSPV is the maximum value
(amplitude) of SPV that oceurs on the SPV-f curve. The frequency used
was that al which PSPV occurred; this is the frequency at which most of
the energy from the seismic wave is propagsted at a given distance from
tlie signal source.

97. In addition to FPV, PSPV, and f +two other seismic descrip-
tors, rms velocity (amplitude) and span were used. They are also de-

fined in paragraph 43.
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Reproducibility of seismic descriptors

98, A prerequisite to & meaningful comparison of the seismic
chiaracteristics of a specific site at different times, such as in wet
and dry seasons, or of the seismic responses of different sites is the
inherent variability in the signal generator, measurement snd reduction
equipment, and procedures used to obtsin the seismic aescriptors (i.e.
PPV, PSPV, and f ). The controlled source, or drop hammer, has been
used consistently as the signal generator for all TECOM seismic sensor
studies. The variability of the equipment and prccedures has been
studied for seliected sites in the Panama Canal Zone and at Fort Bragg
(paragraph 95).

99. The results ot the studies in Panamsa show that values of the
three seismic response parameters (i.e. PPV, PSFV, and f ), measured
at all distances tested (10, 20, 30, 40, and €60 m), could be reproduced
85 percent of the time within +10 percent of their mean values. The re-
sults of the drop-hammer reproducibility tests at Fort Bragg have been
sumnarized and are included in fig. 23. These results, especislly the
¥YPV and PSPV values, show a decrease in variation with distance. Yo il-
lustrate the percentage of variation in these data, the same three sites
(sites 381, ho2, and 493) were selected for determining the standard

deviation/mean (SD/m) values., These SD/m percentages are tabuleted

below.
Site 381 ___Site Lg2 Site 493
Distance PPV P3PV T PPV PSPV T PPV PSPV _f
10 11 10 0 29 26 6 6 8 26
20 1k 18 2 23 27 Y 11 6 6
30 1 26 7 7 8 5 b 17 24
Lo 6 10 11 11 10 2 13 1Lk 14
60 15 22 37 18 17 20

100. Tue variations in the Fort Lragg data are slightly grester
than those in the Panama data. In summary, it appears the data obtsined
with the drop hapmucr are reproducible within aboub 15 percent of the

mean, most of the time; therefore, the drop-hammer dats should provide =
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useful basis for comparing the seismic response of one site with thst of
another and also for comparing the seismic responses at the same site
under varying terrain conditions. Since the veriability in the seismic
response data is an important consideration in SID testing, at least

three repetitiong of each seismic measurement should be made in future

" seismic sensor studies.

Reduction of dry-season
seismic response data

101. Field~-data-collection programs were conducted in August 1971
(wet season) and March 1972 (dry season). Seismic response data result-
ing frow drop-hemmer, man-walking, and vehicle targets were obtained
during both periods. The data collected in the wet season are believed
to be in error as a result of an undetected instrumentsation calibration
problem and are not suitable for analysis; however, the wet-season drop-
hammer data were reduced and are presented in table 8. The values of
PPV and PSPV are consistently lower than expected and no further analy-
sis was performed.

102. From the dry-season seismic response data, typical records
for each site were gelected as feollows:

a. Drop hammer and man walking. Records at distances of

5, 10, 20, 30, 40, and 60 m from the energy source.
b, M15i vehicle. Records at distances of 50, 100, 150,
200, 250, 300, and 400 m from the energy source.

c. M57({ vehicle. Records at distances of 100, 200, 300,

400, aud 5060 m from the energy socurce.
d. Ampient and induced noise. One sample record
(0.682 sec).

133. The dry-season field-measured seismic response (analog sig-

nature) aata obtained from the man-walking, drop-hammer, vehicle, and
background- (ombient and induced) noise tests were converted to digital
form by computer at 1500 points per second. The digitised records wvere
then processed through a fast Fourier transform program to convert the
digital data from the time domain to the frequency domajin. FFV, PSPV,

f , and rms velocity were then computed and tabulated for the

61
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drop-hammer , men-walking, and vehicle energy sources (tables 8-10, re-
spectively). FPlots of SPV-f relations were derived for selected records
from the vehicle and background-noise tests. Thege data and their anal~—
yses are discussed in the following paragraphs.

Site~to-sgite variation in
dry-season seismic response data

10k. Graphs portraying the seismic response parameters PPV, PSPV,
and f as a function of distance from the energy sowrce are presented
in figs. 24-26, respectively. The relations are discussed below.

105. PPV-distance data. The PPV data (fig. 2h), in general, show

a fairly good correspondence among sites within the hand-emplacement
area (i.e. sites 335-342, 348, and 349). An exception to this trend is
the curve for site 342, which shows a very small peak amplitude of
0.01 x 1073
the airdrop areas (i.e. sites 347 and 410-413) show considerable data

cm/sec at a distance of 60 m. The curves for sites within

variation. The curve for Willcox Playa site (site 413) is a great
deal different from those for sites within the four other airdrov
areas.

106. PsSPv-distance data. The PSPV data (fig. 25) vary consider-

ably for distances less than approximately 40 m, and somewhat less for
distances of L0-60 m. Data for the 10 sites within the hend-emplacement
area and airdrop sites 410-412 show a fairly good correspcndence. The
Willcox Playa site (site 413) shows considerable variation from the
other sites and also shows very little attenuation in the seismic wave
between 5 and 60 m.

10T7. f-distance data. The sum-frequency data (rig. 26) portrayed

for the sites within the hand-emplacement area vary considerably (20-
50 Hz) at close distances, but are in relatively good agreement for
distances of 30 m and greater. Sumn-frequency data for airvdrop sites
L10-412 are not too much different from the data for the sites

within the hanrd-emplacement area; however, there 1s more variation for
certain frequencies (i.e. 30 and 40 Hz)}. The Willcox Playa site again
is quite different from the other sites and shows a low and constant

predominant sum frequency of T-9 Hz. 1In addition to the variation of
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sum-frequency data among the sites, there is also considersble variation

in sum-frequency data within each site, with the exception of site 413.

Variation in dry-
season ambientnnoige data

108, The seismic response resulting from ambient (background)
noise was recorded during normal working hours at each site as discussed
in paragraph T4. One sample record (0.682 sec) each was selected for
sites 335-337, 339, 341, 342, and 349 to study the range of varia-
tion in ambient noise found in the hand-emplecement test area. These
records were used to generate SPV-f relations (fig. 27) to depict the
amplitude and frequency content of the ambient seismic noise. The ambi-
ent neoise present within the hand-emplacement area varied between
0,008 x 1075 waud 0,09 x 1073 cm/sec in SPV amplitude with the maximum
amplitudes generally falling within a low-tfrequency (1-20 Hz) bandwidth.
Although the background noise was measured in diverse locations in the
hand-cmplacement area under various wind conditions and at different
times of the day, the EPV-f data are quite similar in that they show
relatively low background ncise levels. Wind conditions observed at
site 341 (see fig. 2Te) were the highest measured (4.4-6.6 m/sec) during
the background-noise tests, and the amblent-noise level at all frequen-
cies is higher for that site than for the other six sites. Even so, the
noise level is well below that which would cause difficulty in testing
sensors with threshold levels and a frequency response similar o those
of the Phagse III MINISID. In summary, it appears that the hand-
emplacement area should provide a seismically guiet area for SID test-
ing, insofar as ambient noise is concerned.

Variation in dry-
season induced-noise data

109. ©SID testing will always be affccted by seismic noises in-
duced by activities extraneous to the test. During the field program,
seismic responses caused by aircraft (a Huey helicopter and a single-
and a double-engine light aircraft) and by a freight train traveling
across Willcox Plsye were measured. The SPV-f relations derived from s

selected number of measurements are presented in fig. 28. The data
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displayed in fig. 28 were obtained on an opportunity basis; therefore,
altitudes and distances from the energy source were nol measured. As
expected,; the results show that the induced noises increese the general
level of background noise and, in scme cases, increase it markedly as a
function of frequency. Fer example, the curve for the helicopter
(fig. 28a) shows several pesks in amplitude occurring at frequency in-
tervals of about 12 Hz. The Piper Cub (fig. 28b) did not appear to
materially affect the noise level at frequencies below about 70 Hz (com-
pare figs. 28a and 28b), but increased it sharply at 88 Hz. The noise
level of the Twin Cessna (fig. 28c) showed & near constant amplitude
{0.03 x 10_3 cm/sec) for frequencies between O and 100 Hz, with the ex-
ception of the small peak at spproximately 88 Hz., At about 115 Hz an
abrupt change in SPV amplitude occurred. The train traveling across
Willcox Playa (Jig. 28d) caused a2 large increase in seismic noise
(0.3 x 10‘3 ce/sec) from O to 16 Hz, and considerable variation in noisc
levels for frequencies between 16 and 110 Kz,

110. In summary, induced background noise will most likely occur
during 51D testing at Fort Huachuca. While the induced noise data pre-
sented herein are representative of only selected cases and do not nec-

essarily reflect the maximum amplitude and predominant frequencies that

might be encountered gt Fort Huachuca, the amplitudes of the induced

noises will be above those of the ambient noise, end the frequencies and
amplitudes of induced noise will span a wide range of values. Since the
ambient and induced background noises increase or, in some cases, de-

crease the sensitivity ~f certai +

ecommended that

4]
)

YyECo & Liu S5, 1 i

the background ncises be measured during the times of S5ID testing.

Seismic response from vehicles

111. Seismic response relations in terms of SPV versus f were
obtained for the two vehicles (M151 and M577) that were tested at the
two cross-country sites (344 and 345) in the hand-emplacement arex. The
vehicles were run at two speeds, 8 and 32 kuw/hr. These data are pre-
sented in fig. 29. The M577 traveling at 32 km/hr generated the highest
SPV vglues for the frequencies shown. Also, except for some frequencies

from T0 to 78 Hz for site 345 (fig. 29b), the MiS1 traveling at 8 km/hr
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generated the least amount of seismic response. It is interesting to
note that for both sites, there is a good deal of similarity between the
response generated by the MST7 traveling at 8 km/hr and the M151 travel-
ing at 32 xm/hr. The general similarity in the SPV-~f data for sites 3hk
and 345 for each of the two vehicles suggests that the terrain condi~-
tions at both sites are quite similar. Some of the more subtle differ-
ences noted among the SPV-f curves for the two gites cannot be fully ex-
prlained, e.g. the lowest SPV value for the ML51 traveling at 8 km/hr
occurs at 4B Hz at site 344, and at 32 Hz at site 345. However, differ-
ences in the roughness of the surface over which the vehicles traveled
could have accounted for differences of this kind and magnitude.

112. The results illustrate clearly that the seismic responses

emanating from vehicles are a function of both vehicle type and speed.

.dn addition, it is well known thet the type of terraiu, i.e. both sur-

face and substrate conditions, also affects the seismic responsecs of

vehicles, although in this case the two sites were quite similar. The
implication of this is that if OID results from vehicle tects are to be
extrapolated Lo conditions other than thos2 occurring during the tests,

the effects of vehicle speed and terrain must be quantitatively known.

Experimental MINISID and ADSID/SVTtst Data

MINTSID data
113. Deteclion distances cbtained at low-, medium~, and high-gain
settings of a Phase III MINISID are presented in table 11. ¥Fig. 30

shows prephicadly Lhe wel— and dry-season MINISID detection values at

mediuwm gain. A point especially worthy of mention is that iwo different

ren made the walking tests in the wet and dry seasons; therefore, the
data for these tests for the iwo seasons may or may not be direclly
comaarable.

11%. The dectection distances presented in fig. 30 chow a di ffer~
ence of 1-3 m for five sites (337-339, 342, ard 34, & diflerence
of 5-T m for tuwo sites (341 and 347), and a Gitfersnce of 18-20 m for

two sites (336 and 348). For the aine sewes, there seems to be nc

Tl
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particular trend toward either season's allowing a consistently greater
or lesser detecti- ge.
ADSID/E data

115. The results of the experimental ADSID/S tests conductied by
CSEWS are presented in table 12. These tests were conducted during
August 1972 and should be representative of wei-season conditions at the
COEWS test site.

116. The results, in general, show that most penetration leugths
(i.e. depth of penetration measured along the longitudinal axis of the
sensor) ranged between 20 and 35 cm, although penetraltions as deep as
50 cm and as shallow as 15 cm were obtained. The emplacement configura--
tions of twe of the ajir-implanted ADSID/S's at the CSEWS test area are

shown in fig, 31.

&. lmpach angle U deg (off b. Impact angie 40 deg
vertical)

Fig. 31. ADSID/S implanted in CSEW3 airdrop test aresa

Environmental Data

117. The enviroamenial data oblained at Fort Huachuca tes’ sites
were those directly applicable to the prediction of SID detection per-~
formance and sensovr-implantation performance as discussed previously.

The data, along with the theoretical models (developed nr in des2lopment

73
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. tion and extrapolation of SIDI' test results from site to site and from

"discussed helow.

“Data for SID detection per- o
-~ formance predictions snd evaluations -

- performance testing and prediction were obtained guring Auzust 1971 (wet

" scason) and March 1972 {dry season). So that these data could be input

:reduced and summarized by soil layers: surface, refraction layer 1, and

‘the | lD geophone are:

at WES), provide the input aud anslytical tools needs for interpreta-

region to region., The environmentsal data collected for input to SID

deteeticn performance and air-implentation performance models are

118. The envirommental dets measured in support of SID detection

directly into the SID detection performance predictiopn model, they were

refraction layer 2.

119. surfece layer. The surface, or uppermost, leyer of scil is

the thin zone of material that comes in contact with the seismic energy
source (Grop hammer, footstep, vehicle track or wheel . and so on) and
thc S8ID geophore. Although the rhenomens dealing with the interaction
of the energy source and the substrale have not been adegquately quanti-
fied, the surface terrain factors considered important in the transfer

of seismic energy frowm the source o the ground and from the ground to
. €S , : & ARG LTl HOE BTOURE o

a. Soil type (USCS)

b. Soil particle size, percent finer by weight.
g, Moisture content, percent. R
d. Soil vey density, g/cm3.
“e. Cone pcnetraqlon resistance, CPR {a measure of soil
streastih, kba. '
f. Height (cr1) and densitly of vegevabion ground cover,

g. Geometry of ground surface \rovghness),
12J. The data for thc factors listed above with the exception of
surface geometry date are given in tables 2-6. Of the fectors listed,
cnly soil type, soir mart.cle size, and surface geomstry can be consid-
ered ctatic or <onstant with time. Miisture content, wet density, CPR,

and height ant density of vegetetion chauge as & funclilou of gite and

; AR PR ITEET 0 ‘,";"?-
'\w{éi}, g
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weather conditions. From table 2, it can be seen that the majority of
surface soils at the various sites, ’n general, exhibit the same charac-
teristic gradstion and most are classified SC. Exceptions to this trend
are sites 339, 340, and 349, where the surface soils are classified &M,
and sites 410 and 411, which contain 53.5 and €U.L percent silt and
clay, respectively, and are clasgified CL. gEarticle—giae A stributions
for surface soils at Fort duachuca sites generally ave quite similar;
hewever, there were considerably more small surface rocks at sites 338,
410, and 411 than at the other sites. The surface roclsrcéntained in
the substrate material al these sites were not lucluded in the szuples

“used to determine the particle-size distributions of the materisls.

(See ground photography in figs.'BEb, Bfb, und BB&,‘respectivelﬁz Appen-

dix B.)

121. BSite-to-site and ceason-to-season comparisons of surface
moisture content and CPR are shown in figs. 32 and 33, respectively.

3, Similar comparisons for wet density are not presented herein since wet
density is directly related to moisture content, i.e. o = (1 + W)yd .
where p = soil wet deﬁsity, W = soil moistuce content (percent), énd
&d = soil dry density. The‘dry—season site~to-sice woisture values
within the handmemplacement area ranged Ifrom a low ¢f 0.9 percent (site
341) to a high of 5 percent {site 328). ‘lne next highest moisture con-
tents were 2.8 percent {site 342) and 2.2 percent (site 336); for T of
the 10 sites, the dry-season moisture coutent was less Lhan O percent,

122, As expected, the moisture values within the hand-emplacement
uring th: wel segson, ranging from 5.2 pevcent (site
336) to 11.7 percent {site 338). In general, the surface moisiure data
(fig. 32) show that there was more variation from season-~tc-season than
from site-to~site. '

123. Tuae dry-season surfsce CPR velues (fig. 33) ranged from 100
to 1990 kPa, with considerable variation samong the sites. The season-
to-seascn variation was large for sites 335, 336, and 3u4C; moderate for
sites 338, 3b2, and 349; and insignificant for sites 337, 339, 341, and
348, In some cases the wet-season data exhibited grealer CFR values

than the dry-season data {e.g. sites 335, 336, 339, 342, and 349), which

75
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seems to indicate that the addition of moisture created some cohesion in

‘3 the surface soil.

12k, The vegetation ground cover (see table 6) occupying the
sites within the hand-emplacement area was quite uniform in terms of
density, height, and percent of ground covered. Only a few isolated
areas (near the arroyos) were without some type of ground cover (sites
335, 337, and 339). As a result of this homogereity, the relative ef-
fects of ground cover on SID testing were approXimately the same for
all sites within the hand-emplacement area.

125. The geometry of the ground surface had very little effect
on SID detection performance because of the minor irregularities in sur-

face configurations of the test sites (see paragraph 83).

AR T N AR 5 i) el i S & i

1ﬁ 126, Subsurface refraction layers 1 and 2. Refraction lsyers 1

P

i and 2 are the first two subsurface layers containing different primary
(or compression) wave velocities. These two layers are determined by

technijues of refraction seismology and often, but do not necessarily,

correspond to the apparent stratification in the soil proriie, as
stated in paragraphs 16-18,

127. Values of four terrain factors pertaining to refraction
layers 1 and 2 are required as input to the WES Theoretical Seismic
Propagation Model.l6 The four factors are listed below; their wet- and
dry-seasons values are coantained in tsble 2,

) and layer 2

a. Compression wave velocity of layer 1 (VPl’

(VPP)’ m/sec.

b. Shear wave velocity of layer 1 (VSl) and layer 2 (VSQ)’
nm/sec.

c¢. Thickness of layer 1 (Tl) and layer 2 (TZ), cm.

d. Wet density of layer 1 (pl) and layer 2 (p2), g/cmB.

128. Site-to-site and season-to-season comparisons of compression
: wave velocities in refraction layers 1 and 2 are pregented in fig. 3k,

: For layer 1, the dry-season velocities ranged from 250 to 500 m/sec,

: whereas the wet-secason velocities ranged from 230 to US55 m/sec, indi-
cating that the range of variation does not change appreciubly from the

dry to the wet season. Fig. 3% also shows that the site-to-site
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variation for layer 1 was greater than the season-to-season variation.
The same trends hold for the layer 2 compression wave velocities, i.e.,
the site-to-site variation was greater than the season-to-season. For
all sites for which data are presented, the compression wave veloclty of
he second layer was greater then the compression wave velocity of the
first layer. The maximum season-to-season variation was 75 m/sec (site
338) for layer 1 and 98 m/sec (site 3L4l) for layer 2.

129, The wet- and dry-season values of shear wave velocities in
layers 1 and 2 are portrayed in fig. 35. From these date it can be seen
that the shear wave velccity in the first layer was consistently less
than that in the second layer. For layer 1 the dry-season site-to-site
shear wave velocities ranged from 129 to 207 m/sec (sites 336 and 338,
respectively), whereas the wet-season shear wave velocities ranged from
137 to 182 m/sec (sites 339 and 348, respectively). For layer 2 the
dry-season site-to-site variation ranged from 256 to 371 m/sec (sites
337 and 349, respectively) and the wet-season variaticn ranged from 2L5
to 346 m/sec (sites 336 and 342, respectively). The maximum mcasu
season-to-season variation {40 m/sec) occurred at site 336, and the min-
imun (12 m/sec) occurred at site 335. In general, the season-to-season
shear wave velocity data are greater in layer 2 than in layer 1.

130. The leyer thicknesses cof refraction layers 1 and 2 during
the wet and dry seasons are compared in fig. 36. The data for layer 1
show a site-to-site thickness range of 50-140 cm for dry-season condi-
tions and a site-to-site thickness range of 55-150 cm for wet-season
conditions. These extremss occurred at sites 340 and 339, respectively.
The maximum season-to-season thickness variation for layer 1 was 25 cnm
at site 349, and the minimum thickness variation was 5 cm at sites 337
and 340. The site-to-site thickness variation for layer 2 was much
greater than for layer 1 with values for leyer 2 ranging from 135 to
>1575 cm and 110 to >1555 em for the dry and wet seasons, respectively.
These extremes occurred at sites 336 and 338, respectively. Sites 338,
339, 341, and 3L2 had very thick second layers (i.e. >1500 cm) in botn
seasons. {(Values shown for these sites were limited by the length of

the refraction line; therefore, they were not used to determine maximum

80
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end minimum thicknesses.) The maximum season-to-sesson thickness varia--
tion in layer 2 was 100 cm at sites 340 and 349. The minimum season-to-
season layer thickness variation (15 cm) also occurred in layer 2 at
site 3k40,

131. A review of the wet densities in table 2 shows very little
site-to~-site variation in the first and second layers, i.e. values
ranged from about 1.7 to 2.0 g/cm3. As siated previously, the wet den-
sity varies as a function of moisture content, and the maximum seasonal
variation in measured moisture content was 4.8 percent (site 349,
layer 1). The rest of the moisture content values varied less than
3 per-2nt. Therefore, the seasonal variation in wet density for the
majority of sites was quite small,

132, Summary. The preceding paragraphs have discussed the tempo-
ral and spatial variation of the terrain factor either known (modeled)
or assumed to have some effect on SID detection performance. The rela-~
tive effects of terrain factors {and changes in them) cannot be speci-
fied ir simple terms, because the propageting medium-seismic response
interactions are exceedingly complex, aud a practical and general thoo-
retical solution requires extensive computer modeling. A general solu-
tion to lhis problem is being sought at WES, and a first-generation
model has been developed (see refersnce 17). It is recommended that

this model be used to perform sensitivity analyses on the Fort Huachuca

" data to establish the relative effects of the various terrain factors on

seismic wave generstion and propsasgation. Once this is accomplished,
only those factors ~ausing significant changes in SID detection ranges
would require measurement in support of SID testing.

Pata for sensor air-implantation per-
formance predictions and evaluations

133. Data derived for use as input to eguations (Appendix C) that
predict implantation performance of air-delivered SID's are: the ini-
tial Young's modulus of elasticity, ultimate shear strength, compressi-
tility parameter, soil mass density, and drag coeificient. The methods
for deriving these factors from the wniaxial strain and triaxial compres-

sion tests are presented in paragraphs (7-92, The laboratory-obtained

83
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data on these factors for airdrop arcas 1, 4, and 5 are listed in

table 13. Airdrop areas 2, 3, and 6 (see fig. 4 for location of areas 2
and 3 and fig. 5 for the localion of area ) were also selected for
stuy of penetration characteristics of air-delivered SID's, but time
and funding constraints prohibited any work on these ureas. Airdrop
area 2 had been selected to provide an area that would be impenetrablie
because of the numerous rock outcrops and shallow soil. Airdrcp ares 0
had been selected to present a targel of soft material to study the ef-
fects of deep implantation of air-delivered SID's; and area 3 had becu
selected as a target of intermedjate difficulty, along with airdrop
areas 1, 4, and 5. The following paragraphs briefly discuss the input
dava obtained for airdrop areas 1, 4, and 5 for use with equations (Ap-
pendix C) that predict penetration depths of air-implanted SID's.

134. Average initial Young's modulus. The average initial

Young's modulus E wac obtained by taking an average E valuec from the
deviator stress-axial strsin relations, such as those illustrated by the
example in fig. 18, The E values for airdrop areas 1, 4, and 5 arc
given in table 13. The dry-scason E values varied from 560 to

1400 kg/cm2 with test pit 5 in airdrop area 1 naving the lowest value
and test pit 6 in airdrop area 1 and test pit 2 in airdrop area 5 having
the highest values, The wet-season E values are considerably lower,
especially for airdrop areas 1 and 5.

135. Ultimate shear strength. The ultimate shear strength I,

was obtained from the relations .of maximum stress difference (oa - or)
versus mesn normal stress (oa + 20r)/3 presented in fig. 37. The value
or o, vas determined by the procedure given in paragraph YL. Yor the
dynamic yield envelopes (fig. 37) corresponding to wet-season conditions
(i.e. high moisture values) for ell airdrop areas and dry-season condi-
tions (i.e. low moisture values) for airdrop aresa 5, pit 2, the ultimate
shear strengths were determined from the maximum obtainable wvalues of

9, - 9, portrayed in fig. 37, utilizing equation 2. ¥For the dynamic
yield envelopes corresponding to dry-season conditions for airdrop

area 1, pit 6, airdrop area L, pits 3 and 4, and airdrop area 5, pit 1,

a different procedure was used. "The dynamic yield envelopes portirayed
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by these airdrop areas did not reach a maximum value of 9 ~ %% (i.e.
the slopes of the curves did not approach zero) for the range of mean
normal stresses considered in the triaxial test. Since additional high
pressure (i.e. mean normal stress) stress-strain data would have been
required to obtain a maximum value of Oy = or for these soil materials,
and since the system of equations used to predict the depth of penetra-
tion of the ADSID/S was determined to be very insensitive to ultimate
shear strengths larger ilhan approximately 85 kg/cm2 for the velocity
range considered in this study, it was decided that Oy = Op Values
corresponding to a mean normal stress of about 300 kg/cm2 would be suf-
| ticient for use in computing the ultimate shear strength of each of
these airdrop areas (i.e. airdrop area 1, pit 6, airdrop ares 4, pits 3
and 4, and airdrop area 5, pit 1, during dry-season conditions). The
%, values used to determine penctration depths for the various airdrop
areas are given in table 13,

136. The largest value of o, Wvas obtained at airdrop area 4 and
the lowesi al alrdrop area 1 during both the wet and dry seamsons. In-
crease in soll moisture reduced the value of S, significantly. For
the three airdrop areas for which ultimate shear strength data were ob-
tained, the wet-season to dry-season variations were greater than the
variations among airdrop areas 1, 4, and 5.

137. Compressibility paraweter, ‘he compressibllity parameler

pp/p was computed using the uniaxial strain data summarized in fig. 38
and the following field-measured vslues for p . The computation pro-

cedure is given in paragraph 90.

Initial Soil Density

3
(p), g/cm’

Drop Test Dry Vet
Arega Pit feason Season
1 5 1.99 2.1k

6 1.73 1.8k
L 3 1.61 1.73
L 1.63 1.76
> 1 1.60 1.70
2 1.70 1.81
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The computed values in table 13 for the dry season vary from 1.18 to
1.33 and follow the same runking trend as the uwltimate shear strength
data, in that the lowest values are for airdrop areas 1 and % and Llhe
highest velues are for airdrop area L. The season-to-season varistion
in the compressibility parameter data is smallest for airdrop area 5
and greatest for airdrop arca 1.

138. Drag coefficient. The drag coefficient C_. computed as

D
discussed in paragraph 92 resulted in a value of 0.2 for all sites and

conditions, as shown in table 13.

139. Supplementary information. In addition to the information
discussed in the previous paragraphs, soil profiles Tor airdrop areas 1
and 4-06 were prepared (fig. 39). Also some additional descriptive in-
formation taken in supmort of ihe seismic response tesls is presented

in table 2 for airdrop areas 1 and 3-0.

Prediction and Evaluation of MINISID Detection Performance

SID detection performance wode]

140, A theoretical simulation of the phenomens involved in sensor
detection perrormance as depicted in fig. 1 is a complex mathematical
problem, and a practical solution will require extensive use of the com-

puter. As stated in paragraph 39, thc detection problem has been di-

[P —

vided into four component parts as follows:

a. The development of a forcing function that simulates

transfer of encrgy from the seismic signal source to the

substrate material.

o

The development of a seismic wave propagation model to

j simulate the propagation of microseismic waves within

| the substrate materlals.

¢. The development of functions that simulate the transfer
of energy from the vibrating medium {(substrete) to the
sensor.

d. The dcvelopment of functions that simuwlatc the logic

response of the scnsor to the vibrating medium.

68
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141, Significant progress has been made to date on each component
part of the overall sensor detection medel. It is felt that once two
serious omissions are incorporated into parts a and b above, the perfor-

mance {i.e, detection range ) of a SID system for both man-walking and

moving-vehicle targets can be predicted realistically and guantitatively

by utilizing the characteristics «f the energy source and the input ter-
rain surface and subsurfuace factor data. The omissjoas in parts a and
b, rcspectively, are:

&. Component parl a. A simulation of the stress applied to

the ground from the source (i.e. & realistic force-time

history of the source moving over the ground) has not
been modeled.

b. Component part b. Macrogeometry coefficients represent-

ing local site conditions have not been available.

142. Tunctions describing the force-time histories of the energy
sources are presently being developed by WES and will, hopefully, ac-
mer, footstep, vehicle, etc.) into the propagating substrate material.
In support of b above, & literature review has been completed, and con-
sidersble information on the effects of macrogeometry on Rayleigh wave
propagation has been compiled. However, these data have not been veri-
fied, and at the time of this report, they had not been incorporated
into the overall detection prediction schene.

SID detection distance
; predictions and evaluaitions

143. TForcing funciion and seismic wave propagation svbmodel pre-

dictions. To demonstrate the applicability of the forcing function and
scismic wave submodels (i.e. component parts a and b of the overall de-
tection model presented in paragraph 140), predictions of the analog
gignal as a function of distance from the source were Jderived for the
drop-hammer cncrgy source, Thesce predictions are discussed briefly in
the following paragraphs.

1kk. Laboratory mcasurements indicale that the restoring force

asscciated with the drop hammer-soil system is a nonlinear function of

90




the displacement of the drop-tammer weight. The time-dependent forces
exXerted on the ground we. calculated by using the Runge-Kutta method to
numerically solve the differential equation of motion of the drop-hammer
weight subject to a nonlinear restoring force. The calculations indi-
cate that the forcing function can be approximated by & cosine squared
pulse whose amplitude and pulse width are controlled by site conditions.
To illustrate the effects of using a cosine sguared pulse to simulate
the force-time history of the drop-hammer energy source, it was experi-
mentally determined (see reference 16) that a pulse width of 0.016 sec
and a peak amplitude of T1.T x 106 dy nes were appropriate for the condi-
' tions for a selected site (site 341) st the time of test. (The cosine
squared pulse obtained for site 341 is approximately equivalent to the
stress produced by a footstep of a man weighing 73 kg and wearing size 9
boots.) This information was thea usea in conjunction with the field-
measured properties listed below to obtain estimates of the span, peek
amplitude, and rms amplitude within the predicted analog signal.,

365 m/sec.

a. P-wave velocity of first refraction layer =

b. GS-wave velocity of first refraction layer = 204 m/sec.
c. Wet density of first refraction layer = 1.75 g/cm3.

d. Thickness of first refraction layer = 1.15 m.

€. P-wave velocity of infinite half-space (i.e. no second

layer was encountered) = 813 n/sec.
f. BS-wave velocity of infinite half-space = 333 m/sec.
g. VWet density of infinite half-space = 1.9 g/cm3.
i L. Doll dampi i
145. The resulting predictions of span, pcak amplitude, and rms
amplitude are plotted along with the measured values in fig. 40. As can
be seen, the measured and predicted signals compare well in amplitude,

frequency content, and duration. The freguency content of the cosine

squared pulse appeurs to simulate the force-time history of the drop-

hammer energy source, &as indicated by the close agreement betveen the

! predicted and measured rms amplitudes.

146. The results presented (fig. 40) are for one site only, bub

similar results have been derived for other sites using similarly
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Fig. L0. Measured and computed signal characteristics for a simulated

footstep, site 341
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derived forcing functions. In addition, some predictions using forciug
functions derived for the M151 and M113 vehicles have been made and com-~
parced with measured values. From the results obtained to date at WES,
it secems reasonable 1o assume that current resecarch will result in use-
ful and workable solutions t¢ the problems identified as component
parts o and b in paragraph 1k0,

1u7. SID logic modeling. To study the problems associated with

simulation of the transfer of energy {rom the vibrating mediun to the
SID and the logic response of the SID (component paris ¢ and d in para-
graph 1h0), use was mede of the Phase 1I1 MINISID and analog man-walking
test results. To derive & medium-gain detection distance, the field-
measured analog recordings of the seismic response from a mau-walking
test were analyzed by an analog computer programmed to duplicate (model)
the functioning logic of the MINISID. (A description of the analog com-
puter model is given in Appendix D.)

148. Measured MINISID detection distances, the detection dis-
tances predicted by the anslog computer model, send the differences be-
tween the iwo are presented in lable 14. A pius sign (+) indicates that
the model-predicted distance was greater than the measured distance, and
a minus sign {-) indicates that it was less. Also presented are the
mean difference, standarcd deviation, and the number of sites underpre-~
dicted and overpredicted for each geographical area (i.e. Fart Bragg,
wet and dry seasons; Fort Huachuca, dry season; and several sites in
West Germany).

149. From table lh, it ran be seen that the measured and pre-
dicted values from the Fort Huachuca test sites were extremely close,
with the mean and standard deviation of the differences being 3.1 and
4.4 m, respectively. Also, little bias toward overprediction or under-
prediction was observed, since eight sites were overpredicted and seven
were underpredicted. The data from West Germany show a strong bias for
overprediction and a relatively poor comparison, i.e. mean and stsndard
deviation of 12 and 7.5, respectively. The Fort Bragg results were in-
termediate between the Fort Huachuca und the West Germany data.

150, The measured and predicted (modeled) detection distances
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(tuble 14) for sites at each of the three geographical arcas are quite

close, especilally when the following items are considered. The pre-

dicted distunces were derived from one test (or, in some cases, two),
whereas the MIN1SID detection distances were averages of from 5 to

15 tests. Also, the MINISID's used were production line items and were

not the same in each area; the relative performances of the devices are
not known. Further the background noise f{rowm one test to another could
not be controlled, and as the wind or cultural activity changed, the
background noise changed from test to tesi, and this induced significant
effects on the test results (see paragraph 110).

151. Summsry. The implication of these tentative analog computer
results is that component psrts ¢ and 4 (paragraph 140) can be solved
gnalytically. The transfer funclions for any particular sensor can be
readily derived and programmed on an analog or digital computer, thus
giving a means for predicting SID performaunce if the analog wave train

is available. The effect of geophone coupling was not adequately tested

in these experiments because good coupling cen usually be accomplished

with the external geophone of the MINISID. TFurther study is uneeded ©o

determire coupling efficiency us a function of sensor mass and gecuetry.

Prediction and Evaluation of Penetration Depths and Impact
Deceleration Values for the ADSID/S

152. 7To derive an estimate of the range of air-implantation dif-
ficulty and the amount of deceleration that a typical air-delivered S1D
(Phase II1 ADSID/S, MA3T) would experience at ajirdrop areas 1, 4, and 5,
a theoretical study was performed using the system cf equstious in Ap-
peudix C. The depth of penetration for verticul (normal) impact and for
an angle of 45 deg (oblique impact) and peak deceleration values for
noymal-impact conditions were predicted and are discussed in the follow-
ing paragraphs. For both the normal and obligue impact configurations,
the penetration calculatione were terminated when the fin assembly (sec
fig. 13) of the ADSID/S sensor came in contact with the surface of the
soil. This was done since no information was available oa the behavior
of the {in assembly and the tailplate to determine whether the assembly
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would break, beud, or shcar off when it came in contact with the sub-
strate material during the penctralion eveut.

Prediction of depth of penciration

153. Normal-impact predictions. Theoretical predictions of depth
of peneciration and deccleration were cobtained for a normal-impact con-
figuration of the ADSID/S for each of ihe six sites (i.e. six soil pits)
within airdrop sreas 1, 4, and 5. 'Two moisture contents were used that
vere assumed to be representative of the wet and dry seasons, respec-
tively. The predicted deplihs are presented as & funclion of impact wve-
locity in fig. 41, These relations reflect the terrain variations en-
countered within each of the areas, The location of the test pits
represented by these predictions is shown in fig. 16.

154, Obligue-impact predictions. Theoretical predictions were

also made for oblique (off-normal) impact configurations for each of ihe
six sites within airdrop areas 1, b4, snd 5, again with two moisture con-
tents used. A theoretical solution for predicting the penetration of a
projectile striking the soil st an oblique angle has not been adequately
formulated. However, experience at WE3 has shawn that for shallow rene-
trations a reasonabie epproximation of {ne depth of penetration for
oblique impacts can be oblained by resolving the velocity vector (i.e.
velocity along the trajectory of the projectils) into its horizontal and
vertical components und then determining the vertical penetration (i.e.
the vertical distance from the surface of the ground to the tip of the
nose of the projectile) corresponding to the vertical component of the
velocity vector. 1In order to obtain the penetration path length, the
vertical penctlration depth must be divided by cos 0 , where O 15 the

angle of impact off vertical, Mathematically, the vertical (normal} im-

pact velocity is expressed as

where

Vv = normal component of impact velocity vector
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Va = velocity vector along longitudinal axis of the ADED/T
(i.e. along the projectile trajectory)
6 = angle of impsct (off vertical)

125, This technique was used to compute the d .pth-of-penetration
predictions for an impact angle of 45 deg (fig. 42). The impact ve-
locity portrayed in fig. 42 is the velocity vector along the L5-deg
trajectory.

156. TFrom the data (fig. 4l) relating depth of penetration to im-
pact velocity for vertically impacting ADSID/S's, it 1s noted that there

is considerable variation in the penetration depths within and between

- the drop areas, and that the penetration depths are very dependent upon

the amount of soil moisture. To illustrate the effects of moisture on
the prediction depths, let it be assumed that 20 cm cf penetration are
required to ensure that the ADSID/S is emplaced sufficiently deep to op-
erate as designed. From fig. 41, the impact velocities required to ob=-
tain s 20-cm depth of penetration for ecach sirdrop ares are as follows:

Imnpact Velocity
(m/sec) for 20~cm

. Penetratign

Area Pit Wet Dry
1 5 25 38

6 50 >100

Y 3 78 >100

4 89 >100

5 1 68 >100

2 48 >100

157. The wet-season impact velocities for & depth of penetration
of 20 cm vary from 25 m/sec (area 1, pit 5) to 89 m/sec (area L, pit U4);
whereas the dry-season velocities vary from 38 m/sec (area 1, pit 5) to
>100 m/sec (all other five pits). The data tabulated above suggest that
during the wet season, area 1 offers the least penetration resistance;
whereas during the dry season only that portion of area 1 represented by
rit 5 offers the least resistance. During the dry season, area 1, pit 6,
and areas 4 and 5 require impact velocities greater than 100 m/sec to

obtain a 20-cm penetration. The impact velocity normally used (i.e. the
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anticipated velocity) for air-implantation of the ADSID/S is approxi-
mately 50 m/sec, The predicted depth-of-penetration curves show that at
an anticipated optimum impact velocity of 50 m/sec, a depth of penetra-
tion of 20 m would occur only within area 1, pit 5, in both wet and dry
seasons, and within area 1, pit 6, and area 5, pit 2, during the wet
season.

158. In general, the ADSID/S impacts the ground at some angle off
the vertical., Therefore, the results shown in fig. 41 show the highest
value of penetration that could be expected at each drop area. Fig. 42
shows similar results for impact angles at 45 deg off the vertical.
Normally, the impact w.zles are less than 45 deg off the vertical (see
table 12 for experimental data); therefore, these curves snould repre-—
sent the minimum amount of penetration expected. As can be seen from
the predicted curves, the impact velocity to allow & penetration of
20 cm would be greater than 100 m/sec for all sites (except area 1,
pit 5) during the dry season and less than 100 m/sec for area 1 and
pit 2 of arees 5 during the wet season. If the impact velocity is as-
sumed to be 50 m/sec, a 20-cm penelration path length would occur only
at ajirdrop area 1, pit 5.

Prediction of maximum decelersation

159. The maximum rigid-body decelerations calculated for impact
velocities of 50 m/sec for airdrop areas 1, 4, and S are iisted in
table 15. These calculations are for normal impacts of the ADSID/S.

The specified meximum allowable deceleration for a workable Phase III

n . . 3 2 .
ADIGD/S, MA3T, is epproximately 9.85 x 1C~ m/sec”. All computed decel-

$te

b

eration values (see table 15) were over the maximum allowable decelera—
tion value for a workable (i.e. operational) ADSID/S, except those for
area 1, pit 5, during the wet and dry seasons, and area 1, pit 6, and
area 5, pit 2, during the wet season.

Evaluation of theoretical

depth-of-penetration pre-
dictions for obligque impacts

160, Since, as stated in paragraph 154, an adequate theory for

predicting penetration of obliguely impacting projectiles is not
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available, it was desired tiuat the theoretical depth~of-penetration pre-

dictions made herein be experimentally verified. The ADSID/S testis con-

ducted by CSEWS at Fort Huachuca provided a limited amount of data that
could be used to estimate how well the theoretically predicted values,
for obliquely impacting projectiles, matched the measured ones. To de-
termine the terrain factor date in the CSEWS airdrop area, i.e. E ,
ou R pp/p s u , and CD , laboratory tests were conducted on one bulk
surface soil sample obtained from the area., Because of the small amount
of soil available on the CSEWS area, latoratory tests (uniaxial and tri-
axial) were conducted at only one moisture content, i.e. 10 percent.
These recults, along with the results f{rom two standard laboratory
tests, grain-size distribution and Atterberg limits, were compared with
corresponding data from all the sites in drop areas 1, 4, and 5. It wus
determined that the terrain conditions at the CSEWS airdrop area were
similar to terrain conditions at ares 1, pit 5, during the wet season
(i.e. 14 percent moisture). This can be seen in fig. 43, where grein-
size uistributions for the two sites correspond guite closely, and in
fig. 44, wnere the plasticity index and ligquid limit data correspond
quite closely. More significant is the similarity of the dynamic yield
surfaces from the triaxial compression tests for the two sites as shown
in fig. Ls.

161. Based on the similariiy between the test site conditions and

the results of the triaxial compression tests, it was assumed that the

cnaya
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area 1, pit 5 (fig. 41), could be extrapolated tc the CSEWS area, once
they were corrected for moisture conditions at the time of test. Froum
tig. 45 it can be seen that the dyramic yield surfaces derived from the
triaxial tests were nearly identical for the scils at the CSEWS airdrop
area at 10 percenl moisture content and at airdrop area 1, pit 5, st
10-1L percent moisture content. For this reason it was assumed that
penetration-impact velocity relations gencrated at 1k percent moisture
content for area 1, pit 5, would correspond to the penelrstion-impact
velocity relations at the CSEWS airdrop area at 10 percent moisture

content. The relation for the CSEWS area is shown as a solid line in
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Fig. 46. Prediction of normel-impact penetration curves for various
moisture contents, CSEWS airdrop area
fig. L46. Table 16 shows that the experimental ADSID/S tests (where im-
pact velocities were measured) were conducted in soils whose moisture
values ranged from 5.5 to 8.6 percent. To provide a basis for estimat-
ing the depth of penetration at these moisture contents, the
penetration-impact velocity data shown as the solid line in fig. 46 were
extrapolated to cover moisture contents at the time of the experimental
ADSID/S tests. These extrapolated penetration impact relations are
shown as dashed lines in fig. 46. The extrapolation was linear based on
the spread of the 10 and 14 percent moisture curves shown in fig. 41 for
arce 1, pit 5.
162. Near-surface impact velocities were measured for 11 tests

(i.e. tests 5, 9, 11, 12, 34, 36, 75, 76, and 78-80) at the CSEWS air-

drop area. These lests were used as a basis for comparing the predicted

104

et e - > ALK, - d L AT L INE NP e e

x
b

WAL LGS Al L e L ¢ w

ok e A IO i L




penetration values. The test data obtained at the CSEWS area include:
(a) impact velocity vector along the trajectory of the ADSID/S, (b)
ADSID/S impact angle, and (¢) surface scil moisture content and strength.
The predicted depth of penetration derived from the graphs shown in

fig. 46 were compared with the field—measured depth of penetration val-
ves (table 16). Because all the test sensors (i.e. ADSID/S) impacted
the ground at an angle off the vertical, the predicted length of pene-
tration (as opposed to vertical depth of penetration) is used sco that
the predicted and measured values will be more directly comparable.

163. The method used to predict the depth of penetration was
jdentical with that described in paragraph 154 and involved determining
the vertical impact velocity (see bottom of table 16) from the impact
velocity vector. Next, this velocity was used to enter the curves in
fig. 46 at the appropriate field moisture content to determine the cor-
responding depth of penetration from whicn the length of penetration was
caleculated. This method of obtaining a predietion of the length of
penetration does not adequately simulste the penetration phenomena tor
oblique impacts, but experience has shown that it yields relatively good
approximation of penetration lengths, especially for shallow
p2netrations.

164. The results of this study appear to confirm this also be-
cause it can be seen that the deviations from measured penetration
lengths range from an underprediction of 12 cm (test T5, table 16) to
an overprediction of § cm {test 34, tablc 16). Wnen the nenrigorous
analytical procedures used to derive the penetration estimates are con-
sidered, the predicted results are surprisingly compatible with the
measured values. Although this comparison cannot be interpreted as a
verification of the theoretical depth-of-penetration predictions
{(figs. 41 and 42) it does increase confidence in the predicted penetre-
tion depths of the air-implanted SID's.

Summary
.165. The airdrop areas (areas 1-6 end the CSEWS area) provided

terrains covering a wide range of penetration characteristics. This

variation in terrain conditions allows the testing of air-implanted
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SID's under varying stress conditions (i.e. high to low rigid-body de-

celeration values) and under & variety of soil streangth conditions.

Extrepolation of SID Performance Values

166. The WES concept for the extrapolation of SID test results is
based on the assumption that adequate simulation models describing the
phenomena under test can be formulated. In the case of SID deteclion
performance, this involves simulating the generation, propagation, and
coupling of the seismic energy from the source to the sensor. In the
case of air-implantation of sensors, it involves simulating the penetra-
tion event of an air-delivered SID and the coupling of the SID to the
s0il. The extrapolation concept also requires that the terrain inputs
to the simlation models be constitutive and measurable properties of
the terrain, such that they can be classified and portrayed on an areal
basis. Based on the data presented in this part of the report, it is
fell thal adequate simulation models required to implewent the conccpt

can be derived. For a discussicn of the mapping of terrain factors on

an areal basis see Part IV of this report.
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PART IV: MAPPING OF TERRAIN AND SEISMIC RESPONSE
FACTORS AND SID PERFORMANCE VALUES

167. The theoretical detection prediction scheme and/or ccncepts
presented in this report provide an analytical framework for obtaining
SID performance predictions for man-walking targets in various world ter-
rains. A point worthy of reemphasizing is that the prediction scheme re-

quires specific terrain and seismic input data for execution. In pursuit

of a general SID detection prediction capability, as 1llustrated in

Tfig. 2, this portion of the report pertains to the development of proced-
ures for preparing terrain factor maps that will delineate the geograph-
ical distribution of the individual factors describing the relative seis-
mic response of the area and those factors required or hypcthesized as
being required as input to the SID detection performance model (i.e.
foreing function and seismic wave propagation submodels ).

168. The terrain and seismic factor mapping discussed herein per-
tains to the Fort Huachuca hand-emplacement test area and consists of
preparing four types of maps: (a) a terrain factor complex map for sub-
surface layers 1 and 2 to providc inputs to the theoretical seismic wave
propagation model, (b) surface condition maps to be used witn the forcing
function model under development, (c) seismic response factor complex
maps t0 show the relative seismic response of the hand-emplacement area,
and (d) SID pertormance maps. The terrain and seismic response factor
complex maps and the 3ID performance maps are based on data cobtained by
WES field teams during August 1971 and March 1972 and are assumed to bel
representative of the wet- and dry-season conditions at the test sites,

169. The terrain and seismic factors and the SID performance val-
ues (i.e. detection distances) mapped for the hand-emplacement area at
Fort Huachuca provide a direct basis for comparing (i.e. correlating) the
terrain and/or seismic factor conditions in other geographic regions, in-

14,15

cluding the test areas at Fort Bragg and in the Panama Canal

.10’13 The following paragraphs describe the detailed procedures used

Zone
in preparing the terrain and seismic factor maps and the SID performance

map for the Fort Huachuca hand-emplacement area.
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Terrain Fuctor Mapping for Subsurface Soil layers

170. The four lerrain factors that have been mupped are:

Thickness of layer 1 (T

a. l) and layer 2 (TZ)'

b. Compression wave velocity for lsyer 1 (VPl) end luyer 2
(Vp, )

c. Shear wave velocity for layer 1 (VSJ) and layer 2 (VS2)'

d.

Wet density for layer 1 (pl) and layer 2 (pz).

Terrain factor mapping classes

171, Since classification is a prerequisite to any mapping pro-
cess, and the adequacy of the proposed map depsnds upon its class inter-
vals, considerable effort was devoted to determining aprropriste terrain
mapping classes. Consideration also was given to selecting classes that
could be used in compuring terrain conditicns st Fort Huachuca with
other TECOM SID 1est areas. The class intervals or class ranges of each
of the terrain factors were chosen to minimize the effect of stratifica-
tion. This was accomplishced by selecting cluss ranges that would mini-
mize the error when midpoint values on which to make predictions of SID
detection performance are used; however, class intervals too small to be
mapped adequately were avoided.

172. Two sets of terrain factor classes were establiched prior to
mapping, one set for layer 1 and the othevr for layer 2. BRBefore any map-
ping was accomplished, the midpoint wvalues of ihe tentatively selected
class ranges were input to the theoretical seismic wave propagation
ﬁodel to determine the adequacy of the selected ranges. If the PPV and
rms amplitudes of the predicted signal obtained using the theoretical
model compared closely with the PPV and rms emplitudes resulting from
the field-measured drop-hummer signal, the mapping class ranges were
considered adequate. If the comparison showed differences greater than
15 percent (for distances greater than 20 m), smaller mapping class
ranges were selected, and the above-mentioned process was repeated until
S’T’ and
p). The four terrain factors and their selected mapping classes are
listed in table 17.

adequate classes were established for all terrain factors (VP’V
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Mapping of terrain
tactors for layers 1 and 2

173. The terrain factors for layers 1 and 2 of the test arca were
mapped by using the environmental data collected during the field pro-
gram, air-photo interpretation techniques, a topographic map ¢f the area,
and the interpreter's personal knowledge of the mepped arca.

17h. The air-photo interpretation was accomplished ihrough a
serics of sleps, the first being to obtain the necessary overlspping
(sterzo) photes of the hand-emplacement area., This was followed by a
slercoscopic examination of the overlapping prints, whereby various pho-
tographic terrain patterns were identified, according to tone and tex-
ture, together with their topographic relations. For the photographic
patterns within which ground truth (i.e. site) dsta were available, the
class range as portrayed by the data for that particular site was used.
In those patierns withoul ground truth data, the class ranges for eacn
terrain factor were assigned by extrapolation from the points of known
ground truth dats, through associations of similar patterns and through
the Interpreter's knowledge of the area. After all the identified pat-
terns hag'been outlined on the air photos, a map unit symbol represent-
ing a factor value class was assigned to each respective pattern. In
effect, the resulting map portrayed ithe four factor value classes
(table 1T7) ror one terrain factor, such as wet density (p). OSimilar
maps were then prepared for VP R VS , and T , respectively.

175. After the four terrain factors (V_,V_,T, and p) for each

of the two layers hud veen mappcd, they were

ombined into a factor
complex map (fig. 47) by superimposing cach of the individual maps on a
common buse map. To simplify the identification of each delineated ares
on tne factor complex map, the areas were identified by numbers from 1
1o 4O. These numbers represent discrcte combinations of c¢lasses of

each of the four terrain factors for the two scil layerss in the hand-
emplacement area, and are contained in the Ilactor complex map legend
shcwn in table 18,

Evaluation of mapping classes

176. To determine the adequacy of the selected factor map class
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%anges, & check was made by cumparing the theoretical predicted results

; (using 20-m measured seismic (analog) signals and the prediction models
described in Appendix D) for sites 335-342, 348, and 349 with the pre-
dicted values ohtained using midpoint values of the class ranges from
map units 1, 3, 10, 45, 51, 6L, 89, 96, 103, and 115, respectively. The
factor values used in the model to obtain the predictions for the site
and mapped conditions are given in table 19. The results of this com-

. parison are shown in table 20, Excellent correlation of results was ob-
tained with the 20-m reference signals, the largest difference being 2 m
observed at site 337, and map unit 103, In general, these results indi-
‘cate that the selection of the facter mapping classes was a good compro-

nise between prediction accuracy and mapping practicality.

Mapping of Surface Terrain Factors

177. The relative effect of surface terrain factorsgs on the trans-

fer of seismic energy from the source to the substirate has not been gquan-

{ ; titatively determined. Nevertheless, surface moisture content, scil

i type, and surface CPR almost surely control the transfer of seismic
energy for man~walking energy sources. Tor this reason, these terrain
factors will almost certainly be required as inputs to the forcing func-

tion model under development. These three surface terrain factors have

1 | been mapped for the nand-emplacement area, and are discussed in the fol-
, ‘ lowing paragraphs.

Surface s0il moisture conteni

i 178, Bix factor clacses of scli moisiure conbeut for the dry and
wet sessons were estublished for the mapping of the hand-emplacement

area, as fcllows:

: Surface Soil Moisture

Sbinm s P R N IRT

Factor Factor Value Range
Class _percent
1 1-3
2 — 4.8
: 3 9~12
(Continued)
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Surface Soil Moisture

Factor Factor Value Range
Class percent

L 13-16

p] 17-20

6 21-4o

Soil moisture clusses L-6 did not occur in the hand-emplacement area
during either the wet or dry season, but were established to provide
the class ranges necessary for comparison of the Fort Huachuce SID
hand-emplacement area with other TECOM SID test areas. The wet- and
dry-season suriace soil moisture content factor map for the SID hand-
emplacement area is shown in fig. 48. The units on this map represent

factor classes of each moisture factor class (1--3) range for the dry

and wet seasons.

Surface soil type
(or classification)

179. Five factor classes of surface soil type (i.e. soil classi-

TYOA~No

- .

Surface Soil Type
Factor Factor Value Range
Class USCS Classification

SP
sC
OL
SM
GM

VoW o

The SP material consisted of a relatively clean sand with little or no
fines, the SC material consisted of a sand witn an sppreciable amount of
fines (i.e. a sand-clay mixture), the OL soil was primarily an organic
silt, the SM was a sand-silt mixture with low plasticity, snd the GM was
a gravel-sand-silt mixture, (Socil type class 3 (QL) did not occur in
the hand-emplacement area.) The soil type map for the hand-emplacement

ares is presented as fig. 49.

Surface cone pene-
tration resistance (CPR)

180. ©Six factor classes of surface CPR were glso established for
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the mapping of the hand-emplacement area as follows:

Surface Cone Penetration

Factor Resistance (CPR) Factor
Class Value Range, kFa

1 0-200

2 200-400

3 400-600

Y 600-900

5 900-1200

6 1200-1800

The mapping units portrayed by the various patches on the surface CPR
map (fig. 50) include the factor classes for both the wet- and dry-

season conditions.,

Mapping of Dry-Season General Seismic Response Factors

181. The three dry-season general descriptors (i.e. PPV, PODV,
and f as functions of distance) as determined by the seismic signal
zenerated by the drop-hammer (controlled) energy source were used for
mapping the seismic response of the hand-emplacement ares. (Wet-season
data could not be used, as discussed in paragraph 101.) Prior to map-
wing, best-fit curves representing the field-measured drop-hammer PPV,
PSIV, and f data (table 8) were generated. The PPV, PSPV, and f
a Tor selected distances were then obtained from the best-fit curves
{tabic 8) and these data were used as a basis for constructing the seis-
rwic response complex map (fig. 51). The factor classes established for
the mapping of the three descriptors were designed to be responsive to
the ojerationsl logic of Phase III SID's (see fig.'AS, Appendix A) and
the distribution of the factor classes that occurred within the hand-
emplacement aresa.

f2ismic response
factor mapping classes

182. PPV and PSPV mapping classes. The factor mapping classes

(table 21) were selected such that classes 1, 2, and 3 would generally
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SLALE IN METERS

200 o 200 400
HAP SURFACE CPR FACTOR CLASS FACTOR CPR FACTOR
UNIT DRY SEASON WET SEASON CLASS CLASS RANGE - kPa
1 a 1 1 0- 200
b 2 3 2 2 200- a00
L 3 3 3 3 400 - 600
4 3 4 4 600 - 900
5 4 4 5 900 -1200
€ 4 13 6 1200-1800
7 6 4

Fig. 50, Burface cone penetration resistance factor map,
3 ' hand-emplacement aresa
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Fig. 51. Dry-season drop-hammcr seismic response map, hand-emplacement
area. (For a larger print of this figure, see map 3 in pocket inside
back cover)
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corresgponé 3 the Phase III SID threshold values on high, medium, and
low gain, respectively. The threshold values at 30 lz are approximately
0.08 x 10"3, 0.18 x 10"3, and 0.50 x 1073 cm/sec, respectively (see

fig. A3, Appendix A). These values are relatively conservative, since

they offer a reasonable compromise between a frequency bandwidth at

. 9-L5 Hz and peak values at approximately 14 Hz. Classes 4-8 for PPV and

classes 4-10 for PSPV were selected to encompass the drop-hammer field-
measured values {table 21).

183. f mepping classes. The mapping classes for f were se-

lected such that they would encompass the frequency response of the
Phase 1II SID and also the field-measured values. Tnese factor class
ranges also are listed in table 21.

Mapping of seismic response factors

184, The seismic response factor complex map (fig. 51) was gener-

ated by first prepsring individual factor maps for PPV, PSPV, and T

- for distances of 5, 10, 20, 30, 40, and 60 m, respectively. This was

accomplished by examining the drop-hammer best-fit data {teble 8) for
PPV, PSPV, and f at the various distances and selecting a factor class
for each corresponding distance (i.e. a factor class for 5, 10, 20, 30,
Lo, and 60 m, respectively). The factor class for each distance was
then noted on a base map. At this stage, boundaries were drawn delin-
eating zones or patches in vhicn all the class numbers were the same.

In effect, the map differentiated the area in terms of FPV, PSPV, and

f for a selected distance, such as 20 m.

185, A1l the individual PPV, PSPV, and f maps for each of the
gelected distances (i.e. 5, 10, 20, 30, 40, and 60 m) were consolidated
into a single map (i.e. a factor complex map). All factor class ranges
identified on the map in the order of PPV, PSPV, and f factors were
tabulated, and each array (i.e. unigue combinations of values of PPV,
PSPV, and f) was assigned a map unit number. The resulting tabulation
(table 21) is the legend for the seismic response factor complex map
(fig. 51); a8 unit on this map represents an array of class ranges as

identified in the legend, and delineates areas exhibiting similar
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combinations of seismic conditions, at least insofar as PPV, PSPV, and

1 are concerned.

Mapping of MINISID III Detection Performance Values

186. A MINISID II1 performance (detection distance) map of the
hand-emplacement area (fig. 52) was constructed using the experimental
deteclion range data (tsble 9) obtained during wet- and dry-sesson con-~
ditions at the ten sites (sites 335-342, 348, and 349), air-photo inter-
pretation ftechniques, terrain data obtained within the area, and the
interpreter's personal knowledge of the hand-emplacement area. The map-
ping classes were selected to minimize the difference between the mapped
values and those portrayed by the experimental detection range data.

The legend for the MINISID IIT performance map is given in table 22.

The legend for the SID performance map (table 22) does not differentiate
between wet- and dry-season conditions. As can be seen in fig. 30 (s
bargraph showing a comparison of the wet- and dry-season detection dis-
tances at medium gain), there appears to be no trend toward any one sea-
son giving a consistently greater or lesser detection range. For ex-
ample, the detection distance data presented for the wet and dry seasons
in fig. 30 show a difference of 1-3 m for five sites (337-339,

342, and 349), a difference of 5-7 m for two sites (341 and 347), and a
difference of 18 and 20 m for two sites (336 and 348, vespectively). A
more distinct trend may have been observed if the same man had been used
for the walk tests during both seascons. As this was not the case, the
experimeuntal MINISID III data for the two seasons' conditions cannot be
considered absolutely compatible. The characteristics of the two per-
sonnel used for these tests were: The wet-season MINISID III data are
based on & man welighing 79.2 kg, wearing boots size 11, and walking an
average pace of 1 m/step; whereas, the dry-season MINISID II1 date are
based on a man weighing 65.8 kg, wearing boots size 9, and walking an
average pace of 1 m/step.

187. To illustrate the effects of personnel characteristics on

the MINISID III detection ranges, the results of a few selected tests
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NOTE: MAP BASED ON MAN WEIGHING 66-79 KG, WEARING BOOT
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FOR LEGEND SEE TARLE 22,

Fig. 52. SID detection performance map, hand-emplacement area.
a larger print of this figure, see map U inside back cover)
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were conducted at Fort Huachuca and are summarized below:

Personnel Characteristics

Site Weight Boot Avg Stride
No. kg _Size _n
335 65.8 9 1.0
335 79.2 11 1.0
336 €5.8 9 1.0

336

T0.2

7-1/2

121

0.83

Dry-Season
Detection Range
(Avg of 3 Tests)
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PART V: SUMMARY OF RESULTS, CONCLUSIONS, AND RECOMMENDATIONS

Results and Conclusions

188. As stated in paragraph 37, the overall objective of this
seismic and environmental study was to improve procedures for conducting
engineering tests to evaluate various SID systems. The following dis-
cussion will show how well the specific objectives were achieved.

Significant terrain and seismic
response factors and their variation

189. The significant terrain factors required to determine sensor
detection performance are:

a. Surface terrain factors (paragraph 119): -

—

(1) S0il type

(2) Soil particlc size

-

(3) Soil moisture content

(4) Soil wet density

(5) Seil strength (cone penetration resistance)
(6) Height and density of vegetation ground cover

(7) Ceometry of ground surface (roughness)

I

Subsurface terrain factors (paragraph 127):

(1) Compression wave velocity (each layer)
(2) Shear wave velocity (each layer)
(3) Thickness of e.ch layer
(4) Soil wet density of each layer
19Q0. The relative effects of terrain factors (and changes in
them) cannot be specified in simple terms. However, it is felt that a
sensitivity analysis performed on the Fort Huachuca-data by a first-
generation model developed at WES would indicate those fachtors that
cause significant changes in SID detection ranges. As a result, only
those factors indicated by the analysis would.have to be measured in
future studies (paragraph 132).
191. To improve the cverall procedures for prediction, extrapola-

tion, and comparison of SID performances (detection and implantation),
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mectecrological ucd vegetation date should also be obtained within the

general area of S1D testing as follows:
a. Meteorology factors (paragraph 76):

(1) Wind speed
(2) Wind direction
(3) Precipitation (rainiall snd snowfall)

b. Vegetation fuctors (descr}ption of' plants within a

radius of =~ 100 m of the SID test site) (paragrapn 78):

(1) fverage plant base diameter and number of sitems per
plant

(2) Average plant height

(3) Average dominani plant spacing

(4) Plant crown characteristics (average diameter and

depth)
192. The seismic response parameters {i.e. PPV, PSPV, and T as
a function of distance) resulting from the drop-hamuer enercy source
(which is assumed to be comparable to lhal resulbting from a footstep
source ) indicate that the hand-emplacement area provides terrain condi-
tions that are somewhat ideal for performing engineering tests of hand-
emplaced SID's (paragraphs 105-107). The seismic responses as measured
at the 10 test sites (see Appendix B) show some site-to-site variation,
and this variation should be considered in S1D engineering testing; how-
ever, it i3 Dbelieved that this varistion can ue accounted for analyti-~
cally and therefore will nol necessarily result in eny erratic or incon-
sistent results in engineering tests performed on the hand-emplaced
SID's. The variations in seismic response parameters portreyed by aicr-
drop areas 1 and 4-6, «s mecasured in the dry season, indicate, in
general, that the detection performsnce of air-implanted SID's can be
evaluated for a large range of terrsin cvnditions (paragraphs 105-107).
The variation in these conditions allows the testing of air-implanted
SID's under varying stress conditions (i.e. high to low rigid-body de-
celeration values) and under a variety of soil strength conditions
(paragraph 165).
193. The seismic responses resulting from induced background
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noises created by low-flying fixed-wing and rotary-wing aircreft are of
sufficient frequency and duration within the East hange to have signifi-
cant, effects upon certain types of SID testing; therelore, measurements
of the induced-noise level must be made during SID testing (para-

graph 110). The seismic response resulting from wind acticn on plaut
structures within the hand-emplacement area and the airdrop areas did
not produce seismic waves of sufficient megnitude that were considered
significant to the engineering testing ot most SID systems employing a
Phase III type or similar logic (paragraph 103).

194, Based on the surface and subsurface terrain data (end, in
some cases, seismic data) obtained during wet- and dry-season condilions
st Fort Huachuca, it was determined that the selected SID test sites
portrayed significant variation from site to site, but, in general, very
little variation between wet- and dry-season conditions (paragraphs 121-
125, 128-131, 134-138 and figs. 32-38).

Date collection procedures

195. The procedures used by WES for acquisition and recording of
the siguiiicant terrain and seismic response data listed in para-
graphs 189 and 191 are being documented in & separate loose-leaf repcrt
and will be provided to Fort Huachuzs upon completion.

Factor maps of hand-emplacement aree

196, The terrain factor complex maps (figs. L7-50) prepared for
the hand-emplacement area provide surface and subsurface factor data on
an areal basis for use witn the forecing function and seismic wave propa-
gation submodels Lo esiimaie SID periormance {i.e. delectlon distuuces)
for man-valking energy sources {(paragraph 167). Thc seismic response
factor complex map (fig. 51) prepared for the haend-emplecement area pro-
vides seismic data on an areal basis on PPV, PorVv, ad  as a function
of distance, and will be useful in selecting represcntative areas (i.e,
arcas that will provide the least amount of terrain variation) for con~
ducting ©ID englneering tests.

Extrapolating SID test resultls

197. Based on the WES concept (fig. 2) for the extrapolation of

SID tect results, adequate simmlation models descriving the phenomens
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under test are being formulated (paragraphs 151 and 166). In the case
of SID detection perrormance, this involves simulating the generation,
propagetion, and coupling of the seismic energy from the source to the
sensor. In the case of implantation of air-delivered SID's, this in-

volves simulating the terrain-penetration event of an alr-deiivered 51D

-and the coupling of the SID to the soil. The extrapolation concept also

requires that the terrain inputs to the simulation models be constitu-
tive and measurable properties of the terrain such that they can be

classified and portrayed on an arecl basis.

Depth of penetration and decel-
eration of sir-implanted sensors

198. The predicted (and unvalidated) depth-of-peretration results

for airdrop areas 1, 4, and 5 indicate that the AD3ID/S air-delivered
sensor will implant satisfactorily (i.e. it will obtain a penetration
depth sufficient for detections of a seismic disturbance) within airdrop
arca 1 (test pit 5) during both the wet and dry scasons; and within air-
drop area 1 (test pit 6) and airdrop area 5 (test pit 2), it will im-
plant satisfactorily only during the wet season (paragraph 157). These
predictions are based on the assumption that the anticipeted impact ve-
locity of the aADSID/S will be approximately 50 m/sec. For alrdrop

area 1 (test »it 6) and airdrop areas U4 and 5 during the dry season, the
renetration results indicate that the ADSID/S at 50 m/sec¢ impact veloc-
ity will penetrate the soil only a few centim2ters and then probably
fall 4own (paragraph 157). All computed deceleration values were over
the maximum allowable for a workable ADSID/S, except those for area 1
(pit 5) during the wet and dry seasons, area 1 (pit ©) during the wet
season, and areca 5 (pit 2) during the wet season (paragraph 159).

199. The very limited experimental penetration data obtained at
the CSEWS airdrop area compared reasonably well with theoretical predic-
tions of penetrations (paragraph 16L4). The comparison of these data
also shows that the depth cof penetration of a typical air-implanted 5ID

(i.e. ADSID/S) is very dependent upon terrain moisture conditions (at

the time of test) (paragraph 161).

200. The input parameter data required by the cquations
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(presented in Appendix C) used to provide theoretical estima es for the
depth of penetration and impact deceleration of air-implanteu SID's are
obtained from special laboratory tests on undisturbed scil samples. The

inputs to the equations are:

a. Initial Young's modulus of elasticity, E .

b. Ultimate shear strength, 9, -

¢. Compressibility paranmeter, pp/p .

d. Boll wet density, op .

€. Coefficiént of friction between the projectile and the

soil, wu .

Drag coefficient, CD .

[

Recommendaticons

201, Since the Fort Huachuca hand-emplacement area exhibited
rather smail diffcrcuces in the four cubsurface terrain factors (i.e.
VP’VS’T’ and ,) between the wet- and dry-season conditions, it is
recommended that measurements of these factors be made only for new
sites established for engineering iesting of a SID system., It is fur-
ther recommended that soll moisture content and cone pehetration resis-
tance (soil strength) be measured at &ll sites (including the ones
sampled by WES) that are to be used for engineering tests. To obtain
moisture and strength data on-site in the proper form for use, a calcium
carbide gas pressure moisture tester (i.e. Speedy Moisture Tester) and
the WES cone penetrometer are recommended. (The procedures for using
this equipment are being documented as noted in paragraph 195 and will
be furnished to Fort Huachuca upon completion.)

202. WES has a mathemastical computer model {see reference 3) that
provides estimates of moisture content and strength of the 0- to 15-cm
and 15- to 30-cm soil layers., It is recommended that this model be uti-
lized 1o estimate daily moisture contents and strengths for specific
asreas to be used for wet-season testing at Fort Huachuca, since local
rainfall reccords are avallable for the hand-emplacement and the airdrop

areas, and these data are required as the basic 1lnput to the prediction
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model. It is also recommended that measurements of wind speed, wind di-
rection, and precipitation (rainfall and snowfall) be obtained during
SID testing for use in interpreting test results (paragraph 77).

203. The input parameter data for use with the sensor implanta-
tion equations, which provide penetration depihs and impact stresses of
air-delivered SID's, are presently obtained from the results of special
uniaxial strain and triaxial compression tests performed in the labo-
ratory on undisturbed scil samples. This procedure for obtaining the
necessary parameter data is very time-consuming and too costly for prac-
tical application, such as for use in day-tc-day sensor testing. There-
fore, it is recommended that research be continued to determine better
and faster methods for obtaining input data required by the sensor im-
plantation equations, as well as by all other models being developed at
WES to estimate and extrapolate S5ID performances for world terrain
conditions,

20k, It is recommended that a WES type drop-hammer apparatus be
1.sed by Fort Huachuca personnel to calibrate a test site for SID engi-
neering evaluation., It is also recommended that at least three succes-
sive drops of the hammer be made at each data collection site, and the
average of the resulting seismic response data be used for comparing SID
performance at one site with that of another site (paragraph 100).

205. Since the theoretical procedures briefly presented in this
reporl appear to offer a rational basis for interpreting and extrapola-
ting SID test results, it is recommended that work be continued on the
further developuent of the WES theoretical seismic wave propagation
model to allow for the Tollowing considerations:

Forcing function to account for the transfer of =eismic

@

energy from the source Lo the propagating medium.
b. Viscous damping coefficients thal better approximate

site conditions.

c. Torcing function that more adequately describes near-
ficld wave propagation.
d. Coefficients that describe the geometry of the ground

surface.
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-e. Opecial studies to determine the effects of sensor mass, o
.- sensor attitude or configuration, and terrain coupling ‘ :fiA'

--on SID performance. ; C Lot
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Table 3

Surmary of Moisture Date

Moisture Content, % Molsture Content, %
Site Depth  Wet*  Dry*x Site Depth Vet Dry
_No, cn Season Season NDifferencet No. cm Season Ceason Difference
335 Surface 5.3 1.7 +3.6 348  Surface 6.6 1.1 *5.5
50 13.2  10.5 2.7 50 8.4 N +4,0
100 7.6 7.4 +0,2 85 7.3 v.2 +2.1
336  Surface 5.2 2,2 +3.0 349  Surface 6.6 1.0 +5,6
50 6.4 6.0 +0,h 50 7.2 2.4 +4.8
100 10.8 9.3 +1.5 85 5.7 3.7 +2,0
337 Surface 6.5 1.5 45.0 347 Surface 7.2 1.k 15.8
50 7.7 7.2 +0.5 50 13.4 6. +7.0 3
100 5.5 L2 +1.3 85 8. 5.2 3.2 3
330  Surrace  1i.7 5.0 +6.7 510 Surfuce 2G.4 4.0 120,54 5
50 10.1 7.1 3.0 50  10.2 8.5 +1.7 -
100 9.3 6.1 +3.2 80 - 8.8 -
339  Surface 5.5 1.4 +h.1 Bl Surface 32.6 7.4 +25.2 3
50 9.1 7.k +1,7 50 18.2  10.5 +7.7 3
100 7.2 6.1 +1.1 100 - 15.1 - .
340 Surface 8.1 1.4 +6.7 L1z  Surface 11.L 2.6 +8.8
50 3.0 b, ~1.5 50 5.3 3.0 +1.5
100 5.6 6.5 -0.9 100 -- L4 -
341 Surface  6.L 0.9 +5.5 4113  Surface  tt 10.1 -
50 5.9 9.7 -3.8 50 tt 45.0 -
100 7.9 8.3 -0.4 100 ++ 52.0 -
200 tt 76.0 -
3&2. Surface 5.3 2,8 +2.5
50 7.0 5.0 +2.0
100 8.2 8.3 -0.1

* Data obtained March 1972,
. **  Data obiained August 1971.
g 1 Difference obtained by subtracting dry-season dota from wet-season data,
1  Area inundated during wet season (August-October).
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: Table L
I Suamary ot Cone-lenetration Resistance (Soil Sirengtt) Dita
Conc-Yenciration Reristernce, k¥a, by Verious Depthis, ~m
Site No. Senson Surtuce 2.5 5.0 7.y 10,0 2.9 15.0
1 ) - . B R
i 33y Wet scason 500 2300 1990 3540 3410 4000 3030
Dry scason 100 1219 4090 G170+
Difterence +4{,0 +1090 - L00 =130
330 Wetl seasou 80 2b70 3200 279 430 2hi0 2700
Dry season 240 710 1704
Diftferance +L20 -12h0 =19.0
330 Wet scason W30 1500 2300 2480 2340 2520 2010
Dry scasonh 540 3580 L7310 170+
I Differecuce =110 -2080 -2h10 2090
| 336 Vet scason 520 1590 1530 1800 1920 2200 2710
Dry scason B 2800 5170+
Diticrence =290 ~111C -3540
H 339 Wet season 820 2400 3L70 320 ‘2940 2500 2290
i Dry scason 190 B'7hH0 51704
; Difference + 30 =2300 =1500
: 340 Wel, scason 810 21D 3230 3210 21Lo 30060 3100
: Dry season 1990 14500 1504
Ditterence =110 -2370 ~1940
3L Wel ceason 490 YU 2090 2000 2030 080 jeiecs]
Dry scason _510 h2ho %900 4940 5170+
! Pifrerence «120 =2520 -2310 2170 ~23L0
; .
: 342 Wet sensoun 1000 3000 LLho LL8o Lhs0 1390 43,0
Dry season 700 5000 517704
! Dirrerenee + 3%0 -1koo - 730
348 Wet searou Lo 2110 29h0 3240 3050 2880 27450
Dry scason (.90 Lo4u0 f10+
Ditrerence - 20 -21h0 -2230
34y Wrl season 70 2500 5030 3010 2610 2gk0 3270
Dry ceason 410 3080 51290 %1704
Ditieronen + 300 ~1u20 =2000 =21u0
7 Wel scason 370 70,0 1140 k50 1940 2440 3280
(Alrdrop 1) Dry season 320 2050 4310 1701
Ditterence + Bo -1890 =3770 ~3720
L
i 110 Viet season® - - - -— - - -
(Airdrop h) Dry scason 30 370 1240 1800 2010 2010 27450
Ditference - -- - - - - -
L1l Wel secasen® - - - - - — -
(Airdrop o) Dry scasou 320 1250 1300 1950 23450 25,40 2590
Ditrercuce - - - - - - .
hi2 Wel zeason* - - - - - - -
(Airdrop 3) Dry seacou 20 L0 1230 2010 2h00 25810 3190
Dirference - - - - - - _—
b1y Wet nescone - - - - _ -— -
(Advdrop 6) Ny seanon Ai%) 1700 1960 110 1410 130 1290
- Difternuce - - - - - - -
Note: Wet-cewson data oblaioned during Aupust 1971; dry-seacson dala obiuined during March 19,2.
Meximuwn readivg of cone penetrometer is 51705 velues presouted are averages of 1% Jndividual
peuctration readings,
* HNo data oblained during wet scasoun,
{
i
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Table &
Soi) Data for 3reciail CSMMS Airidrop Areg¥
Airdrop Moisture Conc Tenetralion Ajrdrop Molsture Cone Penetration
Teet Ro. Content, Kesistance, kPaxr Test No, Content, ¢ Resistance, kPa
1 6.0 3630 61 6.5 5170+
2 -- -- o 5.8 5170+
3 - - 63 Lo 5170+
4 8.8 Lhoo an L. L 5170+
5 6.3 LaSo 65 5.4 4989
5 7.6 L3ho G 6.7 3950
7 5.0 3930 &7 3.9 5170
8 6.1 S51ko 63 7.1 2900
9 5.0 Loro €9 4.8 1860
10 6.1 . 70 6.4 Lo
11 6.k 5130 71 8.6 2590
12 8.6 3710 72 A5 3240
13 L.y 4220 73 5.8 4830
1k 8.7 2960 e 9.4 4230
15 9.0 1550 () 7.6 5170+
16 5.1 L6YO 76 6.4 4790
17 8.5 L&r0 Vit 6.9 4210
18 9.9 L030 78 7.9 L850
13 8.3 L7 79 5.5 Ly00
20 b 2 5140 80 6.9 Ly10
21 ho2 5150 81 -~ --
22 L.o 5170 82 7.1 LA00
23 5.3 5120 83 G.h 5080
24 6.5 LG20 8h 8.7 5080
25 - - 85 8.4 5000
24 -- 2010 _G 8.0 Lgho
{ 27 7. 3k, 87 8.6 LLno
J 23 10.2 1670 as G.i L4300
! 29 11.2 1030 £9 16.5 920
f 30 10.7 51704 90 13.0 2380
i 31 - 5120 9] 7.7 LG70
! 32 -- - 2 8.3 L830
i 33 6.7 hore 93 Q.5 Le10
| 3h 8.2 2050 G4 5.6 5170+
3% 0.7 PN 95 9.9 5170+
3 8.0 5170+ 9C 10.9 L6%0
37 -- 5030 97 7.4 91704
33 L2 51704 o] 12 2240
39 7.9 3310 99 9.0 3600
m h.3 51704 100 L.L 5170+
Li 5.5 5170 01 k3 91704
L2 5.5 Lo30 102 3.2 51704
43 3.5 Lk20 103 I,y 5170+
Ll 9.0 k210 10k 9.6 51704
L 6.7 51704+ hIe)) L, 1 5170+
e 1.9 4,60 106 4.9 4970
Ly 5.8 H1TOH 107 - -
L 9.6 2630 108 6.9 Y174
49 8.5 £1°704 109 G0 91704
50 v 5110 1i0 5.2 5170+
91 3.7 5100+ 111 - --
502 H.0 L{u0 117 7.0 H1'70
53 u 51704 113 G.h 51704
5ho. LG H170+ 114 3.8 51704
5 3.9 L100 11 3.5 L0450
56 L. Lo1o 116 3.2 5170+
5% H.2 51704 117 3.t 5170+
58 7.1 k300 117 5.5 517704
59 6.5 51 /04 19 8, 517G+
G0 4,5 9110 120 L,y 51704
: *  Soil type: & gravel-sand-silty mixture classified as 8C accerding to Unified Joil Classificutior
System: surface we' density 1.7 to 1.9 g/em> (besed on 10 semples).
** A plus sign (¢) denotes maximum penctrometer reading. Py
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Table 7
Sumnary of Soils Data, Airdrop Areas
Alr ) ~ Relative )
Drop Test Amount , %
Ares  Pit Season Sand Clay 5/¢ ¢, dex 6, =g Tan §
1 5 Dry 53 L7 0.465 0 0 0
1 5 Wet 53 L7 0.1h65 0 0 0
1 6 Dry 65 32 0.475 12,5 5.9k 0.103
1 6 Wet 68 P 0.475 0 0 0
L 3 Dry 56 Lk 0,468 0 0 o
4 3 Wet 56 L 0.468 0 0 0
L Y Dry 28 72 0.450 8.5 3.83 0.067
L U Wet 28 72 0.450 2.0 0.90 0.016
i 5 1 Dry 1k 86 0.h43 8.0 3.5u 0.061
5 <1 Wet 1k 86 0,44z 0 0 0
5 2 Dry Lo 60 0.458 2.5 1.15 €.020
5 2 Vet L0 60 0.458 0 0 0

Note: ¢ = angle of internal friction, deg.
: § = angle of friction between projectile and soil, deg.
; ten & = coefficient of friection u.
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Table 10 3
4
Swnmary of Vehlcle Seismic Response Test Data, Hand-Emplacemeni Aroe “
Seismic Rer, onse Measuremcnis (Dry Seesom) K
. Distance Pesk Turticle Peak Cummed Rosl Mean
from Velocily lerticle Veiocity Square i
Cross- Energy 3073 cufs2e 1073 em/sec ¥requency, H» Vc%ocit_v 3
Country Speed  Source Field Best-Fit  Tield Best.~Fit,  Fileld Best-Fit 1073 cm/fsec 9
Site Vehicle kn/hr m Me2aszured Curve  Megsured Curve  Measured Curve = Yield Memsured 1
3hl Mi51 8 50 0.1h 0.15 0.11 0.1h 13 13.3 0.04 :}
100 0.06 0.10 0.C0 0.07 15 13.3 0.2 !
150 ¢.09 0.07 0.07 0.0k 13 13.3 0,02 .
200 0.08 0.06 0.07 -  0.03 10 13.3 .07 J
250 0.Ch 0.05 0,01 0.07 16 13.3 0.01 -
300 0.04 0.¢l 0,01 0.01 13 13.3 0.01 g
hoo .- 0.03 - 0.01 - - - v
500 -- 0,02 -- .00 - - - :
M151 32 %0 0.51 0.54 0,46 0.53 18 18.5 0.18 3
100 0.8 0.31 0.26 0.30 H 7.1 0.10 N
150 -- 0.71 .- 0.70 - .- - .
200 0.23 0.1 0.31 0.1k ] 14,3 0.09 :
250 -- 0.10 -- 0,10 -- - -~ R
300 0.05 0.08 Q.04 0.08 1P 1.5 0.07 3
Loo 0.05 0,04 0.05 0.0b 10 8.7 0.02 N
500 -- 0.03 -- 0.03 -- -- --
MH7T7 g 50 - 1.1.0 - 1.60 -— - -
100 0.63 5.68 1.35 0.9 15 15.4 0.38 - P
150 -- 0.8 - 0.58 - - - H
| . 200 0.33 0.30 o0.ho 0.39 15 k.35 0.1? ,
1 250 -~ 0.78 .- 0.27 .- -- - i
300 0.71 0.73 0.13 0.19 13 3.1 0.05 :
u0o v.2 0.15 5.00 1] 12 11.6 0.0 i
500 0.12 0.10 0.0u U5 1% 10,7 0.02 :
: :
! M7 32 50 -- 2.9 -- b.97 -~ - -- !
100 1,43 1.06 1.26 2.37 15 12,1 0.50 :
i 150 -- 1.08 -- 1.31 -- - -
i 200 1.00 o.h 1.3k .77 15 .7 0.ho ,
i 250 -— 0.93 -- .M -- -- .-
H 200 0.37 0.39 0.9 0.29 1 1€.3 0.12 :
! hoo 0.2h 0.71 0.0 0.11 12 18.h 0.09 :
! 500 0.11 0.10 0.02 0.0% 28 20.5 0.05 .
; 34y M151 8 50 0.0 0.18 0.70 0,16 21 17.h 0.07 ]
100 0.09 0.12 0.0% 0.99 13 3.1 0.02 *
1:C 0.08 0.08 0.06 0.06 13 pUR: Q.02 p
200 0.07 .06 0.0G 0.0k 17 13.5 0,02 )
250 0.05 0.4 0.0? 0,03 15 ip.P 0.01
. 300 - 0.0 - 0.02 - - .- ’
| LT -- o -- 0.01 -- - -
] 500 - 0.02 -- 0.01 - - - i
{
: MisL 39 50 -- 0,61 -- 0.01 -- -- -- '
! 100 0.70 .35 0.37 0.35 13 1,5 0.10
150 -- 0.2 - .03 - - -
200 0,79 0.1% G.r9 0,16 15 13.0 G.09
. 250 -- .12 .- .12 - - -
i 300 C.o7 0.09 0.0% 0.09 b 1.5 .00
fes) 0.09 .05 0.02 .05 9 10.0 0.0). '
500 .- 0,03 .- 0.03 .- - - :
wo77 8 50 .- 1.24 -- 2. - -- - -
100 1,74 0.70 1.8 1.1y 13 1.8 0.4 '
150 - 0.hg ~- 0.7 ~- - --
200 0,79 6.35 0.37 o 1y 12.0 0.12
: 250 -- 0.76 .- 0.32 .- -- --
i 300 0.16 0.19 0.17 Q.00 hi 11.7 0.07
! Lo 0,08 0,11 Q.07 0.11 9 FRI o.op
i 5C0 0.07 .07 0.07 Q.0 7 76 G.03
' MY 30 50 1.70 2.35 1.58 2.08 ) 20,9 0.uB8
160 1.69 1.3C 2.l 1.59 o 10.3 0,k
40 0.P 0.90 0,90 1.9 1w 1.5 0.3
. 200 0.9 0.0 1.19 0.79 9 8.0 0.h¢
250 -- 0.7 -- 0.49 -- .- --
300 .3u 0.3y 0.l 0.h% G 9.1 0.1
, Loo 0,17 0.720 0.30 027 7 7.6 0,05
300 0.13 0.12 0,1%4 0.17 7 -- Q.0
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Sunesary of MINIS(D Deta for Man-Walling and Vehicle Tesis

MINTSID Detection Diatence, m
No. low Gain* Mediun Gain Hixgh Sain®
of Dry Vet Dry Dry
Arca Slite Test Season Seazon_ Seasodh Season Area
Man-Walking Data
Hand- 3315 1 9.G> % - 28,0~ 3,00 Alrdrop 1
enplace- ? 10.6 - 26,5 62.0
ment K 10.0 -- 28.0 63,0
b 10,0 -- 27.5 3.0
5 -- - 7.0 67.5
Ave 9.4 - 27.h 5.3
33 i 11,0%+ L. ot 28.00% 0,0 % frirop b
o 12.0 7.0 3.0 .0
k] 17,0 58.0 34,0 o0
b 13.0 55,0 35.0 3.0
B -- 52.0 35.0 -
&vg 12,0 51.8 3.2 5.0
337 1 3,08 25,0 2L,0x 13,0 “irdroy-
2 5.7 21.0 23.0 52.0
3 5.0 23.0 23,0 620
b €.0 0.0 25.C 55.0Q
hvg A 23.% 23,4 1.8
338 1 13.0% % 0o LOF 30.0% 40,04
o 1.0 30.0 33.0 50.0 AMrdrop 3
3 o,0 3.0 8.0 0.0
4 1.0.0 3.0 25.0 51.0
5 - 35.0 ~-- --
Ave 10.3 314 29.0 50.0
339 1 - 15,0t 21,5 Lo,
2 .- 6.0 20.0 Ly.5 Mrirep ¢
3 .- 27,0 22, Lo.w
4 -- 24,0 23.0 v 9.0
5 - 5.0 20.0 41.0
Avg - 23.0 21.h k1,6
LUTO 11.0v" -- 38,00x 89.0:«
2 .0 -- k0.0 8h.,0
3 11.0 -- 38.0 89.0
L 9,0 -- R,0 76.0
5 -- -- 37.0 89.0
Ave 10.0 -- 33,9 ec.o e
31 1 8.0~ 28,0 33.0' .0
2 8.0 25.0 39,0 71.0
3 8.0 26.0 35.0 50.0 -
i -- 29.0 25.0 £0.0 <
bl -- -- 33.0 9.0
Ave 8.0 27.2 23.0 T5.2
W 1 L.oosr 19,0+ 206,00+ 3W.0%r ce
2 3.0 ch.n £0.0 L0.n
2 1.0 20,0 20.0 38.0
L 5.0 25.0 15,0 3L,n
5 3.7 3.0 - 8.0
hve 3.2 o2.1 15.8 30.2
KU IS 1n.0en 35.0¢ 56.Nn s TG 0>
? 14,0 3.0 54,0 B1.n
3 7.0 23,0 50,0 79.0
I 15,0 ] 56.0 70.0
5 1.0 -- -- gy.0
Ave a45,R 34,5 55.3 80.0 ce
349 1 7.0 270 PT.OYe 3,0
? .5 3N.0 onL 5€.0
3 5.0 20.0 &7.0 55,
b -- 27.0 27.0 55.0
Y - 0.0 - -
Mg (.¢ 2R, 20.t 5h.R

Sita

347

w10

411

L1z

1.13

3hks

3hhes

3uhg

b6

345§

3h54%

3hos

345 ¢

MINISTD Delection Distance, =

—d .

Wo. Low Gain _ Medium Guin HIgh Hain
ol Dry ¥eu Dry Dry
Test _sSeason Saeason Season SeRs0n

Man-Wulking Data (Continue3)
1 10.0** £9.05t 3.0 5€,0°*
2 9.0 .- 2,0 €2.0
3 10.0 - 3.0 £0.0
L 12.0 -- 22.9 £9.0
) 13.0 - - -
Avp 10.8 296 23.9 58,8
1 1€.0x" -- 30.9% 62,0
2 13.0 -- 30.0 0.0
3 13.9 -- 35.0 1.0
L 1.0 - 31.0 61.0
5 12,0 - -- -
Avg 1k.0 .- 31.5 €1.0
1 17.07* - 29.6 [
2 17.0 -- 25.0 heL0
3 17.0 -- 29.0 Ly.e
L 20.0 -- 28.0 k5,0
9 -- -- 27.0 bs.c
Avg 17.3 -- 26.0 L8.8
] 313.0v - 33.0°* 50,07
2 1.0 -- Lo.o 51.0
3 13.0 -- 3%.0 54,0
4 11.0 -- 37.0 sk.o
5 -- -- 21.0 91.0
hvg  12.8 -- 35.0 52.0
J LO.0tt -- TL.Ott 101,0tt
2 u2,0 - €9.0 R.0
3 b5.0 -- 71,0 105.0
i 45,0 .- b4.0 10k ,¢
4 Lh.n -~ -- 105.0
Avg 43.2 - 70.0 102,
Vehicle Da.a
1 £200.0 350.0 210.0 h00.0
» -- 319.0 -- 40,0
Avg 200.0 230.0 310.0 h25.0
1 190.0 268 6 280.0 k75,0
2 260.0 300.0 395,90 500.0
Avg 205 O £299.0 302.% WR7 .5
1 0.0 120.0 17%.0 5,0
2 €0.¢ 315.0 170.0 a275.0
Avg €0.0 117.45 160 250,97
1 10.0 75.0 9.0 25.0
2 1n.n Au,0 7.0 176,
Avg 12.5 80.0 82.4 130.0
1 £0.0 -- 210.0 270.0
1 15.0 - 55.9 1210
a3 - - - -
Avy 15.¢ - L..c 1000
1 20°5.0 -- 370,60 KA
2 2050 .- 200.0 h11.9
Avie  0P5.0 -- 30C.0 bo3.n
1 238.0 . 323.0 Ly 0
2 202.0 . 248.0 unn .o
Avg  230.0 -- =5 S bpl2.s

Ho test condue

Woei-jensun dutn oblalored in Aupgust 1371; Avy-ncason date vbiained in March 1975,
ved ju the wet sencon.

*+ Darection Alstance Tor 8 mau welghing 4.8 kg (wearini bools, size 9) and walking an everape of one etep pur meter.

1 Detection dlstance for a man welghing 79,2 kr (wearing toots, sizc 11V wnd walking an eversre of vae step per woter.

suee Tur 8 wan welghing 70.7 kg (woaring bools, aize 7-1/2) wna walking wn uverage ol one ste} per 0,83 m,
syeed 30 kn/hr.
speed A kn/hr.
syeed 32 /b,
spoed 8 km/ur.

1t Detectjon Als’.
3 M7 venicle,

t1 M7 ovenieln,
3 117) wvenicle,
3 M171 vehiele,

]
{
]
A
b
k]

RECE S, L A STV
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A Wi

T & e

[ o g e o ey




Table 12
A N/S Test Datn for Srecial CSEWS Alrdroj, Area

! Lenslle of Tvne~ Sensor Length of Pune- TNenror -
! tration Alony Impiaty _Airevafi® Wind Speed, tration Alony Tmpnct Alrcraft Wind Speed,
: Tect  Sensor lmpact  Ancle e2d RILithde m/sce, ard Test  Sensor Impact Anple  Breed Altitude w/sec, and
f No.  Trajectory, on Jder ree  m Direction No. Traiectory, cm deyr n/sec m Direetion
' 1 2y.2 31 7.y 143 0.0 61 22.9 ul 7.4  2uk 1.4 8
f 2 Wyt 3" &2 29.h4 33
{ 3 31.4 25 62 21.6 13
L 30.9 Lo h 20.3 1)
} Y PR 37 G 244 30
[ 314 30 56 31.8 20
i 29.? Lo Gl 17.8 36
[ 250 2 o 43,6 32 .
; 9o 201 39 65 50.8 i) !
1 10 23.6 40 { 70 33.0 1R 250
1« 27.9 3 y 11 %0.8 28 250 y
| 1oes 2.9 2h 72 33.0 33 250
i 13 2.5 13 2.0 8 14 254 €2 9] 1.0 8
i 33.0 L2 ‘h 29,2 94
1y hi,3 Ly Thse 30.9 99
i 16 27,9 20 70 24.1 6a
! v 36.8 29 7t 29.2 e,
1 1 31.% 14 T 22.9 99
! 19 26,7 39 122 19 22.9 i
: 20 27.2 34 80x+ 27.9 Le
2) 22.0 3 ‘ 21 . -
: 22 20.3 Lt 1.08 A2 30,5 Lo
©o2 27.9 50 83 20.3 G ‘y Y
. 2k 27.9 Lo sL 17.° 1
T 25 -- - By 29.h 30 183 1.5%5
o
20 .- - 86 22 29,
: 27 33.0 39 163 B 33 2,
i 2% k1,9 Y 53 3y G
. 29 PR 3% 89 k3,2 30
L 30 2h .1 Lo g0 L, 3t y
!
3] ah,1 3t 9N 30. 31 AN
32 - . 92 30.5 19
33 2L, 1 L2 7 20.7 24
3k 22.9 H2 G 22.9 30
34 24,1 18 vl 20.3 29
36 26.7 6 % 33.0 Lo '
37 33.0 o 0.0 97 20,3 31 0.0
32 2.9 43 9% Lo,y o9
39 3.9 D) 95 3.1 =
ho 20.3 I 100 2.4 24
Ly 27, 29 101 20,3 91
L 308 N 100 24,1 17
L3 27.9 20 333 1.0 21
LL 3%.6 31 1ch 20,1 L2
Ly 27.9 Lo 10 an.0 39
. Lo 33.0 28 100 29.0 31
L7 25.4 20 1 Y 107 -- - 1
4 20.7 SR 103 20,0 12
] 2.k 3, 1. 1.5 & 109 22.9 B 183
S0 21,0 20 12 110 26,7 ho
o1 20.3 2¢ 172 111 —— -
92 24,0 ho 133 112 20.3 5
43 2Ly 33 1% 113 1.0 Y
5h 22Z.1 21 1°3 I1lh 22.9 30 !
oY 25.4 2k 23+ 114 3h4.3 1B 2l
56 29.2 26 23% 15 20,3 3D
97 27.9 22 23~ v 2.9 20
58 50.8 30 2hy 114 bk 32
59 29.2 i ' 2h1 ‘ i 20,7 3 ' ’
o 22.9 26 21 120 22,9 30 !
Note: For soil mositure and sirergth dawva corresponding tu each test nutber, see table b,
i * Directinn of atrereft, weat tu east.
| #+  Near-surfacce {mpact velocity measurements obtained using high-speed ground photugraphy (see table 16}, .
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Tubl Lh

Compnrison of Measured and redicted Detevtion Distances (Medium Gain)

Using Aunlog Computer Modelr ant Mun-Walking Dnie

Deteclion Distance, m
Measured by
Site No. MINTSID Tredicted Difference Remarks

Wet-Season Comditions {fug 1972), Fer ommg, W, C.°

370 eh €0 -k

37 105 97 -8 High backgreamd roise daring MINISID tests

372 23 87 -6

73 HE ™ +18 High background noise during snalog man-walking tesis

37k 8s 8t 41 U

375 L3 L .2 .

37¢. €1 73 -8 Wind gusting during MINISTD tests o
377 73 63 -10 ) LT
377 37 3¢ -1 ) ST

379 hy 55 +1h

380 40 27 ~13 Wina gasiiug durlng MINISID tests

381 29 23 41 e --

380 85 77 -8

383 19 24 +3

Lo 81 81 0

L93 36 € +28

Dry-Scason Scenditions (Mar 1470), Fort Bragg, N. C.°*

373 he Lo -6 3
37h L 54 410 B
37" 28 31 +3
37f. €9 3 +b
377 (a5 o2 -2
373 26 €5 +39

. 379 24 29 +6
380 22 23 +1 ) -
381 25 29 < TTL
3Be 26 52 426 )
383 12 i c

Dry-Seeson Conditions (Mer 1:71), tort Haachuza, Aviz.t

33 27 h -3

336 3h 29 -5

327 24 20 -4

334 29 7 -2

339 21 27 +31

3540 33 34 A

3h1 332 35 <1

3ho 2¢ 20 +2

37 23 2L +)

318 59 52 -3

3hn 20 28 42

Lo 32 33 -1

11 2( 39 113 High background noise dvring anelog man-walking tests - )

{backhoe machine digging hole)

Lo 3 33 3 .
413 T0. ™ 42

Wet-Grason Cenditions (Jan 3U73), germanytt

Lk S 5

Lid 20 be +1h filgh background noise during snalog nan-walking tests
{factory, road traffic)

Lyt 17 31 +1h

Ly 1k 23 49

ua( 1 7 <6 High wind noise during anerlog man-walking tests

431 Lo 53 +1h

437 0 I N

445 18 30 +12 High backeround noise during unalog man-walking tests

LhR b 33 <19 High beckeround roisc during analog man-walking tests '

LE) o2p 51 429 High background poise during anelog man-walking tests

L 3 39 8

L8 3 5 a?

* Mean difference, 7.7; std dov, +11.0; nunb-r of sites overpredicted, £; namber of sites underpredicted, 8,
¥* Maan dl€ference, 7.1; atd dev, 213.?; number of siter overpredicted, 8i number of sites underpredicted, 0.

t  Mean Aifference, 3.1 m; std dev, ;’t.h m; nunter of sites overrrcdicted, 8; numter of sites undervpradicted, 7.
+1  Mean difference, 17.0; std dev, 7.%; number of gites overpredlicted, 12; nunber of sites underpredicted, 0.




Table 15

Prediction of Maximum Deceleration of ADSID/S at

50-m/sec Impact Velocity

.. Airdrop

\N

Area

Test
Pit

=

=

Meximum Deceleration of
ADSID/S at 50-m/sec
Impact Velocity, m/sec”

Wet Dry
7 Season Season
1.927 % 163 3.769 x 10°
6.420 % lO3 2.730 % lOh
1.519 x 107 2.555 x 107
‘ )
1771 % 105 2.687 x 10°
1.175 x 10%  2.355 x o
5.968 x 103 2.408 % 'J_Ol‘l

Note: Maximum allowable deceleration for ADSID/S is
approximately 9.85 x 103 m/sec?




Table 16

Comparison of Measured and Predicted Penetration Depths of Air-
Delivered (ADSID/S) Sensors_at CSEWS Airdrop Test Area

Impact ) Length of Penetration, cm
TImpact Angle ) Difference,
Velocity (oft Moisture Measured
Test Vector Vertical) Content from
No.* m/sec deg % Measured Predicted _Predicted
5 47.795 37 6.3 25.4 o4k -1.0
Lh6.032 39 5.6 2.1 22.1 -2.0
11 51.227 35 6.4 28.0 27.4 -0.5
12 L4, 603 28 8.6 27.9 30.0 +2.1
34 52.962 52 8,2 22.9 30.9 +8.1
; 36 51.297 €0 8.0 26.7 2h.1 -2.6
! 75 s 129 59 7.6 30.0 18.5 -12.0
76 50.224 62 6.4 2h.1 14,7 ~9.4
78 49,104 55 7.9 22,9 25.9 +3.0
79  49.ko09 55 5.5 22.9 17.5 -5 .k
80 47.809 L6 6.5 27.9 20.3 -7.6
vy
V? " Vv = Va cos B
‘ v V. = velocily in the wvertvical
direction
P = PD/cos 8
PL = luug,en of penetration
PD = depth of penetration

DEPTH OF

PENETRATION, PD

LENGTH OF

PENETRATION, /,///

PL (CM)

* See table 2 for site descriptions.




Factor Classes and Factor Value Ranges for Terrain Factor Complex

Teble 17

Map, Hand-Emplacement Area, Wet and Dry Seasons

Layer Compression Shear Wave
Factor Thickness Wave Velocity V. Velocity V Densit p
Class cm n/sec P m/sec S g/cm
Layer 1
1 40-65 220-260 75-115 1.00-1.4s
2 66-95 261-290 116-135 1.46-1.60
3 96-125 291-320 136-155 1.61-1.80
i 126-165 321-360 156-175 1.81-2.19
5 166-200 361-400 176-190 2.11-2.30
6 201-240 401-460 191-220 '
7 241-280 Le1-524
8 281-320
9 321-600
Layer 2

1 100-150 %70-570 235-285 1.61-1.80
2 151-2L0 571-6L5 286-335 1.81-2.10
3 241-330 646-750 336-38% 2.11-2.30
L 331-480 751-950
5 481-600 951-1100
6 601-800 1101-1300
7 801-1100 1301-1700
8 1101-2000 1701-2100




L

Tadle 18

Complex Map, Hand-Emplacement Area, Wet and Dry Seasons

Legend for Terrair Factor
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Table 20

Comparison of Theoretical Predictions Besed on

Site and Vactor Complex Data
Predictions Besed or
Site ) Factor Complex

Site Map Data and 20-m Data and 20-m

No. Unit Reference Signal Ieference Signal Difference, m

335 iz 4l 27 0

336 7 25 ol +1

337 25 17 15 +2

338 13 23 28 0

339 3¢ 17 - 16 +1

340 3 25 25 &

341 22 31 31 0

342 21 1y 19 0

348 9 27 28 ~1

349 1 22 21 +1
;
g
1
|
1

e e U AT QOB ol R A e CEA -
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Table 21
Legend for Dry-Season Drop-Hammer Seismic Response Map,
Hand-Emplecement Area
Drop-Hammer Seismic Kesponse Factor Class
PPV PSPV f
Map 5 1) 20 30 Lo é0 5 10 20 30 Lo 60 5 10 20 30 Lo &0
Unit m 2 m m m @ mom om M oM m oMM M om om m E
1 b3 2 1 1 2 2 1 1 1 1 33 2 2 2 2 ¥
2 4 3 2 2 1 1 32 2 1 1 1 5 5 L4 3 3 1 o
3 3 2 2 2 1 2 2 1 1 1 1 L 4y y 3 3 2
L L 4 2 2 1 1 2 2 1 31 1 1 & L 4 3 2 1
5 % 3 2 1 1 32 2 1 1 1 5 955 & 3 3 1
| 6 Y 3 2 2 1 32 2 1 1 1 4 4 3 3 3 & |
‘ 7 Y 3 2 2 1 32 2 1 1 1 97 5 3 2 =2 '
g b 3 3 2 2 K 3 2 2 2 2 5 5 LK L 3
;ii;ﬁ;gp ____Seismic Response Factor Value Range
i . PRV PSEV ,
i ?actor -3 -3 f
g Class 1077 em/sec 10~ cm/sec Hz,
3 1 0.0 to 0.10 0.0 to 0.10 11 to 15
i E 2 0.11 to 0.20 0.11 to 0.30 17 to 22
' j 3 0.31 to 0.60 0.31 ip 0.60 23 to 29
! 4 0.61 to 1.%0 0.61 1o 1.00 30 to 36
: 5 1.51 to 3.%0 1.01 to 1.%0 37 1o L3
6 3.91 tc 7.00 2.5]1 to 2.50 Lh 10 50
7 7.01 to 13.00 2.51 to 3.50 51 to 50
8 13.01 to 28.00 3.51vto 6.00 57 to 62
g - 6.01 to 13.00 63 to 68
10 -- 13.01 to 28.00 69 to 7k




Table 22

Legend for SID Performance Map,_Hand-Emplacemgnt'Ar».a

Wet and Dry Seasons

Detection Distance Class

Map Iow Medium High Detection Distance
Unit Gain _Gain Gein Classg Class Range, m
1 1 3 5 1 1toh
2 1 3 6 2 5 to 10
3 1 L 5 3 11 to 20
L 1 I 6 L 21 to 30
5 1 5 8 5 31 to Lo
6 e 3 5 6 k1 to 50
7 2 i 5 7 51 to 60
8 2 Y 6 8 61 tc 80
9 2 L 8 9 81 to 110
10 2 5 6 10 111 to 140
11 2 5 8
12 2 5 9
13 3 L 5
14 3 L 6
15 3 5 &
16 3 5 8
17 3 5 a
13 3 7 G

. St e e 1 A, B B0 SR e A S 15 5 R A, 25 et SRR 5 RS o i
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APPENDIX A: MINISID AND ADSID/S DEVICES

1. The Fhase 111 MINISID is a hand-emplaced, scismic intrusion
detection device, whereas the Pnase III ADSID/S {MA3T) can either be
hand-cnplaced or emplaced by dropping from a fixed-wing or rotary-wing
alrcraft. The wmajor components of tlhie signal processing circuitry of
the MINISID arl ADSID/S are the geophone (MINISID contains an external
cable-attached geophone and the ADSID/S contains an internal geophone),
band-pass amplifier, and an integration circuit (i.e. a detesction and
alarm circuit). Both sensing devices can be disabled by the destruction
of internal components. Buch disabling of the MINISID can te caused by
continuous transmission, tampering, batiery run-down, end of prograrmmed
life, and improper recovery tLechniques. The disabling criteria for the
ADSID/S are:

a. Tilting {(i.e. improper implantation) or handling. The

unit is disabled if the implantation angle is greater
than 60-65 deg from the vertical.
b. Eund of programmed life. 7ime is preselected as T, 14,

28, 45, 65, or 90 days, and an OFF position can be

specified for its operational life,

¢+ End of bettery life. Approximately 150 days.
d. Tampering. The unit is disabled by an antitamper circuit

if disassembly is attempted after impact.
Since the ADSID/S is a ballistic penetration device, its impacting envi-
roument is critical to the survival of its internal components. The
characteristics for survival of its interna components of the aircraft-
delivered device are given below:

Shock. Half-size wave of 6-m/sec duration and less than

a.
1000-g's peak deceleration.
b. Vibrstion. 20 to 2000 Hz with 20-g's peak.

c. Pressurc. 5 10 3% psi or approximately 1/3 to 2-1/3
atmospheres.
2. The coerational components of the signal processing circuitry

of the MIKISID and ADSID/S devices dare discussed briefly below.
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Ggophone

3. The Phase III SID geophone consists of e coil of conducting
wire and a magnet, one rigidly fixea with respect Lo the earth and the
other suspended from a fixed support by a spring. Any relative motion
between the coil and magnet produces a voltage across the coil termi-
nals, wvhich is proportional to the velocity of the motion. The geophone
is considered to move as if it were part of the earth, and thus produces
electrical signals vwhenever seismic oscillations are detected. The geo-
phore sets the low-frequency operating point of the system and, in the
case of a Phase III seismic sensor, has a resonant frequency of approxi-

mately 14 Hz as illustrated in fig. Al. The Phase 111 geophone is also

10 [,
¢

o _ 142 P—
@ /
- v
g DAMPING FACTOR = 0.2
= =10 4
<
2 Anh
w (TSLOPE-4ODB/DECADE
.
[ -20
<

/!
/f
"'30 /
A ) L L
I 2 5 10 20 50 100 200

FREQUENCY, Hz

Fig. Al. Response at SID geophone

underdamped and has a damping factor of approximately 0.2 (i.e. 20 per-

ceat of critical damping).

Band-Pasz Amplifier

h. The electrical signal from the geophone is of & very low level

A2




e e B ¢ e =

and must be increased in the band-pass amplifier before further process-
ing can take place. Most SID amplifiers can be set for various gains

(low, medium, and high), which are separated by 8 db. The sensor smpli-
fier reduces soms vl the vackground noise and enhances the seismic sig-
nal from the seismic sources by virtue of itz limited bandwidth of from

9 to 45 Hz, as shown in fig. A2. Theze are the frequencies at which the

tie
B 9 Mz 45 Hz
. i |
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Fig. A2. Response of SID barnd-pass amplifier

gain is reduced by 3 db from that at the center frequency. The particle
veloclty-frequency logic for low, medium, and high gains of a Phase III

3ID is shown in fig. A3.

Integration Circuit

5. The integration circuit is designed tc reduce fulse salarwms
caused by background noise., The signal is rectified, andé only signals
whose amplitude is 0.5 v or larger arc allowed to be processed further.
This corresponds to & particle velocity value of 38.1 x 10-6 cm/sec or

larger at high gain at a frequency of ik Hz, as indicated by fig. A3.
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At other frequencies or other gain settings, the value of particle ve-
locity applied to the geophone would be correspondingly higher. The

SID alarm system operates in one of two modes as follows: (a) the alarm
is set if approximately four signals are detected within a 6-sec period;
or (b) the alarm is set if a signal longer than 2 sec is detected (sin-
gle seismic signals less than 2 sec long are ignored: multiple geismic
signals less than 2 sec long are processed in the same manner &s
footstep-type signals). The meximum alarm rate for the SID is one alarﬁ
every 10 sec. This rate conserves battery life and still conveys the
needed information tc the monitoring point,

6. The SID alarms are recorded on an annunciator or display unit
(portatale). These devices allow an operator to monitor a number of
SIh's at the same time and thereby assess the type of seismic distur-
bances in an area. 1In general, the alarm rate can be used to identify
the source of the seismic disturbance and the direction of travel of the
disturbance if proper emplacement is made. TFor example, consider an
array of SID's emplaced along a treil. If the SID's alarm in sequence,
the operator can identify the direction of iravel as being in the direc-
tion of the SID alarms. The velocity of travel can be determined from
the rate at which the alarms are recorded. If all the SID's alarmed
simultaneously, the operator can probably identify the source as an
aircraft (e.g. helicopter) or exploding shell. Unfortunately, with the
SID's presently available, interpretation of the alarm pattern is an art

rather than a science.
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APPENDIX B: TERRAIN SITE DESCRIPTIONS AND SUPPLEMENTARY
REFRACTION SEISMIC DATA

General Sjte Descriptions

1. The seismic and environmental data included in this report
were collected by WES field teams at 12 sites within the hand-
emplacement test area and 5 sites within the 6 airdrop areas. These
sites are discussed briefly in the following paragraphs.
Hand-emplacement area (sites
335-3b2, 34h, 345, 348, wnd 349)

2, Site 335 was situnted on flat terrain and within an area where

“_

the vegetation consisted of acacia and mesquite that reached heights of

1l to 2 m. The substrate material was a loose, silty, coarse sand, clas—
sified SC by USCS in the surface layer (0-5 cm) and a reddish-brown
sand-ciay-silt mixture (GC) in the 5- tc 100~cm layer. A view southwest
along the 110-m line is shown in fig. Bla.

3. Site 336 was located on flat terrain with no surface irregu-
larities. The vegetation surrounding it was composed of desert grass
(species unknown) 20-30 cm in height and with stem diameters of 2-3 mm;
a few very widely spaced mesguite bushes 1-2 m in height occurred near
sta +80 (fig. Blb). The substrate material in the surface layer
(0-7 em) was & silty sand (SC) and in the subsurface layer (7-75 cm) was
& reddish-brown sandy clay {CL).

L, Bite 337, situated on flat terrain and within approximately
100 m of a major drainagewsy, was surrounded by closely spaced mesquite
und acacia bushes that reached heights of 1 to 2 m (fig. B2a). The
substrate meterial was a coarse, silty sand (SC) in the surface layer
0-5 cm) and a reddish-brown clayey sand (SC) in the 5- to 100-cm layer.

5. Site 338 was situated on terrain that had e slightly downward
slope of approximately 3 percent (fig. B2b). The vegetation occupying
the site was predominantly desert grass 50-T7T5 em in height, and occurred
in clumps spaced approximately 50-75 cm apart. A few widely spaced

acacia bushes, 1 m in height, surrounded the site. The substrate

Bl
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Fig. Bl.

b. ©Site 336

Sites 335 and 336, hand-emplacement
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material in the surface layer (0-5 cm) was a loose silty-sand and gravel
mixture (SC). Several large stones (rocks) up to 5 cm in diameter were
embedded in the ground surface. The material in the 5- to 80-cm layer
was & hard, compact, reddish-brown clayey sand with smell gravel (SC).

6. BSite 339 (rig. B3a) was on flat terrain and within 200 m of a
major drainageway. No surface rocks occurred at the site, The vegeta-~
tion surrounding the 110-m line consisted of widely spaced acacia and
mesquite that reached heights of 1-2 m. The suostrate material was a
silty sand (SM) in the O~ to Y-cm layer and a clayey sand (SC) in the
- to 200-cm luyer.

7. Site 340, located in grass-covered terrain and within the up-
permost part of a drainageway, sloped slightly downward at about 2 per-
cent in the direction of sta +100 (fig. B3b). In addition to the grass
vegetation, some rather large mesquite trees 2 m in height surrounded
the site. Substrate material was a silty sand {SM) in the O~ to T-cm
layer and a reddish-brown clayey sand (SC) in the 7~ to 100-cm layer.

8. Site 31 (fig. Blka) had a relatively smooth ground surface and
was approximately 30 percent covered with a low-growing (height 30 cm)
desert grass. A4 few widely spaced mesquite tress surrounded the site.
The substrate material was a coarse sand (SC) in the surface layer
(O-T cm) and a reddish-brown claysy sand with some gravel (SC) in the
subsurface layer (7-100 cm).

9. Site 34z was also situated in an area covered with grass ap-~
proximately 60 cm in height. The ground surface along the 110-m line

portrayed no surface irregularities. The subsiz

te matcrial was &
coarse sand (SC) in the 0- to U-cm layer and a rsddish-brown cleyey
sand (8C) in the 4~ to 100-cm layer. A view of site 342 firom sta O
is shown in fig. Blb.

10. Site 348 was in an area where the topography was very flat anl
the vegetation consisted of a dense stand of grass (fig. BSa)., A few
widely spaced mesquite trees 1-2 m in height occurred within 75 m of the
site, The substrate material was a loose, silty sand (SC) in the 0- to
T-cm layer and a reddish-brown clayey send (SC) down to a depth of

100 cm,
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11. site 345 was covered (approximately 90 percent) with a very
densc grass (height approximately 60 cm) (fig. B5b). The ground surface
glong the line sioped slightly downward (approximately 2 percent) in the
direction of sta +100, and there were a few large and widely spaced
mesgquite trees near sta +50. The suhstrate material was a coarse sand-
silt mixture (SM) in the 0- to T-cm layer and a r=ddish-brown clayey
sand with small gravel (3C) in the 7- to 100-cm layer.

12. Cross—country site 34b covered an area 100C m long and wes

positioned from about %00 m southwest of site 342 to 250 m southwest of
site 339. The site sloped gently downward (approximately 5 percent ) in
the direction of sta +100 and contained very few surface irregularities.
Grass approximately 30-60 em in height occurred along the entire length
of the line. The substrate material varied from a silly send (SM) to &
clayey sand (SC) in the surface iayer (0-7 cm). The material below the
surface layer and down to a depth of approximgcely 100 m was predomi-
nantly a clayey sand (SC). A general view of the site is shown in

fig. Bba.

13. Cress-country site 35 extended from asbout 300 m north of

site 348 to about 150 m west of sile 330. The terrain, in genersl,
sloped slightly cownward toward sta +1000. The desert grass that oc-
curred along the line varied in height trom about 20 to 75 cm, A few
scattered areas contained no vegetation. The substrate material in the
surface layer (0-7 cm) was primarily a clayey sand (SC) and in the sub-
surface layer (7-100 cm) raaged from a sandy clay (CL) to clayey sand
(SC). A general view of the cross-country site near sta +5C is shown
in fig. Bbb.

Airdrop area 1 (site 347)

14, Site 347 was situated in flat terrain and within an area con-
taining a rather close spacing of large (3 m in height) wesquite trees
(fig. BTa). The substrate material was a very loose, coarse, rilty sand
(SC) in the 06- to 5-cm layer and a red sandy clay (CL) in the 5- to

100-cm layer,
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Airdrop arsa 2 (rock
outcrop site; unnumbered)

15, Exposed bedrock and boulders covered the ground surface at
this site. A few small aveas (i.e. patches) contained a dark brown,

coarse, gravelly sand material (GW). The vegetation occupying the site

_consisted of grass and scattered clumps of acacia,

Airdrop area 3 (site 412)

16. site 412 (fig. BOb) was situated on flat terrain and within
a lsrge arroyo (a drainagewsy). A wash channel 2 m wide and 5 m deep
occurred within the arroyo and paralleled the 110-m line. The vegeta-
tion was 4 dense stand of reeds (a type of grass) approximelely 1-
1.5 m in height. The substrate materiels consisted of loose silty sand
(SC) in the 0- to 20-cm layer, a coarse sand (SW) in the 20- to 45-cm
layer, and a silty sand (SM) in the U45- to 10U~-cm layer,
Airdrop area 4 (site 410)

17. ©Site 410 (figs. BTb and B9a) was situated on & slope of ap-

proximately 2 percent. The vegeiation was composcd primarily of creo-

v

- sote bushes approxjmately 1-1.5 m in height; their average spacing

varied from 1.5 to 3.0 m. The sustre .e material consisted ot a gray,
loose silty sand with pebblcs {0~ to 7-cm layer), and a firm, 1ight-
brown clay (CL) with scattercd caliche down to a depth of 100 cm.

Aivdrop area 5 (site M11)

18, The ground surface at site b1l varied from flat (from sta O
to sta +50) to sloping (sta +50 to sta +100). The vegetation was com-
posed of smsll woody plants (acacia) that resched heights of 1 to 2 m
and hed stem diameters of 1-2 cm, The acacia vegetation covered ap-
proximately 80 percent of the ground surface and made walking through
the ares very difficult. The substrate material in the surface layer
(0-15 cm) was predominantly a silty sand with white celiche, and con-

tained some rock fragments (Tfigs. B8a and B9b). The material in the

subsurface layer (15-100 cm) was a red clay (CH) and some white caliche.

Airdrop area 6 (site 413)
19. Site b413 (fig. BlO) was situated in a rather large, flat

lake bed (Willcox Playa). The substrate material in the surface layer
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Fig. B10, Airdrop area 6, site 413

{0-20 cm) was a silty clay (CL) and in the subsurface lsyer (20-100 cm)

was @ dark gray clay (CH).

CBEWS_airdrop area
20. The CSEWS airdrop area was situated on an unimmproved air-
strip (fig. Bll). The substrate material consisted of a sandy silt to

clayey sand (SC) with various amounts of gravel and small pebbles,

Refraction Seismic Duta

ason refraction seismic data for gites 335«

o
2
[
)
13

21. Wet- and
3z, 35 (wet season only), 347-3L9, and 410-412 (dry season only) with-
in the hand-emplacement and airdrop test areas at Fort Muachuca are in-
cluded as figs. B12-B37. Thesc data are portrayed in tlie conventional

time-versus~distence forwat.
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APPENDIX C: EQUATIONS FOR PREDICTING PENETRATION DEPTHS
AND DECEL¥RATION VALUES FOR AIR~IMPLANTED SENSORS

1. The fundamental concepts of the mathematical penetration model
used to predict the depth of penetration of the ADSID/S sensor into the
Fort Huachuca terrain materials are documented in this appendix. The
penetration model is based on the dynamic cavity expaLsion theory for an
elastic-plastic locking medium formulated by Ross and Hanagud,18 and the
soil penetration theory derived by Brooks and Reis.19 The dynamic cav-
ity expansion theory has been used successfully in penetration studies
of ice, frozen ground, and various types of soils.zo“22 Tne soil pene-
tration theory of Brooks and Reis, modified to account for the compres-
sibility of the substrate materials by utilizing the expression for the
dynamic pressure inside a spherical cavity as derived by Ross and
Hanagud, was used in this study.

2. By assuming a simple elastic-plastic constitutive model for
s0il, Brooks and Reis derived the following differential equation of
motion for an ogival projectile penetrating into a homogeneous so0il me-

dium in the vertical alrection =z .

El_.di..{.o ?_E._E/j+lc_d_z')2—0 (C*)
A .2 %3 2 Dp(dt = +
at
where
m = mass of projectilie
A = cross-sectional area of projectile
5 .
§;3_= acceleration of projectile at time t
dt

o= ultimate strength of substrate material {equivalent to
Von Mises yield 1limit)

E = initial elastic modulus of substrate material (equivalent to
Young's modulus)

C., = drag coefficient

= initial mass density of soil

i3 Aw)
|

= velocity of projectile at time t
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3. Using the Newtonian form of aerodynamic drag, Brocks and Reis

derived the following expression for the drag cocfricient CD in teims

of the geomelry of the frontsl face (fig. Cl) of the projeclilc and the

et

}{/r—

Fig. Ci1. Projectile parameters

frictional forces acting on it.

2 R~r
R ’l 4 o |1 .2 2
= L5 L 9L =
CD (r ) )h sin a + T [3 os af{sina + 2) 3] }

o
2 R-r
+ Ly -R—-\ [— ;-('Lsin hu—u)-—*—-——o—sinBQ {c2)
r 8 \L 3R
Mo/ L =
where
R = radius of ogive
5?— = the caliber ratio of the cgive
0
ro = radiue of projectile

o = ogive angle, see fig. Cl

b = coefficient of friction between the projectile and the soil
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L. The differential eq Cl, in conjuncticn witili the expression for
the drag coefficicnts CD {eq €2), was used to predict the penelration
ol' the ADSID/S into earth muateriuls. The witimate strength of the sub-
strate material 0, however, was modificd to account for the compres-
sibility ot the material, The tollowing initial and end conditions were

used to integrate eq Cl:

g? =V, when Z =0
au i
(¢3)
dz
aL - 0 whien 2 = Zmax
where
Vi = impact veloclty of projectile
% = maximum depth of penetration
max
5. To account for the compressibility of the material, the ulti-
2
mate strength was modificd using the expression ou[(2/3)(E/ou)]“/3 in

eq Cl. (This expression corresponds to the quusi-static pressure in a
spherical failure zone at the interface of the projectile and the soil.)
This was accomplished by equating the expression above to a correspond-
ing expression derived by Ross and Hanagud for g compressible elastic-
plastic material. Assuming an elastic-plastic material of the locking
type characterized by the pressure-volumetric strain relation and shear-
ing stress-shearing strain relation shown in fig. C2, Ross and Hanagud
derived the following expression for the quasi-static pressure iuside a

spherical cavity.

i 2 22 i
P = —=E[1l ~ - - = = - =K
s =5 E[1 ~ exp(-38)] 3 Ynd + o7 T Et g Byn (ck)
The parameters in eg C4 are as fellows:
§ =1 - 2 cxp(-383) (cs)
0
p
© n
n= % % (c6)
-~ 2
n=1l n
Cc3
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¥ig. C2. IJdealized stress-sirsin curves for a locking

elastic-piastic material

y %4 .
=3 3 (ct)
Py =P eXP(ep) (c8)

eq CLk-c8)

Young's modulus of elasticity, corresponding to Locked elas-
tic region in fig. C2, = 3G, where G is the shear modulus

yield strength of substrate material, shown in fig. C2
dummy varjiable

strain-hardening modulus, corresponding to locked plastic
regicon in fig. C2, = 3Gt

initial density of substrate mzlerial

volumetlrie strain related 1o the elastic region of the
pressure=-volumetric strain curve in fig, C2

volumetric strain related to plastic region of the pressure-
volumetric strain curve in fig. C2

It i3 to be noted that due to the locking characteristic of

Ch
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the volumetric-strain-pressure relatiorn in fig. C2, the bulk modulus of
the materisl in both the elastic and the plastic range is infinitely
large, and the shear modulus € is equal to E/3 . If the parameters
e, and ey in eq Ch-CE€ are taken 1o be zero, an incompressible ma-
terial will be simulated. To simulate a perfectly elastic-plastic ma~-
terial, the streain-hardening parameter Et chould te egquated to zero.
T. In order to be compatible with the Brooks and Reis assumption
of perfectly elastic-plastic material in utilizing eq Cl, the strain-
hardening parameter Et was taken to be zero. The system of eq Ch,
¢5, CT, and C8 was then studied parametrically to determine the effects
of compressibility of the material on the pressure Ps inside the cav-

ity. It was found that for the range of variables considered in this

{i.e.,

M

study, the pressure PS calculated for en incompressible materisl
e = e.l =0) is approximately pp/p timee the corresponding value for

the compressible material, i.e.

©

(P_) incompressible ﬁ:EB-(PS) compressible (C9)

Now equating the two expression for the quasi-static pressure P_  and

o

{
Uu[(2/3)(E/Ou)}2/3 and solving for o, yields
a 3
= Cm— P M
Ou (EE) s (c10)

In view of eq C9 and C10, the modified value of the ultimate strenglh of
the material, denoted by (Ou) cempressible , then becomes

(Ou) compressible = — 1 (ou) (c11)

23
(pp/p)

For an incompressible material pp/p = 1 and no modification of Uu is
necessary.

8. Lg CL, C2, and Cll contain eight parameters that define a
terrain impact condition for a prediction: m , A, E , O, s pp ,
P, W, and CD . The parameters & and %, for input to the equa-

tions were determined from the triaxial comprecsion test date (fig. 18)
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presented in Part III of the main text. The parameter pp was deter-
mined from the uniaxial strain test results (fig. 17), also presented in
Part 1II of the main text, by idealizing them with the locking modcl
shown in fig. C2. The friction coefficient u was determincd from the
triaxigl test results using the procedure given by Potyondy.9 The fron-
tal face (nose) of the ADSID/S was approximated as a 4.35 caliber ogive,
and the drag coefficient CD was then calculeted using eq C2 and the

values of the friction coefficient u for each drop area.
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APPENDIX D: COMPUTER MODELS FOR PREDICTION OF
S1D DETECTION PERFORMANCE

Theoretical Detection Performance Computer Model

1. The overall theoretical detection performance computer model

used in this study is composed of two submodels, the seismic wave propa-

gation model and the sensor logic model. The detailed steps in the

formulation of this model will not be presented in this report, since

16,17

they have been documented in two other reports. A brief descrip-

Pt o 4

tion of the model, however, is presented in the following paragraphs.

Seismic wave propagation model

2. A general expression has teen developed for predicting the
characteristics of a seismic signal (i.e. particle velocity, particle

acceleration, or particle displacement ) at selected ranges from & speci-—

o e 2t 4 A

fied energy source such as a walking man, moving vehicle, or other dis-

turbances. The general equation is

1 2 Bt o

W

-£ ;;—‘ (R_-R)

=
"
PRI

AL,p(Rm’t) =2 wlgp-l) F[AL,p(Rk’t)] ﬁE R

n=1 kK d
m “n %
COSwnt+¢>+-2-(p—l)——vl-:(-(Rm—Rk)-*OS (p1)
where
AL,P(Rm,t) = particle motion, in em, st a selected range R
and time t

I, = vertical component of three-dimensjonal seismic
wave

p=0,1, 25 O for particle displacement, 1 for
particle velocity, and 2 for particle acceleration

R = range at which the new signal is desired. The
range is assumed to be in the far field (i.e.
farther than 2-1/2 wavelengths from the source).

t = time, sec

Dl

e ) el e e e pe 0 m e

_ ! . . . : Lo . - . B - S L
i f ke e e % ot S Eeaiit 3 M SN S aa et B ol cis i ™ oot o 00t ) i Sl B o ekt itk fﬁ.h“hl et LA a0 T T A £ ks i it | cthedllh St 0, af




SElt bl

Cmiath

Eiad i 0

T

n = frequency numbers, A maximum of 1024 frequency
date points are normsily used to describe a
particle velccity curve.

w_ = circular frequency, radians/sec

Fourier transform of a measured perticle motion,
in cm, at range RF and time t

e
L
o
o]
—
o
S
| B}
]

S = magnitude of surface geometry coefficient
e = base of natural logarithm

£ = viscous damping coefficient; assumed tc be equal
to 6.03

V_ = Rayleigh wave velocity, m/sec
¢ = phase fuctor associated with F[AL’p(Rk;tﬂ

OS = phase factor associated with Sn

3. The inputs required by the seismic wave propagation model
{eq D1) are as follows:

&. Source signal of stress applied to the ground as a func-
tion of time for the specified energy source (walking man,
moving venicle, etc.).

b. Terrain data on VP 3 VS » p ,and T for each sub-
strate soil layer.

¢. The viscous danping coefficient £ ; the coefficient used
in conjunction with the real Rayleigh wave number k
(where k = 2n/x , and X = wavelength to account for
viscous damping in the medium), i.e. k= k(1 - ig) ,
where k is the complex k .,

The output from the mcdel is the particle velocity, particle accelera-
or perticle displsascement as a function of time for various se-
lected distances from the energy source. Predictions are normally ob-
tained for each 3-m distance to some maximum gelected value. For the
Fort Huachuca study, predictions of the vertical component of particle
velocity as a function of time were made. The particle velocity-time

data were then used as input to the seismic sensor logic model for pre-~

dicting SID performance as discussed in the following paragraph.
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Seismic sensor logic model

k. The seismic sensor logic model is composed of a series of sub-
routines that, in general, utilize transfer functions to simulate the
effects of the frequency response of each of the electronic components
of a SID on the seismic signal received by the geophone. (The nutputs
from the seismic wave propasgation model are the inputs to this model.)

5., SID geophone transfer function. The equation for the transier

function feor the SID geophone was developed from attenuation-puwse plots
(Bode diagrams). This method is based on the relation be*ween phase and
the rate of change of gain with frequency. The equation used for the
Phase III SID geophones is

K (ir)?

1 (if)Q + 5.6(if5 + 196

TF

where
TF. = tyransfer function for the Phase III SID geophone

=

= arbitrary constant associated with geophone calibration

=v-I

= e
i

= freguency, H

6. SID band-pass amplifier transfer fuaction. The equation de-

Tyua

L]

veloped for the transfer function for the band-pass amplifier is

K (if)2
2
Fy = 2 Y.
(i) + 12.726(if) + 81][(if)° + 63.63(if) + 2025]
where
TFQ = transfer function for the Phase III SID band-pas: amplifier
KE = arbitrary ceonstant associated with the amplifier gain

7. Scientific geophone transfer function., Because the input

seismic signal in the particle wvelocity-time relation was obtained with
a scientific geophone, the response characteristics of the scientific
geophone had to be tsken into account. The transfer function for the
scilentific geophone is
2
K_(if
L31)

Ty, =
3 (if)2 + T.07(if) + 25
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where

TF

L}

transfer function for the scientific geophone

=
w
i

arbitrary constant associated with scientific geophone
celibration

8. Thne thecretical combined transfer function for the geophone
end band-pass amplifier of the Phase III SID and the scientific geophone

is given below

o (TFl)(TFQ)
TF,

or
o , k(ir)2[(i£)? + 7.07(s8) + 25]

[(i£)2 + 5.6(17) + 1961[(15)2 + 12.726(if) + 8L][(if)® + 63.63(it) + 2025]
where

. K K,

X3

The value of K was determined to be compatible with the elarm ampli-
tude threshold values for ihe Phase III SID. The alurm levels are
38.1 x 1072, 95.2 x 107", and 238.1 x 1070 em/sec for high-, medium-,
and low-gain settings, respectively (see fig. A3, Appendix A). A
graphic presentation of the transter functions describing the effects
of geophones and the band-pass amplifier on the seismic analog signal
is given in fig. Dl.

9., The output from the seismic sensor performance model is ‘the
activation range for low-, medium-, and high-gain settings of the S5ID.
The asctivation distance obtained may not be the distance al which the
energy source is first detected. This results from the fact that the
SID does not transmit a radio-frequency (RF) signal until the lcgic in-
tegrates a number of signals from succeeding energy sources. Thus, the
actual detection distance may be 3 to 5 m less than the value for SID
logic activation {that is, if the source is moving toward the SiD). If
the energy source is moving tangential to the SID, the distance at which
the SID logic is activated will be approximately the distence at which

the energy source would be detected.

Db
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Analog Computer Model 2
._i
1C. The analog computer used to obtain predictions of SID detec~ 5
tion performence was a Systron Donner Model SD/80. A schematic diagram %
of the computer system is shown in fig. D2. é
J1. The analog model was built to be flexible and to allow simu- ié
lation of the wave shapes actually observed in a Phase III SID. The g
basic components of the analog computer model are as follows: :
&. An input voltage comparator, with a trigger level é
corresponding to each respective SID gain setting {low, %
medium, or high). é
b. A pulse-shaping network, which forms a pulse whose area ,i
is proportional to the seismic input signal. 'ﬁ§
¢. A pulse~integrating circuit, which stores pulses from the é
' shaping network for a preset time interval. ;
. d. A second voltage comparator, with a trigger level cor-
responding to the detection resulting from four seismic
' signals in G see.
; 12. The analog computer was calibrated with a damped 30-Hz sine
' wave whose peak positive v :lue (amplitude) times the appropriate gain
setting (low, medium, or high) equals the threshold level for the first
comparator. This sine wave was programmed to cycle four times in a
period of 6 sec to simulete the minimum signel that would trigger (i.e. -

activate) & Phase III SID logic circuit. The low- and redium~gain

b

i e s i o IR il 13 v Bl a3 D O 1 G s

logics were programmed separately on the computer to facilitate calibra-
tion and system operation (the SID logic corresponding to high gain was

not programmed at the time of this repurt).

13, The computer model was operated by inputting the ™ analog
tape recordings of the seismic response generated by a walking men or
moving vehicle. The output (see example, fig. D3) was in the form of
an x-y plot that displays the position of the energy source along the
| test line. ©Successive event markers on the plot indicated preselected

distances, such as 1 m, 10 m, 50 m, and so on, A d-c voltage shift
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Fig. D3.

Example of output of analog computer model

(1ine displacement) on the plot irdicated that the SID had triggered.

The detection range was then determined by measuring the horizontal

length from the start of the line to the point of displacement.
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Layer Compression  Shear Wave

et

331-480 751-950

6501-800 1101-1300

N 1 Factor Class Layer 2 Factor  Thickness  Wave Velocity  Velocity Density
E: Vo, P T, Ve, Vs P Class T, m Vp. m/sec Vs, a/sec p, g/emd
’ Factor Value Range, First Refraction Layer
5 4 5 4 3 2
B 6 3 8§ 4 2 2 1 40-65 220- 260 75-115  1.00-1.45
b 6 4 5 3 I3 2 66 -95 2%1-290 116-135  1.46-1.60
S 14 23 3 96-125 291-320 136-155  1.61-1.80
=5 4 3 3 12 4 1% - 165 321-360 15-175  181-2.10
8 3 2 5 111 5 166-200 3%1-400 176-190  2.11-2.30
b 5 2 5 3 1 § 201-240 401-240 191-220
.44 303 12 7 241- 280 461-525
S T 8 281-320
S g8 4 7 2 9 321-600 N
P64 6 4 1 2
4 6 4 8 2 i 3 Factor Value Range, Second Refraction Layer
2 : g 3 ; 3 100- 150 470-570 235-285  161-1.80
5 4 8 4 L3 151-240 571-645 286-335  1.81-2.10
i 4 )4 ’ 3 241-330 646 - 750 33%-385  2.11-2.30
14 8 4 2 2
5 4 6 4 2 3
5 4 8 4 2 3
6§ 4 8 4 13

801-1100  1301-17G0
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NOTE: ER DENOTES ERRATIC PERFORMANCE. THE ER AREAS ARE ALONG THE ARROYOS:1 L. DRAINAGE
CHANNELS) AND CONTAIN SLOPING AND IKRREGULAR TERRAIN AND A GRAVELLY SANDY SURFACE
MATERIAL. THE SEISMIC RESPONSE IN THIS AREA DEPENDS TO A LARGE EXTENT UPON THE

Drop Hammer Sersmic Response Factor Class
PSPV f
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PNOTE ER DENOTFS ERRAT!C PERFORMANCE THE ER AREA° ARE ALONG THE ARROYOS I.E, DRAINAGE

B i

CHANNELS) AND CONTAIN SLOPING AND IRREGULAR TERRAIN ANU A GRAVELLY SANDY SURFACE

MATERIAL. THE SEISMIC RESPONSE 1N THIS AREA DEPCNDY TO A LARGE EXTENT UPON THE
RELATIVE LOCATIONS OF THE DROP HAMMER AND THE SEISMIC DETECTOR.

Drop-Hammer Seismic R *sponse Factor Class

PPV PSPV
5 10 20 3 4 60 5 10 N W 40 60 5 W0 2 N 4 &
T N O R
4y 3 2 17 1 1 2 72 1 1 1 1 3 3 2 2 2 12
4§ 3 2 7 1 1 3 2 2 1 1 1 S 5 4 3 3 1
4 3 2 z 1 1 2 2 1 1 1 1 4 4 4 3 3 2
§ 4 2 2 1 i 2 2 1 1 1 1 § a4 4 3 2 1
4 4 3 2 1 1 22 2 1 1 1 5 5 4 3 3 1
4 4 3 2 7 1 3 2 2 1 1 1 4 4 3 3 3 2
4 4 3 2 2 1 302 2 1 1 1 5 7 5 3 2 2
4 4 3 3 2 72 4 3 2 T ¥ 2 5 5 4 4 3 1
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THE ARRCYOS(L.E., DRAINAGE
A GRAVELLY SANDY SURFACE
LARGE EXTENT UPON THE
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Seismic o _ i
‘Response  Seismic Response Fattor Value Range

Factor PPV PSPV {
Class 109 cm.ses 10'3 ci/sec Hz

00 -020 00-010 11-1 - S
0.01- 030 0M1-030 17-2 e
031- 050  0.31- 060 23-29 : -
061- 150  061- .00 30-%
151- 350 101- 15  37-43
351- 7.00  151- 250  44-50
701-1300  251- 350 515
13.01-%.00  35i- 600 57-62
. 6.01-1300  63-68
- 1301-2800 69-74
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NOTE: MAP GASED ON MAN WEIGHING 6679 KG;

ER DENOTES ERRATIC PERFORMANCE, |
CHANNELS) AND CONTAIN SLOPING AND
MATERIAL. THE DETECTION PERFORM,
RELATIVE LOCATIONS OF THE MAN WAL
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PER STEP.

Petection Distarce Factor Class
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