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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-CO-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 0. Benn, Acting Chief, Environ-

mental Research Branch (ERB), Mobility and Environmental Systems Labo-

ratory (LIESL), and under the general supervision of Messrs. W. G.

Shockley, Chief, MESL, and W. E. Grabau, Chief, Environmental Systems

Division. Field tests were performed in August 1971 (web season) and

March 1972 (dry season), Personnel making significant contributions were

lMessrs. ii. W. West (Project Engineer), o' the Environmental Simulation A=
Branch, M. A. Zappi, Environmental Characterization Branch, and C. Miller,
B. 12. Helmuth, and C. Lebron, SP4 T. Engdahl, and SP4 B. Shumard of ERB;

Messrs. J. R. Curro, R. E. Leach, M. Carlson, D. B. Douglas, E. Perry,

and L. 0. Steen, and Dr. B. Rohani of the Soil Dynamics Division, Soils

and Pavements Laboratory (SPL); Mr. J. D. Broughton, Geology Branch,

SPL; and Messrs. M. Savage and S. W. Guy of the Operations Branch, In-

strumnentation Services Division.

The reduction of seismic and environmental data 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. Rohani. The report was prepared by

Mr. West and Dr. hohani.

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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uIachuca, Arizona, for their many contributions to the field experi-

mental program, including the establishment of meteorological sta-

tions within the Fort Huachuca East Range, acquiring test vehicles,

obtaining 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 SP4 K.

Gilliland of the AEPG 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 Combat

Surveillance Electronic Warfare School, Unattended Ground Sensor Divi-

sion, Fort uachuca, for their assistance and cooperation in obtaining

penetration 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

C Drag coefficient associated with projectile penetration,

dimensionless

CPR Cone penetration resistance, kPa

E Young's modulus of elasticity, kg/cm
2

f Frequency corresponding to SPV, Hz

G Shear modulus, kPa

M Bulk (constrained) modulus
P Hydrostatic pressure, kg/cm

PPV Peak particle velocity, cm/sec

p51W Peak summed particle velocity, cm/sec

rms Root mean squzare

SPV Summed particle velocity, cm/sec

t Time, sec

TT Thickness of refraction layers 1 and 2, respectively, cm

VP Compression (primary) wave velocity , m/sec

VR Rayleigh wave velocity- m/sec

[Vg Shear wave velocity, m/see

V Total. volume of soil sample, cm3

T
W Moisture (or water) content of soil sample, %/

W Weight of solids within soil sample, g

S

WT  Total weight of wet soil, g.

Ww  Weight of water within soil sample, g

d ,Soil dry density, g/cm
3

6 Angle of friction between projectile and soil, deg

C£ eAxial strain, %

a C a Deviator strain, kg/

ix
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o Viscous damping coefficient, dimensionless

•. Lamis stress constant, kg/sec2  j
i' Coefficient of friction between projectile anud soil,

dimensionless

v Poisson's ratio

p Initial wet density of soil, g/c 3

pp Current wet density of soil, g/cm
3

Pp/P Soil compressibility parameter, dimensionless
po

S Axial stress, kg/cm-

ar  Radial stress; also confining pressure, kg/cmC

Oa - (Y r  Deviator stress, kg/cm2

o- ) Stress difference at failure
(a max

a + 2a/3 Mean normal stress, kg/cm
2

o Ultimate soil shear strength, kg/cm 2

u

¢ Angle of internal friction, deg

-6 -S ftq

xi
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CONVERSION FACTORS, MEIRiC TO BRITISH AND BITTISH TO
METRIC UNITS OF MEASUREMENT

Units of mcasurement used in this report can be converted as follows: - -,

Multiply By To Obtain

Metric to British

millimeters 0.0394i7 inches

centimeters 0,0328 feet

centimeters per second .63 feet per minate

square centimeters 0.1550 square inches

cubic centimeters 0.06102 cubic inches f

meters 3.281 fet

meters per second 2.237 miles per hour

kilometers 0.6214 miles

square kilometers 0.3861 square miles

kilograms 2.205 pounds --A

kilograms per square pounds per squaic inch

grains 0.0022 pounds

grams per cubic centimeter 0.0361 pounds per cubic inch

kilopaseaIs (kilonewtons per o.1450 pounds per square in2h A

square meter)

Celsius or Kelvin degrees 9/5 Fahrenheit degrees*

British to Metric

i nches 0.0254 meters
pounds per square inch .8o)b8 kilopascals (= kiloncwtons

per square meter)

cubic feet 0.0283 cubic meters

miles (U. S. statute) 1609.344 .icters

feet O.3048 meters

* To obtain Fahrenheit (F) readings from Celsius (C) readings, use the
following equation: F = 9/5(C) + 32. To obain Fahrenheit from
Kelvin (K), use: F 9/5(K - 273.15) + 32.

xi
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SUMAMiY

To obtain a quantitative basis for experimient design decisions
regarding evaluation of seismic intrusion detector (SID) systems, test
areas were selected (one for hand-emplaced SID's and six for air-
implanted SID's) and special seismic and environmental field experiments
were conducted at Port huachuca, Arizona, during August 3973 and March
1972. Data obtained were asstued to 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 environmental data and conducting "-.
seismic response tests (i.e. man-walking, drop-hwmer, M151 wheeled and
M577 tracked vehicles, ambient and induced noises). Also presented arc
experimental detection distance data on the hand-emplaced miniaturized
SID (MINISID), and experimental data on the depth of penetration and
angle of impact of the air-delivered seismic intrusion det.ector/short
(PsP /s ). ,

This report also presents a theoretical system for modeling the
quantitative effects of the terrain on NID detection performance and
methods by which SID test results can be extrapolated from one site con-
dition to another. This system has been implemented on the U. S. Army
Engineer 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 the

performance predictions for each set of terrain and seismic facto.- data.

A systein of equations 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 the dynamic stress-strain data obtained from
laboratory triaxial compression and uniaxial strain tests.

The hand-emplacement area was found to provide near-ideal Lerrain
conditions for performing engineering tests of hand-emplaced SID's.
Surface and subsurface terrain data of the area show more variation
from site to site than between wet- and dry-season conditions. The
seismic responses measured at thc 10 test sites within the hand-
emplacement area show some site-to-site variation, and this variation
should be considered in SID engineering testing; however, it is believed
that this variation can be accounted for analytically and, therefore,

xiii
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will not necessarily result in any erratic or inconsistent results in
engineering tests perfojmed on the hand-emplaced SID's. The variations
in seismic response parameters portrayed by airdrop areas 3 and. 4-6,
measured in the dry season, generally indicate that the det.ection per-
formance of air-implanted SID's can be evaluated for a large range of
terrain conditions. The variation in these conditions allows the
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 scheme and/or concepts pro-
vide an analytical framework for predicting SID performance for man- 4,

walking targets in various world terrains. The scheme requires specific
terrain and seismic input data for execution, and as a result, four
types of maps were prepared. These include (a) terrain factor complex
maps for subsurface layers I 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, (c) seismic response
factor complex maps to show the relative seismic response of the hand-
emplacement area, and (d) SID one-man walkirg detection performance
map. The predicted depths of penetration of the ADSID/S compared
reasonably well with the very limited experimental penetration data;
they show the depth of penetrations to be very dependent upon near-
surface moisture conditions.

AppendiA A describes the operating principles of hunad-esplaceL:
miniaturized SID's and air-delivered SID's used in special tests to
yield data for aiding in the evaluation of the techniques for predicting
SID performance. Appendix B describes the test sites and contains sup-
plementary refraction seismic data. Appendix C presents the equations
for predicting penetration depths and deceleration values for air--......-
implanted SID's. Appendix D describes the computer models used to pre-
dict SID aetection performance.

xiv
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EFFECTS OF TERRALI ON THE PROPAGATION OF MICROSETSMIC

WAVES AND IMPLANTATION CHARACTERISTICS OF 4

AIR-DELIVERED SENSORS AT FORT JACHUCA, ARIZONA

W-T- AND DRY-SEASON CONDITIONS

PART I: INTRODUCTTjN

.Az

.,:] Background

1. The U. S. Army Electronics Proving Gr6knd (AEPG), Fort

1-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
systems.

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-

ena involved in the detection process, Generally, a seismic intrusion

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

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

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

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

efforts have beemi ade to U sn SID's that will", prnide infnrmation on

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

target rate of movement, target direction, and target range.

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

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

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

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

cussion of the detection process and of the physical phenomena involved

therein.

I



Transfer of energy from
seismic source to substrate

4. The detection process consists of a sequence of interrelated

physical phenomena (fig. 1). The sequence starts with the t .

PARTICLE
PARTICLE VELOCITY

DISPLACEMENT -., , PARTICLE
AF P[ lE,,GEOPHONE

"
ACCELERATION

S T R E S S 'EL EH- -E"/ }

/ .GEOMETRIC ,LC,ATTENUATO 0" .

/ 1' MODE I .
Q 5 MODE 1 ISAND RADIAL

(((PRTILE -"'' > ... .- ?--- COEFICINTS/ ) ' # ) COMPONENTS
ETRA SMISSION r\

PARTICLE~~ LOENOSS ~)
MOTION VISCOUS

DAMPING -

-- f CONVERSION

LAYERED MEDIA

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 from

the point of deformation by seismic waves. The implications of the

statement that anything that applies a force to the substrate of suffi-

cient magnitude to stress and deform it will produce a seismic wave

train should be thoroughly understood. For example, wind blowing

through trees and shrubs transmits forces down the stems arid into the

substrate, and the deformations result in the generation of seismic

wave trains. Those waves are not qualitatively different from the ones

2
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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 wave trains, and 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

their frequency.

5. The amplitude and, 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

a2d the resultant substrate stress are characterized by a particular

relationship between magnitude ad time. That is, the force is not ap-

plied instantaneously; rather, it rises and falls according to a partic-

ular pattern, even 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

t-i e avai I ab, I cpcr1: rpp7ia to tb:nhe t rte The maior potential

variations are size of the mass and rate of force application.

7. Other things being equal, a large mass will result in greater

forces than a small 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 man; 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



the ground will prDduce 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 vehicles. For example, a

wheeled vehicle moving on a smooth, even surface applies force rela-

tively smoothly, without sharp discontinuities in force level. On the

other hand, the track pads of a tracked 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 a function of vehicle speed. This situation becomes even raore I

complex if the surface over which the vehicle is moving is irregular,

since in this instance the dynamic response of the vehicle, regarucess

of whether it is wheeled or tracked, will result in maxima and minima in

the force applied to the substrate.

9. Veriations in the nature of the substrate may also affect the

force-time h:.istory, since that history is a record of the xelation be--

tween force rand time as measured at a specific point. If the surface is

soft and spongv. the thinq applying the force (i.e. a infant:man's

foot, the track pad of a tank, etc.) requ.res a longer time between ini-

tial contact and achievement of maximum force level than would be the I

case on a firm, hard surface. Thus, the force-time histories of the two

situations will not be identical, even though no intrinsic changes in

the character of the target are present. One implication of this is IV

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 same pace in an

areta of 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 I
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 a point of substrate deformation (i.e. the point

S4



at which stress is applied): (a) compression waves (P-waves), in which

the principal particle motion is along a radial; (b) shear waves (S- 1
waves), in which the principal particle motion is at right angles to a

radial; and (e) surface waves (Rayleigh waves), in which the principalI

particle motion is elliptical, with the plane of motion chiefly perpen-

dicular to the surface of the propagating medium and the major axis of 1
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 approximately 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 surface, so that at a point a few

meters from the target, the advancing wave front is cyiindrical, 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-
'F[

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. K
12. Generally, both P-waves and S-waves are diffracted in the

direction of greater substrate densities, and since nearly all natural

substrates incrcasc in density Vrith depth, these wves 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 may be zones in which the P-waves and S-waves cannot be detected

at the surface. Conversely, the Rayleigh wave propagates only along tie

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.

itIi
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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.md of juiterest, tefollowing discussion will be restricted

to matters of concern to Rayleigh wave propagation.

14. The "ideal" situation for the propagation of Rayleigh waves i-

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 attenuation

(i.e. the attenuation resulting from the same amount of energy being ap-

plied over a longer wave front as the wave moves outward avay from the

source). There are several basic types of nonhomogeneities commonly

found in nature. The dramatic effects of nonhomogeneities on wave prop-

agation stem primarily from the fact that each type of material tends to

act as a specific medium for a specific suite of wave frequencies. That

is, a specific type of material tends to propagate certain frequencies

more ef'ficiently than oLiteis. The result is that 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) ranging 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

rioves radially away from the source, two things happen to it. First,

since each frequency tends to propagate at a slightly different speed,

the wave train tends to se-parate into sections, each having a character- L

istic frequency. This effect is usually not obvious, since the process

I rarely has time to produce complete frequency separation before thc wave

train dies completely away.

15. Second, some frequencies are propagated efficiently over

rather long distances and others die out quickly. The effect of this

phenomenon is to filter out some of the original frequencies, leaving

a signal characterized only by those frequencies that are efficiently

propagated. In practical terms, the implication is that, in some ter-

4 rains and at long detection distances, all targets tend to be character-

ized by wave trains exhibiting the same frequencies. It is obvious that

I. ~,,
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in such situations, virtually all targets will look the same insofar as

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 basic type is stratification. Nearly all

substrates are stratified to some degree, and many are divided very

sharply into distinct layers. For exa.ple, most agricultural areas are "
characterized by soils having a minimum of three more-or-less distinct

strata; (a) a disturbed layer, down to plow depth, consisting of rela- I
tively low-density materials; (b) a layer in which the parent material

is only partially modified by soil-forming processes; and (c) a layer

consisting of the original parent material, which is often rock. Each

such layer tends to be characterized by somewhat different propagation

characteristics, with the result that the seismic waves try to propagate

independently through each. The interference that occurz at the inter-

faces absorbs energy, and the wave as a whole therefore tends to atten-

uatc rapidly. Many other conditions of stratification also occur; 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 soil, 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 Gulf Coast of

the United States seem 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. In practical terms, this means that the
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effective detection range of a SID might be significantly reduced during

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

also 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 ac the saine 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 basic type of variation in substrate characteris-

tics is facies changes. Nearly all substrates change 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 occurs between the target

and the SID. For example, consider a situation in which the first half

of the propagation medium consists of a material that efficiently propa-

gates low-frequency waves, but quickly attenuates high-frequency waves,

and the second half consists of a material that efficiently transmits

high-frequency waves, but not low-frequency waves. The signal leaves

the target with a normal spectral composition of both high and low fre-

quencies. During the first half of the path, all of" the high frequen-

cies are attenuated and lost, so that only low frequencies remain as the

signal crosses the interface between material, tyrpes. Since the second

type will efficiently transmit only high frequencies, the low frequen-

cies will be quickly attenuated and lost, leaving nothing. The prac-

tical implication of this is that a seismic wave train may be eliminated

in a distance less than would 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

variation in substrate characteristics. Many substrate materials con-

sist of particles that are both small with respect to the size (i.e.8j



wavelength) of the seismic wuves that lrope getz- through the substrate

and also materials with particles roughly equal to the size of the prop- r
agating wave, On the other hand, many soils consist of aggregates 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 I -T

pudding. In addition to the size disparity, there are many situations

*Iin which the "plums" exhibit elastic and/or viscous properties markedly I'-

different from those of the matrix material.

* 1 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 arid

and subarid climates, discontinuous masses of caliche (a form of calcium

carbonate) may form in the soil. In the Arctic the plums may be ice

wedges buried in the soil.

22. Generally, substrate materials exhibiting this type of non-

homogeneity attenuate all seismic waves much more rapidly 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 efficiently propagates
low frequencies. A broad-spectrum signal propagating through sz,,ch a ma- ,

terial will be rapidly attenuated because of a complex of phenomena:

The high-frequency components are quickly filtered out because of the

properties of the matrix, the low frequencies are attenuated because the

basic wave forms are distorted as they pass around the plums, 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 Rayleigh 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 that one or more wave forms can be ac-

commodated on the feature. Since the wavelengths that are of primary

interest 1'rom the point of view of SID 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 as a

ditch) that is a meter across 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 foras of the high-frequency wave can be acconodated

on it.

Traunfer of seismic
energy from substrate to SID

24. 'TPe previous paragraphs have dealt with the tras;ufer of

energy from a seismic source to the substrate and the propagation of

seismic waves within the substrate. The following paragraphs present

a brief discussion of the phenomena dealing with the transfer of seismic

energy from the vibrating medium (i.e. substrate) to the SID.

25. As the propagating seismic 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 -he case of 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-

vices. There are three major conditions that can affect SID perfor-

mance: (a) depth of penetration (or emplacement), (b) geophone atti-

tude, and (c) coupling of the geophone with the substrate material.

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

* A table of factors for converting metric units of measurement to
British units and British units of measurement 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 1function 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. 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 target 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 is coupled into the second layer, and therefore the

particle motion is very small. Thus, a geophoe emplaced in the second

layer may be scarcely affected by a wave passing above 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 below the zone in which active particle motion is taking

place.

29. All existing SID's, and nearly all ' s e preentv 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 sea

level surface and lhe substrate surfaces are parallel). The geophones

become less efficient with increasing angles of inclination, and most

become completely inoperative at angles 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

1i



other is at some angle, the vertical geophone will characteristically

achieve greater detection ranges than tile one emplaced at an angle. It

is also apparent that the probable detection range of an air- o±"

artillery-delivered SID cannot be reliably estimated unless the attitude

of the SID geophone is known.

30. in order fox the particle motion produced by the wave to be

sensed by the geophone, the case of the geophone must move as if it were

a 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 result 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

"crater" the substrate, leaving only the very tin of the projectilke 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 soil to surge away from the

projectile body, resulting in a tubu lar cavity. The walls of the cavity

may break and collapse into the space between the cavity wall and the -

projectile, which results in a verj 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

I ;I
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ainplitude is exceeded four times within a 5-see period. Thus, in ef-

fect, the logic "listens" for a particular wave amplitude. When it
"hears" it, it stores the memory away for future reference, and con-

tinues to store away similar memories for a period of 5 sec. It then

adds the memories, and if the total is four or more, it transmits an

alarm.

34. Now 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-

uation in the ambient environment), which occurs in such a way that the

threshold amplitude of the SID is exceeded once every 2 sec. The SID,

of course, hears the background noise signals, but since only two such

events occur in each 5-sec period, the SID does not alarm. Now let it

be assumed that an intruder approaches the position of the SID. At some

point, 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 slight changes in the character of the surface, and so on.

however, the SID adds the record of those footsteps that it does hear to

the background noise events, and when the total exceeds four in a 5-see

period, the SID alarms. In this situation, the practical effect of the

backgrounad 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 background noise exceeds the threshold amplitude on a

random schedule, rather than on a regular cyclic schedule. Given this

situation, a number of things may occur. First, a chance concentration

of noise events may cause the SID 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 area without detection, since the SID would be

alarming constantly; the signals added by the intruder could not be

13
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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, account quantitatively for all

of the potential variables that have been described. Only in this way

is it possible to achieve confidence that 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 SID systems. The specific objectijes were to"

a. Determine the significant terrain and/or seismic respcnse

factors required for interpreting the engineering test

results and extrapolating the results to other test

conditions.

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

season) in the significant environmental and iicroseismic

c. Develop and/or assemble field data collection procedures

for the acquisition of the significant terrain and seis-

mic response data.

d. Map the distribution of the terrain and microseismic re-

sponse factors of the hand-emplacement test area consid-

ered significant to the engineering evaluation (i.e.

those factors related to the prediction of SID detection

range) of a typical Phase III SIP system.

e. Examine WES analytical systems to determine their useful-

ness in extrapolating SIP test results.

1
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f. 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 moisture conditions that

were assumed to be typical of wet- and dry-terrain condi-

tions, respectively).

Approach

38. To provide a quantitative basis for making experiment design

decisions in regard to evaluating 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. Data obtained during these periods were assumed to

be representative of the respective wet- and dry-terrain conditions at

Fort huachuca. Also, spci l tCsts with air-implanted SID's wcre con-

ducted at Fort Huachuca 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 perfonnance, the detection problem was

divided into efforts to develop procedures or models to describe the

following phenomena:

a. The transfer of energy from the target to the substrate

material.

b. The propagation of the microseismic waves within the

substrate materials.

c. The tranfer of energr from the vibrating medium (sub-

strate) to a SID.

d. The response of the sensor logic to the vibrating medium.

Th ese 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

requirements of the models define the data that must be measured or 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 mapping of the terrain data required by the various models,

(b) 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

hi. The development of quantitative tools for predicting the per-

formance of air-implanted sensors has been restricted to studies of air-

delivered SID (ADSID/S) soil penetration and deceleration. The approach

to the soil pcnctration problem employs a series or computer routines

that treat the soil as an elastic-plastic, strain-hardening, compress-

ible medium. The dynamic stress-strain data required as input to the

computer routines are obtained from laboratory triaxial compression and

uniaxial strain tests.

Program structure

42. In 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-

ronmental 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.

b. Part III: Analysis of Data. This includes an analysis

of both environmental and seismic response data, a dis-

cussion of seismic propagation models and their

17
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1

utilization, a discussion of sensor implantation data and

models, and related matters. f"
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-
A

lated to seismic sensor utilization, and related matters. K
Definitions A

43. Certain terms used in this report are defined as follows:

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

between the projectile (or sensor) and the soil,

dimensionless,

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

rent wet density (p ) of the substrate material to the

initial wet density (p) of the substrate material. Sym-

,, l. a.,. ,-L.ly the cormpressbility pPae e= p
where cv  is the vertical or axial strain. :i"

c. Compression wave velocity (V The speed of a compres- I"
sion (primary) wave through a medium. Compression waves

have th3 greatest velocity of any elastic wave in the P
same medium. The motion of the particles is parallel to

the direction of propagation. VP is defined mathemat-

ically as

XA + 1/
V =

where

Vp = compression wave velocity, LT-  I
X = Lawns constant, FL 2

G = shear modulus, FL-2

p = mass density or soil wet density divided by

gravitational constant, g, FL T

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

pascals, required to make a 30-deg right circular cone

19
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2

of 3.23 cm 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 CPR of the 0- to 4 5-cn

layer are used in this report.

e. Drag coefficient (C D): The coefficient representing the

geometry of the frontal face of the projectile and the

frictional forces acting on the projectile during a pene-

tration event, dimensionless.

f. Moisture (or water) content (W); The ratio of the weight

of water (W ) in a sample of soil to the dry weight of

solids (W ) in the sample, expressed as a percentage. It

can be written

WW
W

s

j. 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.

h. Peak summed particle velocity (PSPV): The peak or maxi-

mum value of SPV.

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

wave (particle motion is 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 medium. For values of Poisson's ratio 0 < v < 0.5

the Rayleigh wave velocity has the range 0.875V S c VR

< 0.955V S , where V = shear wave velocity, LT-1

j. Root mean square (rms) velocity: The velocity corre-

sponding to the square root of the sum of the squares of

the individual velocities (i.e. the particle velocity at

each frequency component) within the seismic wave.

20



k. Shear wave velocity (VQ): The speed of a shear wave

(particle motion of the medium is perpendicular to the

direction of propagation) through a medium. Mathemat-

ically, VS = (G/ ) 1
2

1. Span: Absolute difference between the maximum positive

and maximum negative amplitudes (or velocities) within

the seismic wave.

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

value of PSPV occurs on the SPV-versus-frequency

relations.

n. Summed particle velocity (SPV): The particle velocity

summed in the frequency domain over a 7-iz bandwidth.

The suimmation is accomplished by performing a Fourier

transform to the analog particle velocity recording (time

domain) and converting it to the frequency domain.

o Thickness of refraction soil layers (T and T-): The

thickness of layer I (T11 is; the vertical depth to the

interface between the surface and the next deeper layer

as distinguished by their differing compression (primary)
wave velocities. The thickness of layer 2 (T ) is the

2
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. Tne

above-defined layers often, but do not necessarily,

correspond to soil layers as defined in soil mtc .anics

studies. Muathematicaly, the thickness of layer I is

x -vp
1 2 P2 P1

where

Tl = thickness of first refraction layer, m

X, = distance from the seismic source to point at
" which first change in compression wave veloc-

ity occurs, m

21



V = compression wave velocity in first layer,
M/see

VP2 = compression wave velocity in second layer,
m/seec

The thickness of layer 2 is determined by:

x 2 P3 - V2 T,

Tf

where
T2  thickness of the se-ond 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,.,
p3 m/sec

It should be noted that a subsurface layer will not be

detected if the substrate material is an infinite, homo- .

=geneous, isotropic, elastic medium.

.=Ultimate shear strength (us): The maximum or ultimate

shear stress of the substrate material. Mathematically, 

°a rmax . .

' 3

~~~whe re ':

22a = axial stress, kg/ cm ! u-.

a = radial stress (also confining pressure),

rr 2

kg/cm

Wet density (p) - Wet u ,it weight; the total weight (WT

of the wet soil (solids plus moisture) from a soil sample '

per unit of total soil volume (VT  of the sample (volume "
Ti

of solids plus voids). Symbolically this is

W = T gm

r.Young's modulus of elasticity (E:Young's modulus is :

22 [ '3
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the stress-strain ratio in simple tension or compression.

Mathematically

a(a - ar
dF_

a

where

d = differential

a = axial stress, kg/cm2

a = radial stress (also confining pressure),
r kg/cm 2

a= axial strain, percent

a
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PART II: SENSOR TEST AREAS, TEST PROCEDURES, AND
ENVIRONMENTAL CHARACTERIZAT ION

44. This part of the report discusses the selection of the SID

test areas, their terrain characteristics and the procedures used in

collecting environmental data and in conducting seismic response tests

(i.e. man-walking, drop-hammer, vehicle, and ambient or induced noise),

hand-emplaced miniaturized SID (MINISID) performance tests, and ADSID/S

air-implantation tests.

45. The field program consisted of (a) field reconnaissance and

site selection, (b) environmental data collection to provide input to

the sensor detection and implantation performance models, (c) seismic

response tests to establish the seismic 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.
46. The data collected for the environmental rharsterization are

listed below.

a. Input requirements for detection performance model:

(1) Transfer of energy from source to substrate:

(a) Surface soil moisture content, percent

(b) Surface soil wet density, g/cm

(c) Surface soil type (Unified Soil Classification

System, USCS)

(d) Surface soil strength (CPR), kPa

(e) Surface vegetation ground cover height, cm; and

density of ground cover

(2) Propagation 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)

() Soil wet density, g/cm (each layer)

(e) Surface terrain profiles, xyz coordinates

b. Input requirements for sensor implantation performance

model:
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(I) Initial Young's modulus of elasticity (E), kg/cm2

-. (2) Ultimate shear strength (a), 
kg/cm2

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

(4) Soil wet density (p), g/cm 3

(5) Coefficient of friction between the projectile and

the soil (p), dimensionless

(6) Drag coefficient (C D ), dimensionless

Note: These data are determined from laboratory tests on

bulk samples obtained in the field.

c. Background meteorological data:

(1) Air temperature, deg Celsius

(2) Wind speed, m/sec

(3) Wind direction, deg

(4) Precipitation (rainfall, snowfall), cm

h47. The tests conducted for seismic responses are listed below.

a. Basic tests for model development:

(i) Man walking

(2) Drop hammer, or controlled source

(3) Vehicle

(4) Ambient or induced noise

b. Tests to verify prediction models:

(1) Sensor detection performance (MiNISID tests)

(2) Sensor implantation performance (ADSID/S tests)

Location and Climate of Fort Huachuca Reservation

48. The Fort Huachuca Reservation is in Cochise County, Arizona,

about 76 km north of the Mexican border. The reservation is on the

northeast flank of the Huachuca Mountains and on the southern part of

the San Pedro River drainage basin. The climate is mild and sunny an d

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.

The precipitation distributed by months is as follows. (For a detailed

summary of the meteorological data at Fort Huachuca, see reference 2.)
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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 (0.41) September 4.i14

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)

* 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

and between 11 wid 19 C during the suuner months. The prevailing winds A

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 mean wind speed during all months is approxi-

mately 3 to 4 m/ser, 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

areas on the East Range of the Fort Huahuca Reservation and at the

Willcox Playa near Wilcox, Arizona: c e v n a

a. A hand-emplacement area (trapezoidal-shaped with an area

of approximately 3 sq km).

b. Six airdrop (i.e. air-implantation) areas (rectangular- 14
shaped, each 100 m wide and 1200 m long). Five areas

were located on the Fort fluachuca East Range and one at

Willcox Playa,

c. Special airdrop area used by CSEWS for testing ADSID/S. K
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Test Areas

51. All test areas were in Fort iuachuca's East Range (fig. b),

except airdrop area 6, which was in a flat lake bed (Willcox Playa),

near Willcox, Arizona (fig. 5). The East Range covers approximately

117 sq km and lies, in general, on an alluvial apron along the northeast

flank of the huachuca Mountains. Near the eastern boundary of the

range, the alluvial apron merges into th9 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,

ne-r-vertical banks, and vary in width from 1 to 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 .

sands (classified SC by the USCS) witl a small mixture of silt and/or

clay. Gravels, cobbles, and boulders 'up to 30 cm in diameter are also K 4

quite prevalent within the substrate and usually occur within 25 cm of M

the surface. The upper banks of the arroyos normally contain gravels )
and large stones embedded in the fine-co-coarse sands. Most of the

soils on the East Range are strongly calcareous , and hardpans of nodular

caliche are present. Caliche deposits were also 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.

53. Vegetation at the East Range includes desert grass, mesquite,

creosote bush, acacia, and an unidentified bush (probably burro bush).

Stands of yucca and a few cacti were also present, mostly on tbe slop--s

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

* All elevations (el) cited herein are in meters referred to mean sea
level.. . .
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spaced). The vegetation in general. was most dense in the bottoms and

along the upper banks of the arroyos.

lan!-Ilacement test area

54. The trapezoidal-shaped area selected for con, ting tes.ts

with hand-emplaced SID's was in the south-southwest part of the East

Range (see fig. 4). The north boundary was 2880 z 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:

hE corner: lat. 31036'52 N
long. 110015'50" W

SE corner: lat. 31 3;1531N

long. 110o 14'59"' W

NW corner: lat. 3l132lh3 ' N
long. 110117" W

SW corner: lat. 3°341551 N
lung. 110 0o .30 W

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

physiographic, geologic, vegetation, and soils conditions found on the

East Rarge; it contained numerous homogeneous, relatively flat areas

suitable for man-walking tests. Also, its network of unimproved roads

and trails provided sites for vehicle tests, and it was sufficiently re-

moved from the high-activity (i.e. noise) areas. The east-west orienta-

tion of its long axis (see fig. 4) afforded the use of tbe 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-

treniely difficult. The areas were tentatively selected on the basis of

available published data, topographic and geologic maps, and by a ste-

reoscopie examination of the air photos, whereby photo patterns were

isolated on the basis of their tone, texture, and geometry. The final

sele:_Lion of the airdrop areas was made after a detailed ground recon-

naissance of the East Pang,. The airdrop area at Willcox Playa (see

fig. 5) was near the center of the large pia.ya an<d was selected 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 were rectangular in shape (each 100 m by

1200 m) and were positioned at the following geographical locations (co-

ordinates are in reference to the SE corner of each area).

a. Airdrop area 1: lat. 31°38'23" N
long. ii0 16,40l w

b. Airdrop area 2: lat. 31039'57 '? N
long. 1100141l21' W

c. Airdrop area 3: lat. 31036'36 '1 N
long. 1i0°18h15 ' ' W

d. Airdrop areq 4: lat. 31037'57"' N
' long. 110014'i0'' W

e. Airdrop area 5: lat. 31038'19? N
long. 3.0°12'31" W

f. Airdrop area 6: lat. 32009'47" N
long. ll0°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. 31035927" 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 areas are discussed below:

a. Airdrop area 2, positioned at cl. 4270 on the east sidt of

and parallel 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 loose 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 amo-nts of gravel, cobbles,

and rocks up to 10 to 15 cm in diameter.

b. Airdrop area 2 was situated at el 435C 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

represented the upper range of soil strengths that might

be encountered on the East Range. The ground surface

along the area 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.

c. Airdrop area 3 was a 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

arroyo was relatively flat and was composed of a 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

the arroyo. This wash channel contained an assortment of

sand, gravel, pebbles, and a few small bc iders. The bed

of the arroyo also contained a very dense stand of reeds

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

d. 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 irregular as a result of numerous small, well-

defined wash channels. The substrate material consisted

of a loose, gray, sandy silt with pebbles in the surface

layer (O-10 cm) and a firm, light-brown, sandy clay with

various amounts of friable caliche down to a depth of 1 m.

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 consisted

of creosote bush approximately 1.5 m in height, with a

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

e. Airdrop area 5 was also in an alluvial plai , of the
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,San Pedro River at el 41oo-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 general 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). A layer

of white caliche was also detected at a depth of approxi-

mately 100 cm in the southeast part of the area. Vege- p

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 lake bed (Willcox

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

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

20-cm layer was a compact, brown, silty clay (CL), and in

the 20- to 150-m layer it was a homogeneous, blue-green

to black clay (CH). The olaya contained no vegetation

and is inundated during certain periods of the year

(July-September).

s. Special CSEWS airdrop area was on an unimproved airstrip

located approximately 2 km west of the hand-emplacement

ar (see fia: 4) at el 43o. The substrate material

varied from sandy silt to clayey sand (SC) with small

amounts of gravel and small pebbles. The ground surface

was relatively smooth and contained a small grass cover

a.ong the outer edges of the airstrip.

Seismic Response Tests

Test 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)

wc:re selected for conducting man-walking and drop-hammer seismic
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response tests, and two sites (cross-country sites 344 and 345) were se-

lected for conducting vehicle seismic response tests. The locations of

all sites are shown on the aerial mosaic in fig. 6. Within each airdrop

test area, except for the special CSEWS area, 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 50-m intervals. Typical site layouts are shown in fig. 7.

Testrsoprgteesjr efs

62. The ssc rcsponscs or analog signatures rcculting from a.

walking man and a controlled source (drop-hammer) were measured at each

test site. Also, the ambient background noise and any induced noises

that occurred during testing were recorded. Special vehicle tests were

also conducted in the hand-emplacement area with two military vehicles

(M151 Jeep and M577 Armored Command Post). The following paragraphs dis-

cuss the instrumentation used and the procedures for each type of test.

63. Instrumentation. The analog signatures resulting from a

walking man, a hammer drop, or a moving vehicle were measured with the

following scientific geophones: a Mark Products Model L-4-3D (three-

dimensional geophone) positioned at sta 0 (see fig. 7) and a Mark

Products L-4-1D (one-dimensional, or vertic 'i, geophone) positioned at

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

positioned at sta 0 for the vehicle tests. The natural frequency of the

geophones was 1 Hz. The L-4-3D geophone was emplaced by excavating a

hole approximately 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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at 5-rn intervals) 50-m intervals)

Fig. 7. Site layouts for seismic response tests

material removed from the hole was then tightly packed around and a3.so

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. Seismic analog signatures were recorded on analog F14 magnetic

tape and on a direct-print oscillograph (fig. 9), which were housed in
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a mobile, self-contained vehicle that was 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 dyiemic 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-

dimensional geophone array at sta 0 and one vertical

geophone at sta -5).

b. One time code.

c. One voice comment or remote acoustic data (microphone).

d. One location of energy source (position indicator).

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

constant rate along Lhe 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-hanmer tests. A special drop-hammer apparatus (fig. 10),

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 frequency with that resu.lting 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 a metal guidepost to the

footing, which is a plywood base topped by two layers of' 0.2-cm-thick

hard rubber and two layers of 1.9-cm-thick soft foam rubber. In a drop-

hammer test the hammer was dropped two times at each 5-m station along

the reference line starting at sta 0 and continuing out 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.

38



Fig. 10. Drop-hwier apiparatus
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67 Vehicle tests. Vehicle tests wcre cunducted in the hand-

emplacement area with two vehicles (N.51 and M577) in the same manner as
the man-walking tests, A vehicle was positioned at some arbitrary dis-
tance beyond stEa +1000 so that it coitl attain a preselected speed upon :

reaching sta +1000. Speeds of 8 and 32 km/hr were used, and two tests I .i

were conducted at ea-ch speed.

NINISID tests

68. Man-walking tests were also conducted with four Phase III i

MINSIDs a eah o th sesmi tet stesto yield data for aiding

in the evaluation of the techniques for predicting SID performance.

(For a discussion of MINISID operating principles see Appendix A.)

T~he M!NISID test procedures are discussed below.
69, A small trench approxi mate'y 5 cm wide, 10 cm long, and 5 cm .j

deen was excavar.ed at sta Q (f'ig. 7 f or emp-Lacement of the foul- MINiSID '.i.

geophones. Each geophone was placed in the trench by hand and forced.

down until its spike ws completely below the bottcIT of the small trench.
After the geophone was Jn place and as nearly vertical as possible (the :'

MIN!SID geophone senses the vertical component of the seismic wave), :
sl.igh~t pressur'e was applied to the side of the geophone to ensure that"'

it did not move and was in firm contact with the soil. Eim p~aement of" '

the four MINIS!D's is shown in fig. 12. Once the geophones were -

a. Geophones and dete.ctors b. Geophone in tr ench : '  '

Fig. 12. FEnplacemant of MINISTD geophones
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emplaced, the material removed from the trench 'was tightly packed arouned

and loosely spread over the top of each of the geophones.

70. The triggering of the MIflISID's was monitored by using a por-

tatale that was positioned in the instrumentation van located approxi-

mately 50-75 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.

c. MINlSID D: High gain.

71. 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 activation was indi-

cated on the portatale. At the point of activation the man was signaled,

by radio, to stop the walk and to dete-minie his position (i e, distance)

with reference to the MINISID. This distance was rec I the dttec.

tion distance of the MINKITD. The mail then walked back to sta +100, or

at least 15 m back fro the detection distance, paused for approximatelyI/
30-45 see, and then started walk-.

ANTENNA AND ing down the line again. Walk
END PLUG

tests were conducted until the

MINISID's had triggered several

GROUND PLANE times for each gain setting,RADIAL 0 '"OF 4)RADIAL 11 -OF --1 respectively.

72. Airdrop tests were con-

ducted by personnel of CSEWS at

II Fort Huachuca during August 1972
F -- with a dummy (i.e. not instru-

FIN ASSEMCLY meinted) Phase 11I ADSID/SU M-37,

CASE -~- M at the special airdrop area (unim-

,-/- -proved airstrip) dQscribed above.

NOSE TIP - Fig. 13 is a drawing of the

ADSID/S. The results of these ex-

Fig. 13. £)SID/S sensor perimental tests have been
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included herein to aid ir the evaluation of the techniques for predict-

ing the penetration performance (i.e. depths of penetration) of the

ADSID/S's. These tests are discussed below.

73. There were 120 ADSID/S's delivered from a fixed-wing aircraft

by dropping three -ensors on each of severa-l passes over a marked target

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

terv-lometer mechanism and normally resulted in a ground impact spacing

of 100-150 m. After each completed aircraft flyby, a CSEWS field team

assisted by one man from .WES visited the impact area to determine eauh

sensor's depth of penetration (i.e. penetration depth measured along the

longitudinal axis of the impact trajectory), angle of impact with re- J

spect to the vertical, and data on the terrain conditions (i.e. moisture

content, density, cone penetration resistance). In addition, the AEPG

provided a team to take high-speed photographs for the determination of

the near-surface impact velocities for 11 of the sensor tests (tests 5,

, 9, 11, 12, 31, 36, 75, -6, and 78-8O). .

I Azbient- and Induced-Noise Tests

74. The seismic motion. resulting from both the ambient or natural.

noise and any induced noises created by aircraft (fixed- and rotary-

wing), vehicles traveling along roads near the areas, wind gusts, rain,

etc., were recorded at each test site. Approximately 60 sec of data. were

recor&d~ at each site as follows: The ambient seismic motion was mea-

sured at a time when members of the test team were quiet and motionless

and normally before the start of a drop-hammer test; in the case of in-j, duced noises, the seismic motions were measured as they occurred during

testing.

EnvironmentalCharacterization

75. To obtain informqtion that allows the SID test results to be

evaluated witlin a rigozous theoretical framework, specific environmen-

tal data are required. For convenience, the environmental data
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collected can be considered in support of: (a) the seismic response

tests and/or the prediction of sensor detection performance, had (b)

sensor implantation performance. The data requirements for each cate-

gory are listed in paragraphs 4 6a and b.

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

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

grees to changes in moisture content and temperature. For this reason
':the field data collection program was conducted under conditions assumed

to be representative of wet- and dry-season conditions. It was recog-

nized that the probability of sampling the extreme ranges of moisture
content during only one sazmple period each within the dry and wet sea-".".:i;

-sons was very remote. Therefore, it was decided that meteorological

data from which soil moisture content can be derived should be collected

at specific locations for at. least a complete yearly cycle. The meteo-

rological data collected are compatible with the VIES computer model3 for
predicting soil moisturc in the 0- to 15--- and 15- to 30-cm layers ndk,
"include : i"

a. Air temperature, deg C.

b. Wind speed, m/sec. .A

c. Wind direction, deg.

d. Precipitation (rainfall, snowfall), cm.

77. The meteorological, data were measured by AEPG personnel at

three locations within the East Range (see fig. 4), and were recorded
I'-

continuously during the period July 1971 to the time of this study. The

data were recorded on paper strip charts and? therefore, must be manu-

ally extracted and put in a computer-compatible format before soil mois-

turs, data can be obtained. This work is not within the scope of this

* study; however, data were extracted from the records and tabulated for

the times of the seismic response tests for each of the sites and are

included in table 1.

78. As stated above, the meteorological data were obtaine.d 'to

provide a means for estimating the range of' soil moisture contents at

the EaSL Range SID test sites. A secondary, but import nt, use of the

meteorological data is the interpretation of causes for high ambient
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seismic noise caused by meteorological phenomena. For example, as

stated in paragraphs 4 and 74, 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.

c. 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 collectGion procedures (sensor

detection performance requirements)

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

of seismic response testing, soil samples for describing the substrate

were obtained by digging a pit to a 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. Compact soil prevented sampling beyond the 1-m depth at

the other sites. Soil samples from which moisture content and wet den-

sity were determined were obtained at the surface and at depths of
En a r. fl ,i nn .-. 4- L.;. 4 ail tA Zl" Ltd ug d ...... ...L .

tional depths of 150, 200, and 300 cm, respectively. Bulk samples were

takren at various depths (as specified by the field geologist) to obtain

USCS classification for ea(-. identifiable 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 (335-342,

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 area are compared in fig. 14.

80. CPR measuremets. Cone penetrometer readings (a measure of

soil strength) were obta.ined at each site, at six stations (0, +10, +20,
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Fig. 14. Surface soil plasticity and liquid limit data for
10 sites within the hanid-emplacement test area

+30, +4o, 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

seasons 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 are given in table 5.
81. Compression wave velocity aid thickness of layers. To obtain

a measure 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, 12--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 0 and +50) J

and recording the arrival times of the initial sismic impulse at each

respective geophone. The seismic signal was generated by a hammer blow

at each end of the refraction line (i.e. sta 0 and +30, or sta 0 and

+50). Refraction data (compression wave velocities and thicknesses of
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layers) for the wet- and dry-season conditions are summ~ariied for the

I 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) wa ve

velocity (see paragraph 43i_). The shear wave velocity was determined by "
comparing similar distinct wave forms from the time-displacement refra~c-

tion records of six successive geophones. The shear wave velocity was '
calculated by dividing the distance (3 m) between successive geophones A

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

calculated vel.ocity applies was computed as one-half the wavelength of4

the wave used in determining the shear w'ave velocity. (The wavelength

is the wave period multiplied by the wave velocity. ) By using severalI

successive geophones, various depths and their corresponding velocities

were determined. From these data the shear wave velocity for various

selected depths, such as the first-layer refraction depth (or c
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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 a 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 not 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, rnnuber of ksLum pci plaLk, ad

crown characteristics (diameter wid depth) of the dominant and codomi-

nant plants in the population, and determining the amount of grass or

other low-growing plants that occupied the site. Also, the height of

ground cover along the 130-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 paragraphs 2-13,

Appendix B.

Data collection procedures

(sensor-implanitation requirements)

85. In support of providing input data for the theoretical. equa-

tions that predict th( depth of penetration of air-delivered SID's,

special soil samples were obtained at depths of 30, 90, and 120 cm from

two locations within each of airdrop areas 1, 4, and 5, respectively. A1'1

The locations of the soil 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-

implantation equations are listed in paragraih 46b.

86. Data on E , a , p/p , p , and CD were obtained from
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the results of special uniaxial strain and triaxial compression tests.

These special laboratory tests were performed on a soil sample from the

30-m depth at each site, at two moisture contents believed to be repre-

sentative of the wet and dry conditions at the site. The laboratory

tests (uniaxial and triaxial) and dat. 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 wuere conducted by rapidly loading a

laterally constrained soil sample and measuring its axial strain-time

response. The results from a typical test are shown in fig. 17 and con-

sist of stress-time, strain-time, and stress-strain relations.

88. The triaxial tests were conducted by rapidly loading a con-

fined (confining pressures from 0 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 (a) 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

d/a 
0
r )/dEa T Int e l the ainitial slopc for to so il

samples is given.

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

rameter was determined from the equation of continuity as follows:

P
= exp (c) (1)

P

where

pp = current wet density of the substrate material

p = initial wet density of the substrate material

= vertical or axial strain
v
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The experimental values of ev were determined from the iniaxial

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

91. Ultimate shear strength. The ultimate shear strength (a )

was computed by the equation

a r) max"

S(a a(2)

where

o = ultimate shear strength of soilu
ci = axial stress used in the triaxial compression test
a

a = radial stress or confining pressure used in tri-
axial compression test

(a - max = stress difference at failurea rOmax

The maximum stress difference ( - O r) used in eq 2 was determined

frumthedynn~cyied srfae a ilust 4edin ig.19.The maxim

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 (p) between the projectile and the soil. The coefficient p

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 fig. 20. The relation shown in fig. 21 was then

entered using the relative amounts of sand and clay in the soil sample

as portrayed by the grain-sizc curve for the site and a value of 6/t

was determined for the dynamic case, where 6 is 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 p . The values of p and the ADSID/S

dimension in conjunction with eq C2 (Appendix C) were then used to com-

pute the drag coefficient CD  for each airdrop area. The values of I-

and the data used to obtain them are listed in table 7.
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PART III: ANALYSIS OF DATA

93. To reach the objectives identified in paragraph 37, the anal-

ysis of the data was directed toward answering the following specific

questions. -1

a. What are the seismic response characteristics of the SID

test areas at Fort Huachuce? How do these characteris-

tics vary in time and space?

b. What environmental factors should be measured in support

of SID testing, i.e. both sensor detection performance

and implantation performance, to provide a basis for the

interpretation of the results? What are the temporal and

spatial variations in t-rrain factors at Fort Huachuca?

c. Do the airdrop test sites at Fort Huachuca provide test

environments that will allow evaluation of ADSID/S im-

plantation over a wide range of soil conditions? What

are the impact stresses imposed on ADSID/S's at the Fort

Huachuca airdrop test areas? I
d, What aialytical schemes can be used to extrapolate SID

test results (both sensor detection performance and sen- I

sor implantation performance) from one 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; whereas Part IV addresses the mapping,

I.*. the spatial vriation of the reevant environmental, seismic re-

sponse, and SIT) performance (detection distance) data.

Seismic Resonse Data

Selection of seismic

re sonse descriptors

95. As previously stated, the seismic response is the ground

motion resulting from the propagation of seismic waves g&ne-ated by a

target or some background disturban.ce, The seismic waves generated by

various targets (drop hammer, walking man, moving vehicle, etc.) used
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in this study were measured with scientific geophones and recorded in

e the analog seismic signals proved unwieldy for

siet-iecomparisox- nd Lapping, descriptors oftesignal meaning-

ful to SID detection performance testing were selected for anialysis,

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-,

tion and Electronics Board in the Panama Canal Zone and at Fort iJ
Bragg, North Carolina. 14,15 The descriptors selected for analysis are

PPV, PSPV, and f all are defined in paragraph 43,

96. As used herein, PFV is the Diaximum (peak ) positive particle

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

spective distance. PSPV (peak summied particle velocity) can best be
described by the techniques used to obtain it. A fast Fourier computer

program was used to convert the digital data for each record from the

time domain to the frequency domain, resulting in a curve of particle

velocity versus frequency (f). A curve of sumed particle velocity

(sv) versus f was obained by applying a simulated 7.-Hz filter band

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

X + + X + + X
(i = +i-3. i i+l i+2

5

where X. is the particle velocity at a frequency i , to average the1

particle velocity amplitudes occurring within the banid and to determine

the tntsl -rpnnnse that occurred within the band. This process for ob-

taining PSPV is illustrated in fig. 22. The PSPV is the maximum value

(amplitude) of SPV that occurs on the SPV-f curve. The frequency used

was that at which PSPV occurred; this is the frequency at which most of'

the energy from the seismic wave is propagated at a given distance fr-om

the signal source.

97. In addition to PPV, PSPV, and f two other seismic descrip-

tors, rins velocity (amplitude) and span were used. They are also de-

fined in paragraph 43.1 r

Ir
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Reproducibility of seismic descriptors

98, A prerequisite to a meaningful comparison of the seismic i

charactcristi.cs of a specific site at different times, such as in wet I
ad dry seasons, or of the seismic responses of different sites is the

inherent variability in the signal generator, measurement and reduction

equipment, and procedures used to obtain 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 YECOM seismic sensor

studies. The variability of the equipment and prccedures has been

studied for se) ected sites in the Panama Canal Zone and at Fort Bragg

(paragraph 95).

99. The results of the studies in Panama show that values of the

three seismic response parameters (i.e. PPV, PS3V, and f ), measured

at all distances tested (i0, 20, 30, 40, and 60 m), could be reproduced

85 percent of the time within +10 percent of their mean values. The re-

suits of the drop-hammer reproducibility tests at Fort Bragg have been

summarized and are included in fig. 23. These results, especially the

PPV and PSPV values, show a decrease in variation with distance. To il-
lustrate the percentage of variation in these data, the same three sites

(sites 381, 492, and 493) were selected for determining the standard

deviation/mean (SD/r) values. These SDim percentages are tabulated

below.

Site 381. Site 492 Site 49)3
Distance PPv PSPV f PPV PSPV f PPV PSPV f

10 1ii 10 0 29 26 6 6 8 26

20 14 18 2 23 27 4 Ii 6 6

30 14 26 7 7 8 5 14 17 24

4o 6 10 11 11 10 2 13 14 14

6o 15 22 37 18 17 20 -

100. Tile variations in the Fort Lragg data are slightly greater

than those in the Panama data. in summary, it appears the data obtained

with the drop haneor are reproducible within about 15 percent of the .,.1

mean, most of the time; therefore, the drop-hammer data should provide a
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useful basis for comparing the seismic response of one site with that of

another and also for comparing the seismic responses at the same site

under varying terrain conditions. Since the variability in the seismic -t

response data is an important consideration in SID testing, at least

three repetitions 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 from drop-hammer, man-walking, and vehicle targets were obtained

during both periods. The data collected in the wet season are believed I

to be in error as a result of an undetected instrumentation calibration

problem nd. are not suitable for analysis; however, the wet-season drop-

hammer data were reduced and aoe presented in table 8. The values of

PFV 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 selected as follows. I

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

5, 10, 20, 30, )40, and 60 m from the energy source.

b. MI51 vehicle. Records at distances of' 50, 100, 150, F
200, 250, 300, and 400 m from the energy source.

c. M577 vehicle. Records at distances of 100, 200, 300,

400, and 500 m from the energy source.

d. Ambient and induced noise. One sample record

(0.682 see).

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

nature) data obtained from the man-walking, drop-hammer, vehicle, and

background- (zmbient and induced) noise tests were converted to digital

form by computer at 1500 points per second. The digitized records were

. then processed through a fast Fourier transforn program to convert the

. digital data from the Lime domain to the frequency domain. PPV, PSPV,

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

61
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drop-hammner, man-walking, and vehicle energy sources (tables 8-10, re-

spectively). Plots of SPV-f relations were derived for selected records

from the vehicle and background-noise tests. These data and their anal-

yses are discussed in the following paragraphs.

Site-to-site variation in
dry-season seismic response data

104. Graphs portraying the seismic response parameters PPV, PSPV,

and f as a function of distance from the energy souarce are presented

in figs. 24-26, respectively. The relations are discussed below.

105. PPV-distance data. The PPV data (fig. 24), 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 10 cm/sec at a distance of 60 m. The curves for sites within

the airdrop areas (i.e. sites 347 and 410-413) show considerable data

variation. The curve for Willcox Playa site (site 413) is a great

deal different from those for sites within the four other airtdrop

areas.

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

ably for distances less than approximately 40 m, and somewhat less for

distances of 40-60 m. Data for the 10 sites within the hend-emplacement

area and airdrop sites 410-412 show a fairly good correspondence. The

Willcox Playa site (site 433) shows considerable variation from the

other sites and also shows very little attenuation in the seismic wave

between 5 and 60 m.

107. f-dist3nce data. The sLm-frequency data (fig. 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. Sum-frequency data for airdrop sites

410-412 are not too much different from the data for the sites

within the hand-emplacement area; however, there is 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 7-9 Hz. In addition to the variation of

62
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sum-frequency data among the sites, there is also considerable variation

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

Variation in dry-

season ambient-noise data

108. The seismic response resulting from ambient (background)

noise was recorded during normal working hours at each site as discussed

in paragraph 74. 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-emplscement 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 noise present within the hand-emplacement area varied between

0.008 x l0- 3 aand 0.09 x 10- 3 cm/sec in SPV amplitude with the maximum

amplitudes generally falling within a low-frequency (1-20 Hz) bandwidth.

Although the background noise was measured in diverse locations in the

hand-omplacoment area uTd' 1 vai.uS wind COniuvdlz uad au different no

times of the day, the SPV-f data are quite similar in that they show

relatively low background noise levels. Wind conditions observed at

site 341 (see fig. 27e) were the highest measured (4.4-6.6 m/sec) during

the background-noise tests, and the ambient-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 to those

of the Phase III MINISID. In summary, it appears that the hand-

emplacement area should provide a seismically quiet area for SID test-

ing, insofar as ambient noise is concerned.

Variation in dry-
season induced-noise data

109. SID testing will always be affected 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 Playa were measured. The SPV-f relations derived from a

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 not measured. As

expected, the results show that the induced noises increase the general A"'

level of background noise and, in some cases, increase it markedly as a

function of frequency. For example, the curve for the helicopter I
(fig. 28 a) shows several peaks in amplitude occurring at frequency in-

terval.s of about 12 Hz. The Piper Cub (fig. 28b) did not appear to

materially affect the noise level at frequencies below about '0 Hz (com-

pare figs. 2 8 a and 28b), but increased it sharply at 88 Hz. The noise

level of the Twin Cessna (fig. 28c) showed a near constant amplitude

(0.03 x l0-  em/sec) for frequencies between 0 and 100 Hz, with the ex-

ception of the small peak at approximately 88 Hz. At about 115 Hz an

abrupt change in SPV amplitude occurred. The train traveling across

Willcox Playa (:ig. 28d) caused a large increase in seismic noise

-3(0.3 x 1 -0 cm/sec) from 0 to 16 Hz, and considerable variation in noiso

levels for frequencies between 16 and 110 Hz.

110. In stummary, induced background noise will most likely occur

during SID 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 I
might be encountered at Fort Huachuca, the amplitudes of the induced

noises will be above those of the ambient noise, and the frequencies and '

amplitudes of induced noise will span a wide range of values. Since the

§ i ambient and induced background noises increase or, in some cases, de-

crease the sensiJtiv ity -f certain t ,Tmes of SID's, it is ireconusended that

the ba~ckground noises be measured during the times of SID testing.

Seismic response from vehicles

111. Seiismic response relations in terms of SPV versus f vere

obtained for the two vehicles (M151 and M577) that were tested at the I
two cross-country sites (344 and 345) in the hand-emplacement area. The

vehicles were run at two speeds, 8 and 32 kx/hr. These data are pre-

sented in fig. 29. The M577 traveling at 32 km/hr generated the highest

SFV values for the frequencies shown. Also, except for some nrequencies

from 70 to 78 I-zs for site 345 (fig. 29b), the M15i traveling at 8 lun/hr K
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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 M577 traveling at 8 km/hr and the M151 travel-

ing at 32 km/hr. The general similarity in the SPV-f data for sites 34)4

and 345 foc each of the two vehicles suggests that the terrain condi--A

tions at both sites are quite similar. Some of the more subtle differ- 4
ences noted among the SPV-f curves fo" the two sites cannot be fully ex--

plained, e.g. the lowest S2V value for the N4151 traveling at 8 km/hr

occurs at 48 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

cou ld have accounted for differences of this kind and magnitude.

112. The results illustrate clearly that the seismic responses

emanating from vehicles are a f-unction of both vehicle type and speed.

.in addition, it is well known that the type of terrain, i.e. both sur-

face and substrate conditions, also affects the seismic responsts of
vehicles. although in this case the two sites were quite similar. The

implication of this is that if SID results from vehicle tests are to be

extrapolated to conditions other than those occurring during the tests,

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

Experimental MINISID and ALDSID/S Tust Data

MINISID data

113. Detection distances obtained at low-, medium-, and high-gain

setti:igs of a Phase III MINISID are presented in table I. Fig. 30
ow i gei. uui.]y the weu- and dry-season iALNiSiD detection values at

mediuwi Cain. A point especially worthy of mention is that two different
ieen made the walking tests in the wet and dry seasons; therefore, the

data for these tests for the two seasons M or maynot be direclly
eoim.'ar ol.e.

114. The detection didtances presented in fig. JO Chow a differ-
ence of a -3 m for five sites (337-339, 3)42, ac

3 - ', . ifeec
of 5-7 m for two sites (3i and 317) and a difr-fence of 18-20 m for

two sites (336 and 348). For th, nine ec , tbere sees to be no
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particular trend toward either season's allowing a consistently greater

or lesser detecti, Ige.

ADSID/S data

115. The results of the experimental ADSID/S tests conducted by

CSEWS are presented in table 12. These tests were conducted during

August 1972 and should be representative of waL-season conditions at the

CSEWS test site.

116. The results, in general, show that most penetration lengths

(i.e. depth of penetration measured along the longitudinal axis of the

sensor) ranged between 20 and 35 cm, although penetrations as deep as

50 cm and as shallow as 15 era were obtained. The emplacement configura-

tions of two of the air-implanted ADSID/St s at the CSEWS test area are

shown in fig. 31. ai

fonanc ad snso-iplatatonperormnc as dicuse . previously. "" -:" ="

'(3

. npat agle' 0deg(o'r . ipac anle 0 dgl

%et ~

a.o Iancl angl 'c sesr ielgt ton bperforctangle i4use drvog'ly
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at WES), provide the input and analytical tools needs for interpreta-

.1 .. tion and extrapolation of SIP test results from site to site and from

* region to region. The enviromnental data collected for input to SID

detaction performance and air-iJplantation performance models are

'discussed below.

S i 'Data for SID detection per-formancepredictions and evaluations

118. The environmental data measured in sapport of SID detection

performance testing and prediction were obtained dwring August 1971 (wet

season) and March 1972 (dry season). So that these data could be input
", directly into the SID detectiLon performance preditction mnodel, the were :

;reduced and sum'aarized by soil layers: surface, refraction layer 1, and

refraction layer 2.

, 119. Surface layer. The surface, or uppermost, layer of soil is

the thin zone of material that comes in contact with the seismic energy

source (drop hammer, footstep, vehicle track or wheel; and so on) and

the SID geophore. Although the phenomena declJ_.g with the interaction

of the ene-g source and the substrate have not been adequately quenati-
Lied, the surface terrain factors considered important in the transfer

of seismic energy from the source to the ground and from the ground to

the SJ1 geophone are:

a. Soil type (USCS).

-. Soil particle size, percent finer by weight. -.
c. Moi sture content, percent.

d. Soi]. vet density, glen!.

e. Cone penetration resistance, CPR (a measure of soil

;i:] ~~st.zIe,, th , kPa. .

f. f, eight (cf±) and density of vegetation ground cover.

a. Geometry of ground surface krooghueos).

1 ]23. The data for the factors listed abo-ve with the exceptlon of

w-f'ce geometry data are giv-n in tables 2-6. Of the ft.ctors listed,

only soil type, soi._ -,arthole si ze, and surface geometry can be consid-

--red ttatic or Qonstant w-th time. 14.isture content, wet density, CPR,

-.nd height an, denuity of vcgrtrtion change as a, func'iou of Uit, and

* 7V4

tS/!44J", #
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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 gradation and most are classified SC. ExcePtions to this trend

are sites 339, 340, and 349, wihere the surface soils are classified 'III,

and sites 4l0 and 41.1, which contain 53.5 and 611.4 percent silt and

clay, respectively, and are classified CL. Particle-size --bistributions

for surface soils at Fort iluachuca sites fenerally are quite similar;

however, there were considerably more small surface rocks at sites 338,

410, and 411 than at the other sites.. The surface rocks contained in

the substrate material, at these site.,- were not included in the samples

v sed to determine the particle-size dist.'butions of the ma.terials.

(See ground photographs, in figs. B2b, B(b, and Ba, respectively, Appen-

dix 1.)

121. Site-to-site and season-to-season comparisons of surface

moisture content and CPR are shown in figs. 32 and 33, respectively. ,

Similar comparisons for wet density are not presented herein since wet . U

density is directly. related to moisture content, i.e. p = (I + W)V .. " r
where p = soil wet density, W = soil moisture content (percent), id

soil dr density. The dry-se.son site-to-si.re moisture values .

within the hand-emplacement area ranged from a 2ow ut] 0.9 pci-ent (site

341) to a high of 5 percen. (site 338). 'ine next highest, moistt:'e con-

tents were 2.8 percent (site 342) and 2.2 percent (site 336); for 7 of

the 10 sites, the dij-season moisture conteut was less thaii 2 percent.

122. As expected, the moisture values within the h&ad-emplacement

aqrca -.rcrc higher uur:ne.: we &fSi, o., rangirg from 5.2 percent (site

336) to 11.7 percent ,ite 336). In general, the surface moisture data

(fig. 32) show that there yas more variation from season-tc-season than-

froIL site-to-site,

123. 'ie dry-season surface CPR values (fig. 33) ranged from 100

to 1990 kPa, with considerable variation axong the sites. The .eason--

to-season variation was large for sites 335, 336, and 3W0; moderate fcr
sites 338, 342, and 349; and in.ig-nifican for sites 337, 339, 341, -u-id

348. In some cases the wet-scason data exhibited gr!ater CF-R values

than the dry-season data ,e.g. sites 335, 336, 339, 312, ad. 349), which
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seems to indicate that the addition of moisture created some cohesion in

the surface soil.

124. The vegetation ground cover (see table 6) occupying the

sites within the han-d-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 homogeneity, 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).

126. Subsurface refraction. layers 1 and 2. Refraction layers 1

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 prorile, as a

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 16 The four factors are listed below; their wet- and

dry-seasons values are contained in table 2.

a. Compression wave velocity of layer 1 (V p) and layer 2

(Vp M/se.
b. Shear wave velocity of layer 1 (VS) and layer 2 (VS2 ),

m/sec.

c. Thickness of layer 1 (TI) and layer 2 (T ) , cm.1 2'3
d. Wet density of layer 1 (pl) and layer 2 (p2), gcm

128. Site-to-site and season-to-season comparisons of compression

wave velocities in refraction layers 1 and 2 are presented in fig. 34.

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

whereas the wet-season velocities ranged from 230 to 455 m/see, indi-

cating that the range of variation does not change appreciably from the

dry to the wet season. Fig. 34 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.,II
the site-to-site variation was greater than the season-to-season. For

all sites for which data are presented, the compression wave velocity of

the second layer was greater than the compression wave velocity of the

first layer. The maximm season-to-season variation was 75 n/sec (site

338) for layer 1 and 98 m/sec (site 341) 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 data it can be seen

" that the shear wave velocity 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/see (sites 336 and 338,
respectively), whereas the wet-season shear wave velocities ranged from

137 to 182 n/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 variation ranged from 245

tou 3 46" 1 (iues 3 36 arid 3 4 2, r e Sp!e ct:,V elY) - The tiunw n mcasurcd

season-to-season variation (40 m/sec) occurred at site 336, and the min-

imum (12 m/sec) occurred at site 335. In general, the season-to-season

* hear wave velocity data are greater in layer 2 than in layer 1.

130. The layer thicknesses of refraction layers I 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--!40 cm for dry-season condi-

tions and a site-to-site thickness range of 55-150 cm for wet-season

conditions. These extremes occurred at sites 340 and 339, respectively.

The maximum season-to-season thickness variation for layer 1 was 25 cm

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 wi th values for layer 2 ranging from 135 to

>1575 cm and 110 to >1555 cm for the dry and wet seasons, respectively.

These extremes occurred at sites 336 and 338, respectively. Sites 338,

339, 341, and 312 had very thick second layers (i.e. >1500 cm) in both

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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and minimum thicknesses. ) The maximum season-to-season thickness varia--

tion in layer 2 was 100 cm at sites 343 and 349. The minimum season-to-

season layer thickness variation (15 cm) also occurred in layer 2 at

site 340.

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/cm . As stated previously, the wet den-

sity varies as a function of moisture content, and the maximum seasonal I

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'.-nt. Therefore, the seasonal variation in wet density for the

majority of sites was quite small.

132. Suymmar. 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 in simple terms, because the propagating medium-seismic response .

interactions are exceedingi complex, a.d a.6L ..ti .L a.d gencrad. thco-
retical solution requires extensive computer modeling. A general solu-

tion to tbis problem is being sought at WES, nd a first-generation

model has been developed (see reference 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 generation and propagation. Once this is accomplished,

only those factors !ausing significant changes in SID detection ranges

would require measurement in support of SID testing.

Data for sensor air-implantation per-

formance predictions and evaluations

133. Data derived for use as input to equations (Appendix C) that

predict implantation performance of air-delivered SID's are: the ini-

tial Young's modulus of elasticity, ultimate shear strength, compressi-

bility parameter, soil mass density, aad drag cocificient. The methods

for deriving these factors from the tuaiaxial strain and. triaxial compres-

sion tests are presented in paragraphs 67-92. Tbe- laboratory-obtained
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data on these factors for airdrop areas 1, 1, 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 location of area 6) were also selected for

stui of penetration characteristics of air-delivered SID's, but time

and funding constraints prohibited any work on these areas. Ai.-d-rop

area 2 had been selected to provide an area that would be impenetrable

because of the numerous rock outcrops and shallow soil. Airdrop area 6

had been selected to present a target of soft material to study the ef-

fects of deep implantation of air-delivered SID's; and area 3 had been

selected as a target of intermediate difficulty, along with airdrop

areas 1, 4, and 5. The following paragraphs briefly discuss the input

data 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 was obtained by taking an average E value from the

deviator stress-axial strain 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-season E values varied from 56Q, to

1400 kg/cm2 with test pit 5 in airdrop area I having 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 h values are considerably lower,

especially for airdrop areas 1 and 5.

135. Ultimate shear strength. The ultimate shear strength a

was obtained from the relations of maximmi stress difference (o - o
a r

versus mean normal stress (a + 2o )/3 presented in fig. 37. The value
a r

01 o was determined by the procedure given in paragraph i. F'or the
u

dynamic yield envelopes (fig. 37) corresponding to wet-season conditions

(i.e. high moisture values) for all airdrop areas and dry-season condi-

tions (i.e. low moisture values) for airdrop area 5, pit 2, the ultimate

shear strengths were determined from the maximum obtainable values of

a - a portrayed in fig. 37, utilizing equation 2. For the dynanic

yield envelopes corresponding to dry-season conditions for airdrop

area 1, pit 6, airdrop area 4, pits 3 and 4, arid airdrop area 5, pit ],

a different procedure was used. The dynamic yield envelopes portrayed

7-
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by these airdrop areas did not reach a maximum value of a - u (i.e.a r

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 obtaLn a maximum value of o - a 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 than approximately 85 kg/cm2 for the velocity

range considered in this study, it was decided that oa - ar values

corresponding to a mean normal stress of about 300 kg/cm 2 would be suf-

ficient for use in computing the ultimate shear strength of each of

these airdrop areas (i.e. airdrop area 1, pit 6, airdrop area 4, pis 3

and 4, and airdrop area 5, pic 1, during dry-season conditions). The

Q values used to determine penetration depths for the various airdropu

areas are given in table 3.3.
136. The largest value of o was obtained at airdrop area 4 and

u

the lowesL at airdrop area I during both the wet and dry seasons- In-

crease in soil moisture reduced the value of a significantly. For
u

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 parameter. The compressibility parameter

p p was computed using the uniaxial strain data sunaarized in fig. 38

and the following field-measured values for p . The computation pro-

cedure is given in paragraph 90.

l}itial Soil. Density

(P), g cm3

Drop Test Dry Wet
Area Pit leason Season

1 5 1.99 2.14
6 1.73 1.84

4 3 1.61 .1.73
4 1.63 1.76

5 i 1.60 1.70
2 1.70 1.81
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The computed values in table 13 foi the dry season vary from 1.18 to

1.33 and follow the same ranking trend as the ultimate shear strength

data, in that the lowest values are for ai rdrop areas 1 and 5 and the

highest values are for airdrop area 4. The season-to-season variation

in the compressibility parameter data is smallest for airdrop area 5

and greatest for airdrop area 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. Supplementa-r information. In addition to the information

discussed in the previous paragraphs, soil profiles for airdrop areas 1

and 4-6 were prepared (fig. 39). Also oome additional descriptive in-

formation taken in support of the seismic response tests is presented

in table 2 for airdrop areas 1 and 3-6.

Prediction and Evaluation of MINISID Detection Performance

SID detection performance model

140. A theoretical simulation of the phenomena involved in sensor

detection performance 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, the detection problem has been di-

vided into four component parts as follows:

a. The development of a forcing function that simulates

traisfer of energy from the seismic signal source to the

substrate material.

b. The develorment of a seismic wave propagation model to

simulate the propagation of microseismic waves within
the substratt! materiLls.

c. The development of functions that simulate the transfer

of ener-r from the vibrating medium (substrate) to the

sensor. I
d. The dcuveloprnnt of functions that simulate the logic

response of the sensor to the vibrating medium.
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141. Significalt progiress has been made to date on each component

part of the overall sensor detection model. 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 quantitatively

by utilizing the characteristics kf the energy source and the input ter-

rain surface and subsurface factor data. The omissions in parts a and

b, respectively, are:

a. Component part a. A simulation of the stress applied to

the ground from the source (i.e. a 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. Functions describing the force-time histories of the energy

sources are presently being developed by WES and will, hope-fully, ac-

count for the transfer of ener-y from specified snurnp (-ioe dro him.-

mer, footstep, vehicle, etc.) into the propagating substrate material.

In support of b above, a literature review has been completed, and con-

siderable 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 scheme.

SID detection distance
predictions and evaluations

143. Forcing fuLction and seismic wave propagation submodel pre-

dictions. To demonstrate the applicability of the forcing function and

seismic wave submodels (i.e. component parts a and b of the overall de-

tection model presented in paragraph 140), predictions of the analog

signal as a function of distance from the source were derived for the

drop-hamer energy sotuce. These predictions are discussed briefly in

the following paragraphs.

14J. Laboratory measurements indicate that the restoring force

asscciated with the drop hanuner-soil system is a nonlinear function of
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the displacement of the drop-hammer weight. The time-dependent forces j
exerted on the ground we.. calculated by using the Rwlbge-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 a cosine squared

pulse whose amplitude and pulse width are controlled by site conditions.

To illustrate the effects of using a cosine squared pulse to simulate

the force-time history of the drop-hammer energy source, it was experi-

mcnt.)ly determined (see reference 16) that a pulse width of 0.016 sec
6

and a peak amplitude of 71.7 x 10 dnes were appropriate for the condi-

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 then usecL in conjunction with the field-

measured properties listed below to obtain estimates of the span, peak

amplitude, and rms amplitude within the predicted analog signal.

a. P-wave velocity of first refraction layer = 365 m/see.

b. S-wave velocxty of first refraction layer = 204 m/sec.
c_. Wet density of first re fraction layer = 1.75 g/cm .

d. Thickness of first refraction layer = 1.15 m.

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

layer was encountered) = 818 a/sec.

f. S-wave velocity of infinite half-space = 333 i/sec.

F. Wet density of infinite half-space = 1.9 g/cm 3 .

h. f4i d-_in ..... ... 0.03D L UL u IIJiiinL, IU± tu c~ 
'I 

' .
145. The resulting predictions of span, peak amplitude, and rms

amplitude are plotted along with the measured values in fig. LO. As can

be seen, the measured and predicted signals compare well in amplitude,

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

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

hammer energy source, as indicated by the close agreement between the

predicted and measured rms amplitudes.

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

similar results have been derived for other sites using similarly
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derived forcing functions. In addition, some predictions using forcing

functions derived for the MI51 and M113 vehicles have been made Eaid com-

pared with measured values. From the results obtained to date at WES,

it seems reasonable to assume that current research will result in use-

ful and workable solutions to the problems identified as component

parts a. and b in paragraph 140.

147. SID logjc modeling. To study the problems associated with

simulation of the transfer of energy from the vibrating mediun to the

SID and the logic response of the SID (component parts e and d in para-

graph 140), use was made of the Phase Ill MINISID and analog man-walking

test results. To derive a medium-gain detection distance, the field-

measured analog recordings of the seismic response from a maoi-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 analog computer model, and the differences be-

tween the two are presented in table 14. A plum sign (K) indicates that

the model-predicte d distance was greater thol the measured distance, and

a minus sign (-) indicates that it was less. Also presented are the

mean difference, standard deviation, and the nunber of sites underpre-

dieted and overpredicted for each geographical area (i.e. Fort Bragg,

wet and dry seasons; Fort Huachuca, dry season; and several sites in

West Germany).

149. From table 14. it -an 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 standard
deviation of 12 and 7.5, respectively. The Fort Bragg results were in-
termediate between the Fort liachuca and the West Germany data.

]50. The measured and predicted (modeled) detection distances
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(table 14) for sites at each of the three geographical areas are quite

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

dicted. distwces were derived from one test (or, in some eases, two),

whereas the MINISiD detection distances were averages of from 5 to

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

not the sae in each area; the relative performances of the devices are

not known. Further the background noise from one test to another could

not be controlled, end as the wind or cultural activity changed, the

background noise changed from test to test, anid this induced significant

effects on the test results (see paragraph 110).

151. Siumnary. The imlication of these tentative analog computer

results is that component paits c and d (paragraph 140) can be solved

analytically. The transfer functions for any particular sensor can be

readily derived aid programmed on an analog or digital computer, thus

giving a means for predicting SID performance, if the analog wave train

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

in these experiments because good coupling can usually be accomplished

with the external geophone of the MINISiD. Further study is ntde to

determine coupling efficiency as a function of sensor mass and geometry.

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

152. To derive an estimate of the range of air-implantation dif-

ficulty and the amount of deceleration that a typical air-delivered SID
(Phase !I! ADSID!' S, W-37) would experience at airdrop areas 1, 4, a-Till 5,
a theoretical study was performed using the system of equations in Ap-

pendix C. The depth of penetration for vertical (noimal) impact and for

an angle of 45 deg (oblique impact) and peak deceleration values for

noral-impact conditions were predicted and are discussed in the follow-

ing paragraphs. For both the normal mid oblique impact configurations,

the penetration calculations were terminated when the fin assembly (see

fig. 13) of the ADSID/S sensor came in contact with the surface of the

soil. This was done since no information was avail able on the behavior
of the fin assembly and the tailplate to determine whether the assembly
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would break, bend, or shear off when it came in contact with the sub-

stratc material during the pentration event.

Prediction of depth -of penetration

153. Nonntal-im act predictions. Theoretical predictions of depth

of penetration and deceleration were obtained for a normal-impact con-
i figuration of the ADSID/S for each of the six sites (i.e. six soil pits)

! within airdr'op areas 1, 4, aond 5. Two moisture contents were used that

were assouned to be representative of the wet and dry seasons, respec-

tively. The predicted depths are presented as a function of impact ve-

locity in fig. 4l. 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. Oblique-impact predictions. Theoretical predictions were

also made for oblique (off-normal) impact configurations for each of the

six sites within airdrop areas 1, 4, and 5, again with two moisture con-

tents used. A theoretical solution for predicting the penetration of a

projectile striking the soil at an oblique angle has not been adequately

formulated. hlowever, experience a. WES h-.as .n that for shall ow pene-

trations a reasonabie approximation of the depth of penetration for
oblique impacts can be obtained by resolving the velocity vector (i.e.

velocity along the trajectory of the projectile) into its hurizontal and

vertical components and 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. In order to obtain the penetration path length, the

vertical penetration depth must be divided by cos 0 , where 0 is the

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

pact velocity is expressed as

V V cos 0
v a

where

V = normal component of impact velocity vectorV
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V = velocity vector along longitudinal axis of thu ADS D/S
a (i.e. along the projectile trajectory)

0 = angle of impact (off vertical)

155. This technique was used to compute the dpth-of-penetiration

predictions for an impact angle of 45 deg (fig. 42). The impact ve-

locity portrayed in fig. 42 is the velocity vector along the 45-deg

trajectory.

156. From the data (fig. 41) relating depth of penetration to im-

pact velocity for vertically impacting ADSID/S's, it is 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 of penetration are

required to enste that the ADSID/S is emplaced sufficiently deep to op-

erate as designed. From fig. 41, the impact velocities required to ob-

tain a 20-cm depth of penetration for each airdrop area are as follows:
impact .....oc.ity

(m/sec) for 20-cm "

Penetration
Area Pit Wet Dry

1 5 25 38
6 50 >100

4 3 78 >100
4 89 >100

5 1 68 >100
2 48 >100

157. The wet-season impact velocities for a depth of penetration

* of 20 cm vary from 25 m/sec (area 1, pit 5) to 89 m/sec (area 4, pit 4);

whereas the dry-season velocities vary from 38 m/see (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 3. represented by

pit 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 ALSID/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 ni 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 &__gles are less than 45 deg off the vertical (see

table 12 for experimental data); therefore, these curves should repre-

sent the minimum amount of penetration expected. As can be seen from

the predicted curves, the impact velocity to allow a 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 area 5 during the wet season. If the impact velocity is as-

* Isumed to be 50 m/sec, a 20-cm penetration path lcngth would occur only

at airdrop area 1, pit 5.

Prediction of maximum deceleration

159. The maximum rigid-body decelerations calculated for impact

velocities of 50 m/sec for airdrop areas 1, 4, and 5 are listed in

table 15. These calculations are for normal impacts of the ADSID/S.

The specified maximum allowable deceleration for a workable Phase III
-- [T-h 114 hAA-D7 fl T narfl (,,I 3 2......- , . ...pm.telv 9.85 x n m/sec . All computed decel-

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 pro-
dictions for oblique impacts

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

predicting penetration of obliquely impacting projectiles is not
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available, it was desired that the theoretica-I depth-of-penetration pre-

dictions made herein be e:.-nerimentally verified. The ADSID/S tests 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 data in the CSEWS airdrop area, i.e. E

a , p /p , ii , and C laboratory tests were conducted on one bulk
u pD
surface soil sample obtained from the area. Because of the small amount

of soil available on the CSEWS area, laboratory tests (uniaxial and tri-

axial) were conducted at only one moisture content, i.e. 10 percent.

These recults, along with the results from two sLandard 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 was

determined that the terrain conditions at the CSEWS airdrop area were

similar to terrain conditions at area 1, pit 5, during the wet season

(i.e. 14 percent moisture). This can be seen in fig. 43, where grain-

size uistributions for the two sites correspond quite closely, and in

fig. 44, where the plasticity index and liquid 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. 45.

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

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

depth of..+ pu-ta ...... velocity relations gneratd for' irdron

area 1, pit 5 (fig. 41), could be extrapolated to the CSEWS area, once

they were corrected for moisture conditions at, the time of test. From

fig. 45 it can be seen that the dynamic yield sturfaces derived from the

triaxial tests were nearly identical for the soils at the CSEWS airdrop

area at 10 percent moisture content and at airdrop area 1, pit 5, at

10-14 percent moisture content. For this reason it was assumed that

penetration-impact velocity relations generated at 14 percent moisture

content for area 1, pit 5, would correspond to the penetration-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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q

fig. 46. 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

area 1, pit S. '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 tests were used as a basis for comparing the predicted
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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 (c) surface soil 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-

ues (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 so that 
I -

the predicted and measured values will be more directly 
comparable.

163. The method used to predict the depth of penetration was

identical 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. h6 at the appropriate field moisture content to determine the cor-

responding depth of penetration from whi,_n the length of 
penetration was

calculated. This method of obtaining a prediction of the length of I _

penetration does not adequately simulate the penetration phenomena 
for

oblique impacts, but experience has shown that it yields 
relatively good

approximation of penetration lengths, especially for shallow

penetrations.

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 
75, table 16) to

an overprediction uf S cm (test .31. tabl 1) When the ronrig-nrous

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 
penetra-_

tion depths of the air-implanted SID's.

Summary 
m

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

terrains covering a wide range of peiietration 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-

ccleration values) and under a variety of soil strength conditions.

Extrapolation of SID Performance Valijes

166. The WES concept for the extrapolation of BID test results is

based on the assumption that adequate simulation models describing the

phenomena under test can be formulated. In the case of SID detection

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

soil. The extrapolation concept also requires that. the terrain inputs

-to the simulation models be constitutive arid 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

felt that adequatc simulation models required to implement the conccpt

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

an areal basis see Part IV of this report.

io



PARZT IV: MAPPING OF TERRAIN AND SEISMIC RESPONSE

FACTORS AND SID PERFORMANCE VALUES

167. The theoretical detection prediction scheme and/or concepts

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 illustrated in

fig. 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 hypothesized as

being required as input to the SID detection performance model (i.e.

forcing function and seismic wave propagation submodels).

168. The terrain and seismic factor mapping discussed herein per-

tains to the Fort Hluachuca hand-emplacement test area and consists of

preparing fovr types of maps: (a) a terrain factor complex map for sub-

surface layers 1 and 2 to provide 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 to show the relative seismic response of the hand-emplacement area,

and (d) SID performance maps. The terrain and seismic response factor

complex maps and the SID performance maps are based on data obtained by

VIES field teams during August 1971 and March 1972 and are assumed to be
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-

14,15eluding the test areas at Fort Bragg ' and in the Panama Canal

Zone.l10 1 3 The following paragraphs describe the detailed procedures use'd

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 Factor Mapping for Subsurface Soil Layers

170. The four terrain factors that have been mapped are:

a. Thickness of layer 1 (T ) aid layer 2 (T2).

b. Compression wave velocity for layer 1 (V p) and layer 2

(VP2~
C. Shear wave velocity for layer a (V ) and layer 2 (Vs2).

S1. S2
d. Wet density for layer 2 (p I ) and layer 2 (p).

Terrain factor mapping classes

171. Since classification is a prerequisite to any mapping pro-

cess, and the adequacy of the proposed map depends upon its class inter-

vals, considerable effort was devoted to determining appropriate terrain

mapping classes. Consideration also was given to selecting classes that

coiuld be used in comparing terrain conditions at Fort Buachuca with

other TECOM SID test areas. The class intervals or class ranges of each

of the terrain factors were chosen to minimize the effect of stratifica-

tion. This was acconplished by selecting class 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 established prior to

mapping, one set for layer 1 and the other for layer 2. Before any map-

ping was accomplished, the midpoint values of the tentatively selected

class ranges were input to the theoretical seismic wave propagation

model to determine the adequacy of the selected ranges. If the PPV and

rms mplitudes of the predicted signal obtained using the theoretical

model compared closely with the PPV anid rms amplitudes resulting fr'om

the field-measured drop-hammer signal, the mapping class ranges were

con,,sidered adequate. If the comparison showed differences greater than

15 percent (for distances greater than 20 m), smaller napping class

ranges were selected, and the above-mentioned process was repeated until.

adequate classes were established for all terrain factors (Vp,Vs,T, and

p). The four terrain factors and their selected mapping classes are

listed in table 17.
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Mapping of terrain
factors for layers 1 and 2

173. Tue terrain factors for layers 1 and 2 of the test area were
mapped by using the environmental data collected during the field pro-

gram, air-photo interpretation techniques, a topographic map of the area,
ald the interpreter's. personal knowledge of the mapped area, m

174. The air-photo interpretation was accomplished through a

series of steps, the first being to obtain the necessary overlapping

(stereo) photos of the hand-emplacement area. This was followed by a

stereoscopic examination of the ovrerlapping prints, whereby various pho-

tographic terrain patterns were identified, according to tone and tex- -A

ture, together with their topographic relations. For the photographic

patterns within which ground truth (i.e. site) data were available, the

class range as portrayed by the data for that particular site was used.

In those patterns without ground truth data, the class ranges for eacn

tcrrain factor were assigned by extrapolation from the points of known

ground truth data, through associations of similar patterns and through

the interpreter's knowledge of the area. After all the identified pat-

terns ht 4 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 the four factor va-ue classes

(table 17) for one terrain factor, such as wet density (p). Similar

maps were then prepared for VP I VS  a bnd T , respectively.

175. After the four terrain factors (vPV 3 , T, and p) for each

of the two layers had been ii.appcd, they ,,,ere nmbined into a factor

complex map (fig. 47) by superimposing each of the individual maps on a

common base map. To simplify the identification of each delineated area

on the factor complex map, the areas were identified by numbers from 1

to 40. These numbers represent discrete combinations of classes of

each of the four terrain factors for the two soil laye.,s in the hand-

emplacement area, and are contained in the factor complex map legend I
shown in table 18.;

Evaluation of mappitir classes.

176. To determine the adequacy of the selected factor map class i
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ranges, a check was made by cumparing the theoretical predicted resuJ.ts

(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 obtained using midpoint values of the class ranges from

map units 1, 3, 10, 45, 51, 64, 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-

tamed ~ith 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 factor mapping classes was a good compro-

mise between prediction accuracy and mapping practicality.

Mapping of Surface Terrain Factors

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

fer of seismic energy from the source to the substrate has not been quar.-

t-itativl. determinei. Nevertheless, surface moisture content, soil
type, and surface CPR almost surely control the transfer of seismic

energy for man-walking energy sources. For 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

bean mapped for the hand-emplacement area, and are discussed in the fol-
lowing paragraphs.

Surface soil moisture content

176, Six factor classes of s(oil moisture content fo- the d"_ ald

wet seasons were established for the mapping of the hand-emplacement

area, as follows:

Surface Soil Moisti're

Factor Factor Value Range
Class percent

1 1-3
2 - -8
3 9-12

(Continued)
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!4
Surface Soil Moisture

Factor Factor Value Range
Class percent

4 13-16
5 17-20
6 21-40

Soil moisture classes 4-6 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 Huachuca SID

hand-emplacement area with other TECOM SID test areas. The wet- and

dry-season surface 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-

fLativux by uses) were established as follows:

Surface Soil Type
Factor Factor Value Range
Class USCS Classification A

1 SP
2 SC
3 OL
4 SM
5 GM

The SP material consisted of a relatively clean sand with little or no

fines, the SC materiaLl consisted of a sand witn an appreciable amount of

fines (i.e. a sand-clay mixture), the 0L soil. was primarily an organic

silt, the SM was a sand-silt mixture with low plasticity, and the GM was

a gravel-sand-silt mixture. (Soil type class 3 (OL) did not occur in

the hand-emplacement area. ) The soil type map for the hand-emplacement

area is presented as fig. 49.

Surface cone pene-
tration resistance (CPR)

180. Six factor classes of surface CPR were also established for
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MAP UNIT SOIL TYPE

1 SP
2 Sc
4 SM
5 CM

Fig. 49. Surface soil type map, hand-emplacement area



* the mapping of the hand-emplacement area as follows:

Surface Cone Penetration
Factor Resistance (CPR) Factor
Class Value Range, kPa

1 0-200

2 200-400

3 o400-600

4 600-90

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-

seuson conditions.

Mapping of Dry-Season General Seismic Response Factors

181. The three dry-season general descripLur* (i.e. PPV, P01V,

and f as functions of distance) as determined by the seismic signal

generated by the drop-hammer (controlled) energy source were used for

mapping the seismic response of the hand-emplacement area. (Wet-season

data could not be used, as discussed in paragraph 101.) Prior to map-

-ing, best-fit curves representing the field-measured drop-hammer PPV,

PSI- .T and f data (table 8) were generated. The PPV, PSPV, and f

,.t fo~ 1se]ectea distances were then obtained from the best-fit curves

k +abie 8) and these data were used as a basis for constructing the seis-

Lic response complex map (fig. 51). The factor classes established for

the mai,ping of the three descriptors were designed to be responsive to

the olerational logic of Phase III SID's (see fig.' A3, Appendix A) and

the di.stribution of the factor classes that occurred within the hand-

emnplacement area.

C..:iswic response

Lactor 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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MAP SURFACE CPR FACTOR CLASS FACTOR CPR FACTOR
U;NI'f DRY SEASON WET SEASON CLASS CLASS RANGE - kPa

1 3 1 1 0 - 200

2 3 2 2 200 - 400

3 3 3 3 400- 600

4 3 4 4 600- 900
$4 4 5 900 -1200

6 4 6 6 1200 -1800
7 6 4

Fig. 50. Surface cone penetration resistance factor map,

hand-emplacement area
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Fig. 51. Dry-season drop-hamner 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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corresp.nd to the Phase III SID threshold values on high, medium, and

low gain, resrectively. The threshold values at 30 1iz are approximately

0.08 x 10-3, 0.18 X 10-3, and 0.50 x 10-3 cm/sec, respectively (see

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

they offer a reasonable compromise between a frequency bandwidth at

9-45 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 mapping classes. The mapping classes for f were se-

lected such that they would encompass the frequency ri-taponse of the

Phase III SID and also the field-measured values. These 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 preparing individual factor maps for PPV, PSPV, and f

for distances of 5, 10, 20, 30, 4o, and 60 m, respectively. This was

accomplished by examining the drop-hammer bcst-fit data (table 8) for

PPV, PSPV, and f at the various distances and selecting a factor class

for each corresponding djstance (i.e. a factor class for 5, 10, 20, 30,

40, 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 which all the class numbers were the same.

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

f for a selected distance, such as 20 m.

185. All the individual PPV, PSPV, and f maps for each of the

selected 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. unique 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); a 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

f are concerned.

Mapping of MINISID III Detection Performance Values

186. A MINISID IIl performance (detection distance) map of the

hand-emplacement area (fig. 52) was constructed using the experimental

detection range data (table 9) obtained during wet- and dry-season con-

ditions at the ten sites (sites 335-342, 348, and 349), air-photo inter-

pretation techniques, 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 III 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 (a

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, respectively). A

more distinct trend may have been observed if the same man had been used

for the walk tests during both seasons. As this was not the case, the

experimeital 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 a man weighing 79.2 kg, wearing boots size 11, and walking an

average pace of 1 m/step; whereas, the dry-season MINISID III data 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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Fig. 52. SID detection performance map, hand-emplacement area. (For
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were conducted at Fort Huachuca and are summarized below:

Personnel Characteri-stics Dr-y-Season
Site Weight Boot Avg Stride Detection Rlange
No. k&Size m (,Avg of~ 3 Tests)

335 65,8 9 1.0 27

335 79.2 11. 1.0 -33

336 65.8 9 1.0 3Lj

336 70.2 7-1/2 0.83 27 i
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PART V: SUMMARY OF RESULTS, CONCLUSIONS, AND RECONfl4NDATIONS

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 speW fic 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):

(i) Soil type

(2) Soil particle size

(3) oi3 moisture content

(4) Soil wet density

(5) Soil strength (cone penetration resistance)

(6) Height and density of vegetation ground cover

(7) Geometry of ground surface (roughness)

b. 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

190. 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 factors 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 overall procedures for prediction, extrapola-

tion, and comparison of SID performances (detection and implantation),
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meteorological aud vegetation data should also be obtained vithin the

general area of S1D testing as follows:

a. Meteorology factors (paragrah i6)j_

(1) Wind speed

(2) Wind direction

(3) Precipitation (rainfall and snowfall)

b. Vegetation factors (description of plants .Uthin a

radius of : 00 rn of the SID test site) (paragraph 78):

(1) Average plant base diameter and number of stems pei

plant

(2) Average plant height

(3) Average dominant plant spacing

(4) Plant crown eharacteristics (average diameter and

depth)

192. The seismic response parameters (i.e. PPV, PSPV, and f as
afunction of distance) resulIting from thle drop-hamiaer ener-y sourcee

(which is assumed to be comparable to that ivsulting from a footstcp

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 K
at the 10 test sites (6ee Appendix B) show some site-to-site variation,

and this variation slould be considered in S1D engineering testing; how-

ever, it is believed that this variation can ce accounted for anw.yti- .
tally and therefore will not necessarily result in any erratic or incon-
sistent results in engineering tests performed on the hand-emplaced

SID's. The variations in seismic response parameters portrayed by air-

drop areas 1 and 4-6, .s measured in the dry season, indicate, in

general, that the detection performance of air-implanted SID's can be

evaluated for a large ringe of terrain ccnditions (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 aircraft are of

sufficient frequency and duration within the East Bange to have signifi-

cant effects upon certain types of SID testing; therefore, measurements

of the induced-noise level must be made during SID testing (para-

graph 110). The seismic response resulting froi wind acticn on plait

structures within the hand-emplacement area and the airdrop areas did

not produce seismic waves of sufficient masriitude that were considered

significant to the engineering testing of most SID systems employing a

Phase III type or similar logic (paragraph 103).

194. Based on the surface and subsurface terrain data (and, in

some cases, seismic data) obtained during wet- and dry-season conditions

at Fort Huachuca, it was determined that the selected SID test sites

portrayed significant variation from site to site, but, in genera,-l, very

little variation between wet- and dry-sea3on conditions (paragraphs 121-

125, 128-131, 134-138 and figs. 
32-38).

Data collection procedures

195. The procedures used by WES for acquisition and recording of

the sigv;ficant terrain and seismic response data listed in para-

graphs 189 and 191 are being documented in a separate loose-leaf repcrt

and will be provided to Fort Huachuca upon completion.

Factor maps of banid-emplacement area

196. The terrain factor complex maps (figs. 47-50) prepared for

the hand-emplacement area provide surface and subsurface factor data on

ax areal basis for use witn the forcing Thnction and seismic wave props-

gation submodels to estimate SID, perform-ne 'i.e . detection 'thee a)UUI)

for man-walking energy sources (paragraph 167). The seismic response

factor complex map (fig. 51) prepared for the hand-emplacement area pro-

vides seismic data on an areal basis on PPV, PSV, aid f as a function

of distance, and will be useful in selecting representative areas (i.e.

areas that will provide the least vuount of terrain variation) for con-

ducting SID engineering tests.

Extrapolating 3ID test results

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

SID tect results, adequate simlation mod"ls describing the phenomena

1241



under test are being formulated (paragraphs 151 and 166). In the case

of BID detection performance, this invo2xres simulating the generation,

propagation, and coupling of the seismic energy from the source to the

sensor. In t.he case of implantation of air-delivered SID's, this in-

volves simulati.ng the terrain-penetration event of an air-delivered SID

-arid 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 areal basis.

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

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

for airdrop areas 1, 4, and 5 indicate that the ADSID/S air-delivered

sensor will implant sati,;factorily (i.e. it will obtain a penetration

depth sufficient for detections of a seismic disturbance) within airdrop
area 1 (tot pit 5) during both the wet and dry seasons; 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 anticipated impact ve-

locity of the ADSID/S will be approximately 50 m/sec. For airdrop

area 1 (test pit 6) and airdrop areas 4 and 5 during the dry season, the

penetration results indicate that the A)SID/S at 50 m/sec impact veloc-

ity will penetrate the soil only a few centimaters and then probably

fall down (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 6) during the wet

season, aid area 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 164). The comparison of these data

also shows that the depth of penetration of a typical air-implanted SID

(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 equations
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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 3ID's are

obtained from speciaL laboratory tests on undisturbed soil samples. The

inputs to the equations are:

a. Initial Young's modulus of elasticity, E

b. Ultimate shear strength, a
-- U

c. Compressibility parameter, pp/p

d. Soil wet density, p

e. Coefficient of friction between the projectile and the

soil, P .

f. Drag coefficient, CD

Recommendations

201. Since the Fort Huachuca hand-emplacement area exhibited

irthesi . diffscces in the four subsurface terrain factors (i0 e

Vp VT., 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 testing of a SID system. It is fur-

ther recommended that soil moisture content and cone penetration resis-

tance (soil strength) be measured at all 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 mathematical 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 to estimate daily moisture contents and strengths for specific

areas to be used for wet-season testing at Fort huacnuca, since local

rainfall records are available for the hand-emplacement and the airdrop

areas, and these data are required as the basic input to the prediction
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model. It is al.so recommended that measuiements 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 depths 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 soil samples. This procedure for obtaining the

necessary paranmeter data is very time-consuming and too costly for prac-

tical. application, such as for use in day-to-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 welt as by all other models being developed at

WES to estimate and extrapolate SID performances for world terrain

conditions.
204. It is recommended that a \JES type drop-hanmer apparatus be

,tsed by Fort Huachuca personnel to calibrate a test site for SID engi- I U
nee: ing evaluation. It is also recommended that at least three succes-

sive drops of the hamuer 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

report appear to offer a rational basis for interpreting and extrapola-

+ing, SID -test reslts, it i rnonmmenled that work be cnntinued on the

further development of the WES theoretical seismic wave propagation

model to allow for the following considerations:

a. Forcing function to account for the transfer of seismic

energy from the source to the propagating medium.

b. Viscous damping coefficients that better approximate

site conditions.

c. Forcing function that more adequately describes near-

field 'wave propagation.

d. Coefficients that describe the geometry of the ground

surface.
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e. Special studies to determine the effects of sensor mass,

.-sensor attitude or configuration, and terrain coupling

- on SID performance. .
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Table 3

Sumnary of Moisture Data

Moisture Content, % Moisture Content.
Site Depth Wet) Dry-* Site Depth Wet Dry

No. cm Season Season Differencel No. cm Season Season 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 4.4 +4.0

100 7.6 7,4 +0.2 85 7.3 5.2 +2.1

336 Surface 5.2 2.2 +3.0 349 Surface 6.6 1.0 +5.6

50 6.4 6.0 +0.14 50 7.2 2.4 +4.8

100 10.8 9.3 +1.5 85 57 3.7 +2.0

337 Surface 6.5 1.5 45.0 347 Su rface 7.2 1.4 45.8
50 7.7 7.2 +0.5 50 13.4 6.4 +7.9

100 5.5 4.2 +1.3 85 8.4 5.2 +3.2

338 Surface 11.7 5.0 -.-6 410 &uu 26.4 6.0 420 4.

50 10.1 7.1 ±3.0 50 10.2 8.5 +1.7

100 9.3 6.1 4-3.2 80 -- 8.8 --

339 Surface 5.5 1.24 +4.1 411 Surface 32.6 7.4 +25.2

50 9.1 7.4 +1.7 50 18.2 10.5 +7.7

100 7.2 6.1 +1.1 100 -- 15.1 --

340 Surface 8.1 1.4 +6.7 212 Surface 11.4 2.6 +8.8
50 3.0 4.5 -1.5 50 5.3 . +1.5

100 5.6 6.5 -0.9 100 -- 4.4 --

341 Surface 6.L4 0.9 +5.5 413 Surface tt 10.1 --

50 5.9 9.7 -3.8 50 tt 46.0

100 7.9 8.3 -0.4 100 tt 52.0 --

200 Vt 76.0 --

342 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.CI Data obtained August 1971.
I Difference obtained by subtracting dry-season data from wet-season data.
ft Area inundated during wet season (August-October).



Table 14

Oalsiry ol' Cote-Icenetratlo,, Won stanee (ZOciJ StroriEt!) D'~ta

Cei-)enciration !tez-tstei~ee, V4y,, I'y varim]L Ileptls 12 n
-Site No. Seasonl Surt'ae 2.1 ").0 7.5 10.0 27 1

33Y5 Wet sasn 5co 2 300 3590 X 35140 31410 4000 3630
D~ry scease,, 100 I 3 ) 40)0 10

Dift'erexice +1460 +J.090 - 5 00 -1,'30

33U Wet Season 9(,0 24,1c0 3j220 279 2,30 2
14

60 P700
Dry,, season 214o '3/30 1,1704

Di FIlerenee +.520 -12140 -1950~

33, Wet season 40 ',, P00 2300 P1480 23140 2)20 30/0t
Dry ,:a ,5140 35140 14730 "170-'

Differe,,ee -110 -20840 -21410 -26;90

33F3 lie nesonl 520 1,90)C 130 1100 1920 2260 2710
Dry 8eason P30 28900 51 '0+

DhtfIeeico -290 -1110 -35140

339 Wet, season 1420 24,00 3t,70 3Y20 29V)0 2)00 2290
Dr., season 790 )r6 5110~q

D1) 1 erenQ0 + 30 -23( 0 -20

3140 Wei, Sensor. 830 21 , 0 3230 3210 33140) 30U0 3100
Dry seasoni 1990 1,,,00 ':0-

Dilfference -110 -23/0 -1940

3141 WI -P~o SO440 10- 000
Dry scareol 010 1140 4000 '49140 53 f04-

Diffe'rence -120 -2520Q -.2310 -2370 -23140)

3142 Wet .:ore,, 1000 360i 1,140 1448o0 414,)o 14390 143',0
Dry -easoil 0' )000 ',1 04

D i 1*, :, -, + 350 -21400 - 7,50

3148 Wet. Sca:,,) (710 2110 29140 32510 3080 280 2/50
Dr,' s~care,(.0 14'0 10

Di 1fe'rciecc - P0 -21140) -2230

3149 Wet sce,,C 770 2 -0 3030 3010 2610 29140 3310I
Driy r;ease,, it1 (oV80 'A2p 51o0

D 3h? 04P- -2090 -21,

317WtSO~I370 '1,0 31.11o0 140 19140 21450 3280
(Airdrop 1) Dry s-ar-on1 V50 D650 )4910 .],(Of

DI! Ycremiee 140 -1890) -3Y70 -S120

4,10 Wet neae;o,.' -- ---- -

(Airdroj) 11) Dry season 30 370 1260 1800 2010 2010 2760

2413 WetSa-nl --- - -- --

(Airdrop 5) Dry seCason 320 1290 1)00 1),0 2350O 21140 2590
DIiFtererice - - - -- -

412 Wet r.e55o1n- - -- - --

(Aird-re,. 3) Dr.; seer-el 80 14(. 12-30 2010 21400 2910 3390

(Altrirul 6) Dr,%,sarel 5140 1".00 1911( 34,10 1410 13t-0 12,90
Diffrne- - - -- --

Vote: We-es),data obtai,e dornLt Aufojst 19!1; dry-seaoe;i ,lsLa ol~ttined( durir,0 Ilrchl,1,'2.
Ma.-iraiwn reeling, of' cone ponctrometer is 52/Y0; values rreseintc') Eiz averades of 1' Jndividual
)eitetratie, readings.
N Do data obtained dorinf! wet season.



TabIe 5

Soil Data for Spcia;, CS5W4 Airdr-op Area(

Mordrot Moisture Airdrop Moisture Cone Penetrat i'on

Tet No. Content, liesistanee, k1a Tent No. Content, Resistance. kla

I 6.o 3630 61 6.5 5](0'
2 .-- 62 5.8 5170+
3 - -63 4.2 5170+

8.8 4Lioo 64 4,.4 5170+
5 6.3 49,90 65 5.4 4980

7.6 340 66 6.7 39o0
7 5-6 3930 67 3.9 5170
8 6.1 514o 68 7. ) 2900
9 5-

6  
920 G9 4 .9 1360

io6.1 -- 70 6.1 4,4

12 6.; 530 71 8.6 2590
12 8. 3710 72 6.5 3240
13 4.- 4220 73 5.8 41,830
14 8.7 2960 74 9.4 4230
35 9.0 3550 75 7.6 5l70-

S6 5.1 46oo 76 6.4 4790
17 8.; 46yo 77 6.9 4210
18 9.9 4030 78 7.9 4850
19 8.3 4770 79 5.5 4oo
20 4.2 5140 80 6.5 4510
2i . 5350 8] ....-
22 4.6 51,70 82 7.1 46o0

23 5.3 51-0 83 6.), 5080
24 6.5 462o 84 8.7? 5080
25 .... 85 8.4 5000
26- 86 R.o 4q4,-) V
2,' 7. 1 34: 87 8.6 4420
2.3 10. 2 167o 8 6.4 4300
29 11.2 303, 89 16.5 920.
30 10.7 51701 9o 13.0 23801

31 -- 5120 9) 7.'v 4670
292 8.3 4830

33 6.7 46 v 93 9.,-, 40l.

34 8.? 5060 94 5.6 5]7o+ A

5-"' 51'0 95 5.5, 5170+

36 8.0 5170' 96 a0.9 460
37 -- 5030 97 7.4 570'
38 4.2 51 '+ 9'3 12.) 2250
39 7.9 3310 99 9.0 36004o 4.3  51'7o4 1). 4.4 5170+ '

30 .4.3 5 704 KA
42 5. 4030 102 3.2 5170, A
43 3.5 4420) 303 4.s 10
4 9.0 4110 104 5.6 51701
456.y + 3 05 4.1 5170).

46 7.0 456o ](o6 14.9 4970 ' "I .
47 5.0 51704 107 . , ,
18 9.o 2630 10 6.9149 8.l5'og 0 6.0) 5] [04 .

50 5.1 5110 i0 5.2 5170+

5i 3. 5]70+ 111 ."-'
52 . 16,o 312 7.' 5170'
53 3.7 51704 'j3 6.h 50'[('14

54 . 4.6 5170+ 14 3.8 5370155 I.Y1o 1, 3.6 '0I

56 4.0 4910 116 3.2 5)70"
57 5.2 51701 117 3.' 5170,
58 7.1 4100 1] 6.5 51104

59 6.A (0- 19 8.3 5170' .
6o II ,5 1110 - 20 4, ' 5 "'0'

Soil tyy;: a wet. dlxtur. clasified an SC according to Unified Soil Classificxtior

System: surf'ace wet. density 1.7 to 1.9 ~a 3 
(bused onl 10 saLmples).

4' A lun sign (4) denotes maximum penerumeter reading.
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Table 7

Summary of Soils Data, Airdrop Areas

Air Relative
Drop Test Amount , %
Are, Pit Season Sand Clay _ d, 6,_ . q, Tan 6

1 5 Dry 53 47 0.465 0 0 0

1 5 Wet 53 47 0. 465 0 0 0

1 6 Dry 68 32 0.475 12.5 5.94 0.103

1 6 Wet 68 32 o.475 0 0 0

4 3 Dry 56 44 o468 0 0 C

4 3 Wet 56 44 0.468 0 0 0

4 4 Dry 28 72 0.450 8.5 3.83 0067

4 4 Wet 28 72 O.1150 2.0 0.90 0.16

5 1 Dry 14 86 0.443 8.0 3.54 0.061

5 1 Wet 14 86 o.443 0 0 0

5 2 Dry 40 60 0.458 2.5 1.15 0.020

5 2 Wet 40 60 0.458 0 0 0

Note: ¢ angle of internal friction, deg.
= angle of friction between projectile and soil, dee.

tan 6 = coefficient of frintion .
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Su~sar ofVehcleSeismic Rleponse Test DRat, Itand-Ersplscemenl.Ac

Seisic ie-.eas Mcsuremcrits ~r eon
Ditanc,, Peek -article leak Tusmer Psot Mean

from VelocVY lerticle Velocity Square
Cross- Energy _L1J cnLbc io-3 ci/sec _Iiequec, H7e Vsocitv
Country Speed Source Field Bect-Fit Field best-Fit Field Ile st-Fi t 10- 0)4/sec
Sit, Vehi cle km/hr 1s eazured Culrve Wiasured Cutyve Measured Curve Field N'lasured

361 14151 8 50 0.111 0.115 0.11 0.14 13 13.3 0.04
100 0.08 0.10 0.06 0.01' 15 13.3 0.0?
150 Q,09 u.07 0.07 0.01A 13 13.30.0
200 0.O8 0.06 0.07 0.03 10 13.3 o.01
300 0.04 0.5 0,01 0.01 13 13.3 0.01
300 o.CA 0.05 0,01 0.01 16 13.3 0.01

1.051 32, 10 0.1 0.5)1 0.66, 0.53 18 18.5 0.18
100 0.28 Q.31 0.26 0,30 21 17.1 0.10
150 -- 0.21 -- 0.20 -- -- -
T00 0. 13 0.14 0.31 0,111 9 :114.3 0.00
250 -- 0.10 -- 0.10 -- -- -

300 0.05 0.08 0.01 O.bB 12 £1. 5 0.0?
1192 0.05 0.01 0.0-, 0.06 10 8.'1 0.02
500 -- 0.03 - 0.03 -- -

M')77 8 50 .-- - 1.1.0 -- 1.69 - -

100 U,(13 0. 68 1.1 0. 17 15 15.4 0.38
150) -- 0.48 -- . B -- -- --

200 0.33 0.36 0.110 0.39 15) 14. 3 0.12
25 - 0.0 .,s - 0. 27 -- --

30) 0.2£ 0.23 0.13 0.19 13 1. 0.-015
4 OU Q. P? C'.1 0.0 0.10 1?iC) i 11.0 00

50 0.12 0.0 0.0, u. 05 16r 10.7 0.03

K7 32 50 -- 2.95 -- 4.9 11 1121
100 1.)13 1.26 i.?6 2.37 15 12.1 0.50
150 -- 1.08 -- 1.31 -- ----

3 00 0.32, 0.39 0.29 0.29 12 1Y.3 0.12
II0x 0.1 0.21 0.1 0 .11 12 18.11 0).09
500 0.11 0.1- 0.02 0.; 28 20.5) 0.05

345 14151 0 30) 0.21 0.18 0.20) 0.16 21 1.10.07
100 0.09 0.112 0.05 0.0 1~ 33 311.1 0.02

L 0.8 0.0 0.06 0.06, 13 v,4.8 0.02)
20 007 01 0.06 0.01) 12 13. 0.02

250 0.05 0.05 0.02P 0.03 15 12.2 0.01
30 - 0O ~ -- 0.02 - --

500 (0.2 - 0.01 - --

M4151 32 50 ()061 - .6G -- --

1I 0.X 6 0.u35 0.37 0.35 13 14., 0.10
350 -- 0.23 -- 0.23 -- -- --

200 0.~o .16 0.l",t( 1 13.0 C,.0)

t300 C072 0.09 0.0% 0,409 3P 11. 0.02
4o00 0.05 0.05 0.02 0 0) 9 10.0 00
500 -- 0.0(3 -- 0.03 -- -

1157Y 8 50 ..- 1.24 - 214-
100 1.24 0.72, 1. 832 31~ 3 " 3 111.8 0.'?2
15 0 -- 0.4p8 -- 0.71 -- --

200Y 0.-25 0.35 0.31 0 6( 1) 13.0' 0. 12
250 0.026 - 030 -

300 0.1.6 0.19 0.17 2 1. 0.07
4'X) 0.08 0.11 0.117 0.11 9 9.), 0.021

*-50 00' 0.07 C- 0.07 Q. or, 7 7.6 0.")3

14,,.77 32 IA0 1.7(l 2.35 1.')b P. (0 22. 0., -
100( 1. 69 1.3 2.11 1 ( 163 0. r
1',0 0.0 0 0. 0.00 1119 11.5 (0.3(
200 09. 0.rl, 1.19 0.79 9 8.0 o.1
2'0 - 0.41 - 0.,49 - -

300 0.0 0.35 0.4 0.11" 6 Q. .1'
1,00 0.17 0.20 0.34) Q.21 7 7.6 0:1)(

300 013 0.12, 0.14 0.17 7 -- 0.014



Table 13!

.. ,2o'nr' of MiNIOfD Data for Man-liing and Vehi le Teats

NPUSMI 1 Detecton Dintance,a m M4N 12T Deteetian Diatanejj -
Na. Lo, Gain Medium Gain High 7ain' NO. Lo,' Gain Medium Gln 14h ;lain
Of Dry wot Dry Dry tf Dry Wet Dr-, Dry

Area Site Test Season Seazon Senson Syason Are S1 te Test Season Seaso, Seas S'aaon

Man-Walking Data Man-Walking Data (ContinseL)

Hand- 335 3 90'' - 28.0- 3.0'" Airdrop 1 347 1 10.0-- 29., t 23.0' 5(.0"
oil ace- 2 30.0 -- 20.

,  
6

,
.0 2 9.0 • 240c 63.0

net 10.0 -- 28.0 6.0 3 30.0 -- -3.0 (0.0
4 10.0 -- 27.0 (5.0 4 12.0 -- 22.0 59.0
5 -- -- 27.o 6,7.5 5 13.0 -. .. ..

Avg '.'4 -- 27.4 05.3 Avg 2o.A 29., 23.0 58.8

33C 1 1.0' b7.ot 2B.0"- (0.0-' Atrirap 4 410 1 3.O.. -- 30.0'' 62.O',
p 12.0 17.0 3C.0 (C.o 2 13.0 -- 5o.0 CO.0

1P.O 58.0 3
1
a.0 (.0 33.0 -- 3

,
.0 62.O

4 13.0 55.0 35.0 63.0 ii 10.0 -- 31.0 61.0
b -- 52.0 35.0 -- 9 1p.0 -- --
Avg 1P.0 51.8 3 p4.2 (5.0 Avg 14.0 -- 31.5 61.0

337 3 3.0" 25.0' 24.0.' 483.0" 'irdro 433 1 17.0'' -- 25.0' (4,'- I
2 5..) 21.0 23.0 52.0 2 17.0 -- 20.O h% .0
3 5.0 23.0 23.0 P.1) 3 17.0 -- 25.o 49.n
4 (.0 22.0 25.0 55.0 L o.o -- 28.0 45.o
Avg . 23.0 23.( 53.8 5 -- 2(.0 45.0

338 1 13.0'' 22.,, 30.0 49.o'' avg 17.8 -- 26.0 48.8
10.0 30.0 33.0 50.0 Aimrdap 3 112 ] 33.0' -- 33.0"' 50.0"

3 12.0 36.0 28.0 '0.0 2 14.0 -- 4o.o 51.O4 1.O 34,.0 p".0 51.0 3 13. -- 34.n 54.o
5 -- 3 .,0 -- -- 4 1110 -- 37.0 54.o
Avg 12.1 31." 29.0 50.0 ) -- -- 31.r 51.0

339 1 -- 18.Ot 21.5"- 40.0, Aeg 12.8 -- 35.0 52.0
2 - .0 20.0 La.0 lrdrop . 413 3 4o. Ot -- 71.0tt 101.OCM1t

4 -- 24.0 2.1 40 3 115.0 -- 71.0 005.0
5 -- 2..0 20.0 41.0 1[ 40.0 -- 0.1. 0 ItO

Avg -- 23.0 21.4' h] .6 5 44.o .. .. 105.0

340 3 11.0, -- 38,0" 89.0'' Avg 43.2 -- 70.0 102.C
2 9.0 4- h.o 8" .O

184.0
11.0 -- 38.0 89.0

t 9,0 -- 38,0 70.0 Vehiele Daa
5 -. 37.0 89.0

Avg 10.0 -- 38. 8(.O c 344 1 200.0 350.0 31.0 400.0
301 3 8.0' 28.01 33.0'' 7( .0" p -- 310.0 -- 0.fl

p 8.0 26.( 35.0 71.0 Avg 230.0 330.0 310.0 425.0
3 8.o 26.0 35,0 80.o

-- 2.0 29.0 80.01 390.0 298.0 8. 75.0P90 -- 33.0 09.0 0 260.0 300.0 325. 0 500.)
Ar 8., 27.? 33.0 7-.2 Avg 225 0 299.0 302.5 '187.5

34- 1 . .Ci, 20.0.' 54.O'' j cc 341h 1 00.0 120.0 17,.0 io
243.0 247' 20.0 . 0 (0.0 315.0 170.0 275.C
_a 3 .0 22.0 20.0 38.0 [Avg (0.0 117.5 3(p'. 250.1
4 5.0 25.0 1).0 34.0 CC 34435 1 1O.0 75.0 90.0 125.0

-- ~~'- .ac 0 1o Sor- i n
bee 3.2 92. 19.R 36.2 Avg 12.5 8o.o .2.'; 130.D

318 1 3.0'' 35.1t 55.0'' 7c,.o
"
' cc 31459 (a00 -- 210.0 20.0

2 14.0 3'12.0 511.0 B1.0 c1.0 3,.0 54.0 89.0 C 311555 1 14.0 i;5.') 125.0)
3 17. 35 . ,0 5,.0 79.0 "14 35 .0 35.0 [;6.o 7K.O 4..o.1.10

8.1 ) .. .. 55.2 Avg 35.C -- _ - -?5.0

Avg 1.5.3 314.5 55.3 80.0 cc 315t 1 225.0 -- 3.'0.O :4..0
' 02) 1 7.) P7.r0. P. -.-- 800.0 4 2.o

p "- 30.O )5)5. v, 2P9.0 -- 30C.0 40-.,n

S 5. 1o.0 MO7 o r,5.0 34D*t 1 ; 38.o -- 373. h539 .- 27.0 27.0 55.0 p 22.0 -- 28.1 4 o.

', - 30.0 .. ..- Av-- 230-0 - 2y, 5 I2SAvg (. P.R 26. 5hK.

iS

Note: Wet-79sea da:ta obtain n 1g)71; dr&-vaon data obtained ia March 3075,
SlOt-'s O'U,'5 2 Ilu th,: "t -- o"o.

'" ilst"01.,o: dlSLtoe lar Sn,, -gcleIh',g 0',.5 kg. (welds. bota, si7 9) ald walklng an average1 of o etc3
I
---I n&ter.

Setertia,, din-aci, tar a -' acigllng 79. k, iwetriag Acute, ale 1] and we/kIng an ae-nae Sf us.. eel p',''ter.
1 Stectnon 'las's fur a an we ghind 70.) kg iaearl' loots, nlc 7-1/2) ans walking an acaage a: one te r 0.I 3 a,

.' 77 vebie, npeed 32 t,/ar.
t1 H1-T/ volll'] .nl,']ax 8 I /in-.

3 353 1 ''i "1'h, nsned 72~ ~le/h.55 341591 vehuile,% n;.end 8 lax/hr.



Table 32

C:01ID/S Teat Data for 01 .colal CS247i Airdrol. Area

Leomn, of c c'- Oensor L.nv-th of P le- .enro1
t7ation Alon;' lomP..t Airra ft Wind Speed, trt.in Alom' .blot Aircraft Win1 Speed,

Tent Senor impact An',)c , -A -- 'Tit-Ude m/sec, d-1 fest Semor Iml:act Anrle Scc.1 Altitude c,/cec. awd
No. Tra.ector , d /.'ec c! Dircotlon No. 'Trr-icctory, cm d m/see m 1, rect I,.

1 29.2 31 837.5 143 0.0 61 22.9 41 87.5 .2hh I.
2 41,. 7 62 25.4 33
3 31 25 63 21.6 10
4 30., 412 (A 20.3 1')
5

..  
21;.4 37 65 2,. 31)

6 3i .' 36 66 31.7 3A
.7 9 O 6/ r1.q 26
8 2)11 32 67, R,4.6 32
9 "' 21 .1 39 5 50. R h"

10 21 6 40 .7(, 33.0 19P 2,o

11.. 2 ?. 9 3, 71 )0.R 28 2 ,0
12'- 27.9 28 7 33.0 3, ;0
13 ,. 33 2(. 7 2'. 4 62 91 1.1) 2
21 33.0 1,2 71 29. 5

53 4) '., 30.. 59

16 27.11 20 76- 24.1 6
1': 3,.8 P'9 77 29.2
Iii 31 .,F I- "163n 22.9 55
19 26.7 35 12d "t9-' 22.9 ,
20 24.9 33 80'- - ' 9 1.6

21 22.9 36 81 .
22 20.3 4f, 1.u S 82 3050
23 27.9 80 83 20.3
2 27.9 4,) 4 17 'P
25 .... 8I 214 3:; 103 .5

-- ... 36 30'9 24

27 33.0 3) l113 0 t -3-6- 3

29 50.P 3: 09 13.2 36
30 24,.1 1o 90 1,. 7 3i"

31 211.1 3', 91 30.
'  

31 2414
32 -- 92 30.'5 1)
33 24,. 1 2 13 20. 24
341 22,9 2 94 22. ' 3
3', 24. 1 "'. 95 20.3 25

3f"' 26.' 60 96 33. 0 h0
37 33.( 22 0.0 9? 20.3 31 0.0
30 2i.,9 4- 92 -o'0
39 3!.- 14 99 3. 1 2,
4o 2o.3 3, 103 2. . 211

41 2't.) 29 101 20.3 1
!.c . I I (Y1 21,.l I.2
113 21.9 2'! !--.P 2G44 3'. -; 61 101' 241 b 2

1", 2.9 11, 105 22.9 39

416 33.0 28 10, 29,:' 31
14 25.4 20 104-- 31
1 20.3 5K 103 29.? 12

V) 21., , 1 ,- 109 22.9 16 3
50 21.,6 30 172 110 21.; 4(,

51 20. 2C7 171 -

'52 25.1 4le 183 112 20.3 3
53 211.1 33 J1'3 113 1 t. 35
511 22.1 21 IP.3 :141 22.9 3(
., 25.14 24 23,1 11. 34 3 20,

56 2-),2 26 23'; 1, 20. 3 3'

57 27.9 22. 23'-. 117 2 1 2'
58 "0,' A 30 2141 113 25 . 32
59 29.2 10 - 210 119 26.7 3'
60 22.9 26 2141 12n 22.9 30

Note: For 501 ,nosil.urc and 4trer, ith da.a corresponding to each test number, sue ta11' 1.
Dircctl]. of ulr-raf., wmt t, east.
Near-surfanc IM1*4ct vclcity rvannumennts ob'airicd using highsieed ground photrgraphly (ace #able 16).LI
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Comarrion of lm-a-nred and Irecihted. Os teA--j IDltancca (Medium Gain)

Using Analog ('omiuter idodekf aeI M~n-WalklnE Da;.a

lb'tcctiol Distance c

Site N". WdNIJ I'redieted Di fference Remarks _________

Wet-Season Conditions (Aug 1)3,be'''n§ C.'

370 C4 6,0 -4
371 10or 97 -8 111ghb ieksmrnd noion daring idiNCISD tests
372 93 87 -

37 6 4 .1i1gb baekgr,)uM noise during analog man-walkig tests

374 85 836 41

37', 43 41 -p
37(. 83 73 -8 Windl gu.;'.iag during MI.3JTQT teG).s

1ina 7usla durin 1081 et

37R 37 3( -3
379. 5573+

380z cas 27 nito (Mar Win) bursf-tg dungca AizNi~f)t
33'1 29 241 -3
38 25 77 -2

336 3 24

3') 21 21 03
43 38 34 -48

341Scno 33di~ln 35r *1Q ~otB ,N

374 44 54 -3o
37' 20 22
37 (3 23 .4

3401 26 6583

43 0 7021 P

3 0 Pp -3s

33 1'? 3 1 .1

33u ii 13 -'1

317 24 53 -14

340 38 3'4 -4
341 3 35 .2

31ai ifeene277 aid dP,'1.;nb'rosteovrrltd,6amroflinudrrltc.8
347 Mea3 24fr~e,71 i c..32 ime fst<u-'peiid 3 uue fstsudrrdec,

a1 0. T-' S *
Wet-~s~n Vn~lilon (.an F rmnyt



Table 15

Prediction of Maximum Deceleration of ADSID/S at

50-m/sec Impact Velocity

Maximum Deceleration of
ADSID/S at 50-m/sec

impact Velocity m/se cC
Airdrop Test Wet Dry
Area Pit Season Season

1 5 1.927 × 103 3.769 x l03

6 6.420 X 103 2.730 x 10 4

144
4 3 1.519 X 10 2.555 x lO 4l

4 1.771 x 104 2.687 X 104

- _ 1.175 X 10 2.355 X 104'

2 5.968 x 10 
-  2.408 x 14

Note: Maximum allowable deceleration for ADSID/S is
approximately 9.85 X l03 m/sec2



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
Impact Angle Difference,

Velocity (Off Moisture Measured
Test Vector Vertical) Content from
No.* misec deg Measured Predicted Predicted

5 47.795 37 6.3 25.4 24.4 -1.0

9 46.032 39 5.6 24.1 22.1 -2.0

11 51.227 35 6.4 28.0 27.4 -0.5

12 44.603 28 8.6 27.9 30.0 +2.1

34 52.962 52 8.2 22.9 30.9 +8.1

36 51.297 60 8.0 26.7 24.1 -2.6

75 45.129 59 7.6 30.0 18.5 -12.0

76 50,224 62 6.4 24.1 14.7 -9.4

78 49.104 55 7.9 22.9 25.9 +3.0

79 49.409 55 5.5 22.9 17.5 -5.4

80 47.809 46 6.5 27.9 20.3 -7.6

vv
VV= V Cos eVa W Va

V = ±iocity in the vrt'cal
V direction

P = P_/cos P

P = Iu, ,. of penetration

PD deptb of penetration

PENETRATiON, PD

LENGTH OF
PENETRA TON,

PL (CM)

* See table 2 for site descriptions.

.4&*



Table 17

Factor Classes and Factor Value Ranges for Terrain Factor Complex

Map, mlacementArea, Wet and Dr

Layer Compression Shear Wave
Factor Thickness T Wave Velocity V Velocity V Densit p
Class cm n/eo /sec .

1 40-65 220-260 75-115 1.O0-1.45

2 66-95 261-290 116-135 1.46-a..6o

3 96-125 291-320 136-155 1.61-1.80

4 126-165 321-360 156-175 1.81-2.10

5 166-200 361-400 176-190 2.11-2.30

6 201-240 401-460 191-220

7 241-280 461-525

8 281-320

9 321-600

Layer 2

1 100-150 470-570 235-285 1.61-1.80

2 151-240 571-645 286-335 1.81-2.10

3 241-330 646-750 336-385 2.11-2.30

4 331-480 751-950

5 481-600 951-1100
6 601-800 1101-1300 I
7 801-1100 1301-1700

8 1101-2000 1701-2100

I I I II I I
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Table 20

Comparison of Theoretical Predictions 13,sed on

Site and Factor Complex Data

Predictions eased or.
Site Factor Complex

Site Map Data and 20-m Data and 20-m
No. Unit Reference Signal fleference Sign2al Dirference, m

335 12 27 27 0

336 7 25 24 +1

337 25 17 15 +2

338 13 23 28 0

339 30 17 16 +1

3)40 3 25 25 0

341 22 31 31 0

342 21 1 19 0

348 9 27 28 -1

349 1 22 21 *1

* I



Table 21

Legend for Dry-Season Drop-Hammer Seismic Res onse Map,

Hand-Emplacement Area

Drop-h hrnmer Seismic Respoolse Factor Class
PPV PSPV f

Map 5  ]) 20 30 5 0 20 30 40" 60 5 10 20 30 40 60
Unit in ii m m m m M m m m 15 M m 'In m m m mI

1 4 3 2 2 1 1 2 2 1 1 1 1 3 3 2 2 2 2

2 432 2 1 3 2 2 1 1 1 5 5 4 3 3 Ii

3 4 3 2 2 2 1 2 2 1 1 1 3 4 4 4 3 3 2

4- 4 4 2 2 1 1 2 2 2 3 . 1 4 4 3 2 1

5 4 4 3 2 1 32 2 1 1 1 5 5 4 3 31

6 4 4 3 2 2 3 2 2 1 4 4 3 3 3

7 4 4 3 2 2 3 3 2 2 3 1 1 9 7 5 3 2 2

8 4 4 3 3 2 2 4 3 2 2 2 2 5 5 4 4 3

Seismic
Rseicmic Seismic Bespon.~e Factor Value RangeIResponse - P ... P f

Factor 3.Q3 CF/sSec 1o / c/ Hz

3 0.0 to 0.10 0.0 to 0.30 13 to 16

2 0.11 to 0.30 0.11 to 0.30 17 to 22

3 0.31 to 0.60 0.31 tp 0.60 23 to 29 I
4 0.61 to 1.50 0.61 to 1.00 30 to 36

5 1.51 to 3.50 1.01 to 1,50 37 to 43

6 3.51 to 7.00 1.5 to 2.50 44 to 50

7 7.01 to 33.00 2.51 to 3.50 51 to 56

8 .3.01 to 28.00 3.51 to 6.00 5, to 62

9 -- 6.01 to 13.00 63 to 68

10 -- 3.3.01 to 28.00 69 to 74

2: -4. -Y,- 1.



Table 22

Le end for SID Performance Map, .Hand-Em lacement Ar, a

Wet and Dry Seasons

Detection Distance Class
Map Low Medium "High Detection Distance
Unit Gain Gain Gain Class Class Range, m

3 5 1 ito4

2 1 3 6 2 5 to lo

3 1 4 5 3 1 to 20

4 1 4 6 4 21 to 30

5 1 5 8 5 31 to 40

6 2 3 5 6 hi to 5o

7 2 4 5 7 51 to 6 0

8 2 4 6 61 to 8o

9 2 4 8 81 to lio

10 2 5 6 10 ill to 110

11 2 5 8

12 2 5 9

13 3 4 5

14 3 4 6

3 6

17 3 5 9

18 3 7

.

v4 _._i



APPENDIX A; MINISID AND PDSID/S DEVICES

1. The Phase Ill MINISID is a hand-emplaced, seismic intrusion

detection device, whereas the Phase lII ADSID/S (MA37) can either be

hand-emplaced or emplaced by dropping from a fixed-wing or rotary-wing

aircraft. The major components of the signal processing circuitry of

the MINISID an1 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 detection and

alarm circuit). Both sensing devices can be disabled by the destruction

of internal components. Such disabling of the MINISID cai be caused by

continuous transmission, tampering, battery run-down, end of programmed

life, and improper recovery techniques. The disabling criteria for the

ADSID/S are:

a. Tilting (i.e. imploer implantation) or handling. The

unit is disabled if the implantation angle is greater

than 60-65 deg from the vertical.

b. End of programmed life. Time is prese-lected as 7, 14,

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

specified for its operational life.

c. End of battery life. Approximately 150 days.

d. TamPering. The unit is disabled by an antitaiper circuit

if disassembly is attempted after impact.

Since the ADSTD/S is a ballistic penetration device, its impacting envi-
,-01:, ,il is critica]1 +e thne ofrv,  i t.- internal components. The

characteristics for survival of its interna components of the aircraft-

delivered device are given below:
a. Shock. half-size wave of 6-m/see duration and less than

1000-eg'* peak deceleration.

b. Vibration. 20 to 2000 Hz with 20-g's peak.

c. Pressure. 5 to 35 psi or approximately 1/3 to 2-1/3

atmospheres.

2. The ci;eratioial components of the signal processing circuitry

of the MINISID and ADSID/S devices are discussed briefly below.

Al.
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Gepjhone

3. The Phase III SID geophone consists of a coil of conducting

wire awid a magnet, one rigidly fixe. with respect to 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, which 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 whenever seismic oscillations are detected. The geo-

phone 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

S14 Z'O _,o _ _ 1 , , , , ,
DAMPING FACTOR =0.2

Iii SLOPE-40618/VECADE
-0

2 TO- 26 50 100 200

FREQUENCY, HZ

* Fig. Al. iesponse at SID geophonc

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

cent of critical damping).

Band-Pass Ampl i fier

4. The electrical signal from the geophone is of' a very low level

A2



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 ar'e separated by 8 db. The sensor ampli-

fier reduces som, ut the 16ackground noise and enharces the seismic sig-

nal from the seismic sources by virtue of its limited bandwidth of from

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

7T

o1 ___ j11 _ _

__Hz 45 Hz_

-. SOPE40OB/DECAor

-30

- - - - I _ -- -- .-I- 1
/_____ t 1IDAMPING FAC T OR=0. 7 0 7

1.0 2 5 10 20 50 100 200 500
FREQUENCY., Hz

Fig. A2. Response of SID band-pass amplifier

gain is reduced by 3 db frm that at the center frequency. 'Me particle

velocity-frequency logic for low, medium, and high gains of a Phase III

'ID is shown in fig. A3.

Integration Circuit

5. The integration circuit is designed to reduce false alarms

caused by background noise. The signal is rectified, and only *ignals

whose amplitude is 0.5 v or larger arc allowed to be processed further.

This corresponds. to a particle velocity value of 38.1 x 10- cm/sec or

larger at high gain at a frequency of l- liz, as indicated by fig A3.

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 seismic

signals less than 2 sec long are processed in the same manner as

footstep-type signals). The maximum alarm rate for the SID is one alarm

every 10 sec. This rate conserves battery life and still conveys the

needed information to 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

SID's at the same time and thereby assess the type of seismic distur- LI
bances in an area. In 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. For example, consider an

array of SID's emplaced along a trail. If the SID's alarm in sequence,

the operator can identLfy the direction of t-ravel 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

a.ircraft (e.g. helicopter) or exploding shell. Unfortlately, with the
SID's presently available, interpretation of the alarm pattern is anu art

rather than a science.

W
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APPENDIX B: TERRAIN SITE DESCRIPTIONS AND SUPPLFF ENTARY
REFRACTION SEISMIC DATA

General Site Descriptions

1. The seismic and environmental data included in this report

were collected by WES field teems 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

335-342 344, 345, 348, and 349)

2. Site 335 was situated on flat terrain and within an area where

the vegetation consisted of acacia and mesquite that reached heights of

1 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-clay-silt mixture (GC) in the 5- to 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 im;

a few very widely spaced mesquite bushes 1-2 m in height occurred near

sta +80 (fig. Blb). The substrate material in the surface layer

(0-7 cm) was a silty sand (SC) and in the subsurface layer (7-75 cm) was

a red-dish-brown sandy clay (CL).

4. Site 337, situated on flat terrain and within approximately

100 . of a major drainageway, was surrounded by closely spaced mesquite

aind acacia bushes that reached heights of 1 to 2 m (fig. B2a). The

substrate material 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 a slightly downward

slope of approximately 3 percent (fig. B2b). The vegetation occupying

the site was predominiantly desert grass 50-75 cm 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

BI.



a. Site 335

b. Site 336

Fig. Bi. Sites 335 and 336, hand-emplacement area
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b.Site 338

Fig. B32. Sites 337 and 338, hand-emplacement area I
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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 a hard, compact, reddish-brown clayey sand with small gravel (SC).

6. Site 339 (fig. 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 substrate materia. was a

silty sand (SM) in the 0- to 4-cm layer and a clayey sand (SC) in the

4- to 200-cm layer.

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 0- to 7-cm

layer and a reddish-brown clayey sand (SC) in the 7- to 100-cm layer.

S. Site 31iL (fig. B4a) had a relatively smooth ground surface and

was approximately 30 percent covered with a low-growing (height 30 cm)

desert grass. A few widely spaced mesquite trees surrounded the site.'

The substrate material was a coarse sand (SC) in the surface layer

(0-7 cm) and a reddish-brown clayey sand with some gravel (SC) in the

subsurface layer (7-100 cm).

9. Site 342 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 bu'ustrate matrialu wa
coarse sand (SC) in the 0- to 4-cm layer and a reddish-brown clayey

sand (SC) in the 4- to 100-cm layer. A view of site 342 from sta 0

is shown in fig. B4b.

10. Site 348 was in an area where the topography was very flat ai1

the vegetation consisted of a dense stand of grass (fig- B5a). 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

7-cm layer and a reddish-brown clayey sand (SC) down to a depth of'

100 cm.

B4



a Site 339
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411

b. Site 340

Fig. 133. Sites 339 and 340, hand-emplacement area
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11. Site 349 was covered (approximately 90 percent) with a very

dense grass (height approximately 60 cm) (fig. B5b). The ground surface

a.ong the line sloped slightly downward (approximately 2 percent) in the

direction of sta +100, and there were a few large and widely spaced

mesquite trees near st. +50. The substrate material was a coarse sand-

silt mixture (SM) in the 0- to 7-em layer and a reddish-brown clayey

sand with small gravel (SC) in the 7- to 100-cm layer.

12. Cross-country site 3)44 covered an area 1000 m long and was

positioned from about 400 m southwest of site 342 to 250 m southwest of

site 339. The site sloped gently downward (approximately 5 percent ) in

the direct.ion of sta +100 and contained very few surface irregularities.

Grass approximately 30-60 cm in height occurred along the entire length

of the line. The substrate material varied from a silty sand (SM) to a

clayey sand (SC) in the surface layer (0-7 cm). The material below the

surface layer and down to a depth of approximacely 1.00 m was predomi-

nantly a elayey sand (sC). A general view of the site is shown in

fig. B6a.
13. Cro: s-country site 345 c.,tended from .about 300 m north of

site 348 to about 150 m west of site 336. The terrain, in general,

sloped slightly downward toward sta +1000. The desert grass that oc-

curred along the line varied in height from 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) ranged from a sandy clay (CL) to clayey sand

(SC). A general view of the cross-country site near sta -50 is shown

in fig. B6b.

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) mesquite trees

(fig. Ba). The substrate material was a very loose, coarse, nilty sand

(SC) in the 0- t.o 5-cm layer and a red iandy clay (CL) in the 5- to

100-cm layer,

B8
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Airdrop area 2 (rock
outcrop site; unnumbered)

15. Exposed bedrock and boulders covered the ground surface at

this site. A few small areas (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. Bjb) was situated on flat terrain and within

a Jarge arroyo (a drainageway). A wash channel 2 m wide and 5 m deep

occurred within the arroyo and paralleled the 110- line. The vegeta-

tion was L dense stand of rteeds (a type of grass) approximaLely 1-

1.5 m in height. The substrate materials 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 45- to 100-cm layer.

Airdrop area 4 (site 410)

17. Site 410 (figs. BTb and Ba) was situated on a slope of ap-

proximately 2 percent. The vegetation was composed primarily of creo-

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

varied from 1,5 to 3.0 in. The sustre- e material consisted of a gray,

loose silty sand with pebbles (0- to ',-cm layer), and a firm, lighb-

brown clay (CL) >.ith scattered caliche down to a depth of 100 cm.

Airdrop area 5 (site 411)

18, The ground surface at site 431 varied from flat (from sta 0 :I

to sta +50) to sloping (sta +50 to sta +i00). The vegetation was corn- -.

posed of small woody plants (acacia) that reached heights of 1 to 2 m

and had stem diameters of 1-2 cm. The acacia vegetation covered ap-

proximately 80 percent of the ground surface and made walking through

the area very difficult. The substrate material in the surface layer

(0-15 cm) was predominantly a silty sand with white caliche, and con-

tained some rock fragments (figs. B8a and Bqb). The material in the

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

Airdrop area 6 (site 413)

19. Site 413 (fig, BIO) was situated in a rather large, flat

lake bed (Willcox Playa). The substrate material in the surface layer
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(0-20 cm) was a silty clay (CL) and in the subsurface layer (20-100 cm)

was a dark gray clay (CH).

CSrWS airdrop area

20. The CSEWS airdroo area was situated on an unimroved air-

7 strip (fig, Bll). The substrate material consisted of a sandy silt to

clayey sand (SC) with various amourits of gravel and small pebbles.

Befraction Seismic Data

I .n,- a co', mi c titn -n it..q-

342, 3 b5 (wet season only), 347-349, and 410-412 (dry season only) with-

in the hazd-emplacement and airdrop test areas at Fort Huachuca are in-

eluded as figs. B12-B37. These data are portrayed in the conventional

-" ~t ine - v rsus-Cistanc e for'mat. :
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a. View along airstrip used for CSFJWS airdrop tests
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APPENDIX C: EQUATiONS FOR PREDICTING PENETRATION DEPTHS

AND DECELERATION VALUES FOR AIR-IPLANTED SENSORS

1. The fundwental concepts of the mathematical penetration model

used to predict the depth of penetration of the ADSID/S sensor into the

Fort ]luachuca terrain materials are documented in this appendix. The

penetration model is based on the dynamic cavity expa.sion theory for ani

elastic-plastic locking medium formulated by Ross and llanagud,lB and the

soil penetration theory derived by Brooks and Reis. The dynamic cav-

ity expansion theory has been used successfully in penetration studies

of ice, frozen ground, and various types of soils. 20-22 The 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

soil, Brooks and Reis derived the following differential equation of

motion for an ogival projectile penetrating into a homogeneous soil me-

dium in the vertical oirectinjn z

ra d2  12 jz
C c2DP Tt ) (

A dt u

Ihr
m = mass of projectile

A = cross-sectional area of projectile
2
d = acceleration of nrnipoetile at. tMie t-dt 2_

Ou = ultimate strength of substrate materiai (equivalent to
Von MA ses yield limit)

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

CD = drag coefficient

p = initial mass density of soil
dzdz = velocity of projectile at time t

C!

* t .. . ...



3.Using the Newtonian form of acrodynaxile drag, lh'ooM3 and Ecis

derived the following expression for the drag coefficient C1 inl terms

of the Ceometry of the frontal face (fig. Ci) of the projectile and the

Fig. Cl. Projectile parameters

frictional forres acting on it.

CD )!(R)~ *l . R- L cos cdsine a + 2)-

+ _Am~2 j-~~( sin 14a - a) - i ] (C2)
\of L

where

R radius of ogive

2rF the caliber ratio of the ogive

r~ = radius of projectile

a=ogivo angle, see fig. Cl

ii=coefficient of friction between the projectile and the soil

C2
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L. The differential eq Cl, in conjuncticn with the expressin for

the drag coufficients C (eq C), was used to predict the penetration

of the APCID/S into earth matcri is. The iutimate strength of the sub-

strate material ou , however, was modified to account for the compres-

sibility or the ma terial. The following initial mid end conditions were

used to integrate eq Cl:

I dxV. when z =

(12 z2((C'3)
dt max

where

V. = impact velocity of projectile
Zma = maximum depth of penetration

5. To aecount for the compressibility of the material, the ulti-

mate strength was modified using the expression ou[2/3)kE e)] /  in

eq Ci. (This expression corresponds to the quasi-static pressure in a ,

spherical failure zone at the interface of the projectile and the soil.) I
This was accomplished by equating the expression above to a corresp)old- 4

ing expression derived by Ross and Ilanagud for a compressibic elastic-

plastic material. Assuming an elastic-plastic material of the lociing

type characterized by the pressure-volumetric strain relation and shear-

ing stress-shearing strain relation shown in fig. C2, Ross and Hanugud

derived the following expression for the quasi-static pressure inside a

spherical cavity,

F[ 1 - exp(-3g)] YZn6 + i7 112Et - Bt (c4)

The parameters in eq C4 are as follows:

6 exp -3 ) (c5)
p P

= n
,i 

2
1n1= n

C3* 0 4

tI
!*

V
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Fig. C2. Idealized stress-strain curves for a locking
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Se. (c)
2E 3

p =p exp(e) (c8)

where (for eq C4-c8)

E = Young's modulus of elasticity, corresponding to lochd elas- -

tic region in fig. C2, = 3G, where G is the shear modulus

* Y = yield strength of substrate material, shown in fig. C2

n = dwunm variable

E1 = strain-hardening modulus, corresponding to locked plastic

region in fig. C2, = 3Gt

p = initial density of substrate material

t. = volumetric strain related to the elastic region of the
1 pressure-volumetric strain curve in fig. C2

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

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

c4



the volumietric-strain-pressure relation in fig. C2, the bulk modulus of

the material in both the elastic and the plastic range is infinitely

large, and the shear modulus C is equal to E/3 If 1;hc parameters

e. and e in eq C4-C8 are taken to be zero, an incompressible ma-
p

terial will be simulated. To simulate a perfectly elastic-plastic ma-

terial, the strain-hardening parameter Ei should be equated to zero.

7. In order to be compatible with the Brooks and Reis assumption

of perfectly elastic-plastic material in utilizing eq C4, the strain- '

hardening parameter E was taken to be zero. The system of eq C4,
t

05, 07, and C8 was then studied parametrically to determine the effects

of compressibility of the material on the pressure P inside the cay-

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

study, the pressure P calculated for an incompressible material (i.e.,

e = e. = O) is approximately pp/p times the corresponding value for

the compressible material, i.e.

(Pr) incompressible kPs) compressible (C9)

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

u [(2/3)(E/o )]2/3 and solving for u yields
u U

p i 3 (010)u 2E s

In view of eq C9 and C10, the modified value of the ufltimate strengUh of

the material, denoted by (O) compressible ,then becomes "

( I) compressible = ( U) (011)

For an incompressible material p /p = 1 and no modification of a is
p u

necessary.

8. Eq CL, C2, and CI contain eight parameters that define a

terrain impact condition for a prediction: m , A , E , o , p

p , p , and C The parameters E and u  for input to the equa-
D

tions were determined from the triaxial compression test data (fig. 18)

C';
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presented in Part III of the main text. The parameter f wa: deter-
p

mined from the uniaxial strain test results (fig. 17), also presented in

Part 1I of the main text, by idealizing them with the locking modt 1

shown in fig. C2. The friction coefficient p was determined frol the

triaxial. test results using the procedure given by Potyondy. Th, fron-

tal face (nose) of the ADSID/S was approximated as a 4.35 caliber ogive,

and the drag coefficient CD was then calculated using eq. C2 and the

values of the friction coefficient p for each drop area.

I
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APPENDIX D: COMPUTER MODELS FOR PREDICTION OF
SID DETECTION PERFORMANCE

Theoretical Detection Performance Computer Model

1. Tho 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-

tion of' the model, however, is presented in the following paragraphs.

Seismic wave propagation model

2. A general expression has been developed for predicting the

characteristics of a seismic signal (i.e. particle velocity, particle

acceleration, or particle displacement) at selected ranges from a speci-

fied energy source such as a walking man, moving vehicle, or other dis-

turbances. The general equation is

o(p) R V R

k A,(n ,t) = t)rticle nntinR in cm t a seleeted range
Co~ nt + + 2 (pm' R -k S 1 5

, ~and time t m.

i L = vertical component of three-dimensional seismic
wave .4

p = 0, 1, 2; 0 for particle displacement, 1 for

particle velocity, and 2 for particle acceleration

Rm = 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

D1
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n = frequency numbers. A maximum of 1024 frequency
data points are normly used to describe a

particle velocity curve.

w = circular frequency, radians/secn

F[ALp(Rkst)l = Fourier transform of a measured particle motion,
in cm, at range Rk  and time t

S = magnitude of surface geometry coefficient
n
e = base of natural logarithm

= viscous damping coefficient; assumed to be equal

to 0.03

V = Rayleigh wave velocity, m/sec

= phase factor associated with FAL'(Rktj

OS  phase factor associated with S

n

3. The inputs required by the seismic wave propagation model

(eq Dl) are as follows:

a. Source signal of stress applied to the ground as a unc-

tion of time for the specified energy source (walking man,

moving venicle, etc.).

b. Terrain data on VP 2 V3 , p ,and T for each sub-

strate soil layer.

c. The viscous damping coefficient 4 ; the coefficient used A
in conjunction with the real Rayleigh wave number k

(where k = 2/A , and X = wavelength to account for

viscous damping in, the medium), i.e. k = k(l - i )

where k is the complex k

The output from the model is the particle velocity, particle accelera-

t on, or particle dis... .placement 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 selected 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-

dieting SID performance as discussed in the following paragraph.

D2
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Seismic sensor logic model

4. 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 outputs

from the seismic wave propagation model are the inputs to this model.)

5. SID geophone transfer function. The equation for the transfer

function for the SID geophone was developed from attenuation-pUl.x plots

(Bode diagrams). This method is based on the relation between phase c.a

the rate of change of gain with frequency. The equation used for the

Phase III SD geophones is

1(f2
TF1 2

(if)2 + 5.6(if) + 196
whe re

TF I = transfer function for The Phase III SID geophone

K1 = arbitrary constant associated iith geophone calibration

f frequecncy, Hz

6. SID band-pass amplifier transfer ft.nction. The equation de-

veloped for the transfer function for the band-pass amplifier is

2- TF f 2 2
[(if) + 12.726(if) + 8l[ (if) t 63.63(if) + 2025]

where

STF2 = transfer function for the Phase TII SID band-pas amplifier

K2 = arbitrary constant associated with the amplifier gain I
7& Scientific geophone transfer function. Because the input

seismic signal in the particle velocity-time relation was obtained with

a scientific geophone, the response characteristics of the scientific

geophone had to be take 1 into account. The transfer function for the

scientific geophone is
K3(if) 2

TF 3 = 3 2
(if) + 7.07(if) + 25

D3
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where

TF3 = transfer function for the scientific geophone

K3 = arbitrary constant associated with scientific 
geophone

calibration

8. The theoretical combined transfer function for tle geophone

and band-pass amplifier of the Phase III SID amd the scientific geophone

is given below

(T~rI )(TF 2)
TF = FT3

or

K(if) [(if)2  + 7.07(if) + 25]

2 2 2
[(if) + 5.6(if) + 196][(if) + 12.726(if) + 61][(if) + b3.63(if) + 2025]

where
KIK

K =
K3

The value of K was determined to be compatible with the alarm ampli-

tude threshold values f'in the Phase I!I SID. The alarm levels are

-6 -6 60
38.1 x 10- , 95,2 x 10 , and 238.1 x 10 cm/sec for high-, medium-,

and low-gain settings, respectively (see fig. A3, Appendix A). A

graphic presentation of the transfer functions describing the effects k

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 SID.

The activation distance obtained may not oe the distance au wnun tne

energy source is first detected. This results from the fact that the

SID does not transmit a radio-frequency (OF) signal until the logic 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 distance at which

the energy source would be detected.

D4
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D5

4P _-4

% X,.1.1

z I - t ; . - . . " i, - ..: ' - ' , = " : ; . . .
,

, , , " , " ." : , -, ' / , . : ';, i . '



Analog Computer Model

iA

10. The analog computer used to obtain predictions of SID detec-

tion performance was a Systron Donner Model SD/80. A schematic diagram

of the computer system is shown in fig. D2.

3I. The analog model was built to be flexible and to allow simu- i
lation of the wave shapes actually observed in a Phase III SID. The

basic components of the analog computer model are as follows:
iS

a, An input voltage comparator, with a trigger level

corresponding to each respective SID gain setting (low,

medium, or high).

b. A pulse-shaping network, which forms a pulse whose area

is proportional to the seismic input signal.

c. A pulse-integrating circuit, which stores pulses from the ,i
shaping network for a preset time interval.

d. A second voltage comparator, with a trigger level cor-

responding to the detection resu.lting from four seismic

signals in 6 sec.

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 simulate the minimum signal that would trigger (i.e. 1

activate) a Phase iII SID logic circuit. The low- and medium-gain

Togics 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 report). 1
13. The computer model was operated by inputting the FM analog

tape recordings of the seismic response generated by a walking man or A

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

D6
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-I- DIRECTION OF TRAVEL-

,-MEDILIM-GAIN TRIGGER
POSITION (ACTIVATION

MEDIUM-GAIN PLOT Dis rANCE = 72 m)

MARKERLOW-GAIN TRIGGER
LOW-GAIN PLOT POSITION (ACTIVATION

U U IIITANCE 2 47 mn)

400 350 200 150 100 50 0

flIS1 ANCE. m

NOTEz: PREDICTION SHOWN IS FOR
M151 VEHICLE (SPEED 8~ KM/HR)

Fig. D3. Example of output of analog computer model

(line displacement) on the Plot indicated that the SID had triggered.

The detection range was then cietermined by measuring the horizontal

length from the start of the line to the point of displacement.
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Unit Tf VP1 VS1 pl T2 Vp2 MS2 f)2 Unit T1 VpI Vs1 "[2 Vp2 Vs2 P2

I 1 1 3 3 4 2 3 1 21 3 5 5 4 5 4 3 2

2 1 1 3 3 5 3 3 2 22 3 5 6 3 8 4 2 2
3 i 1 4 3 3 3 3 2 23 3 5 6 4 5 3 1 3

4 1 3 3 3 3 3 3 2 24 3 7 5 4 1 4 2 3

5 1 4 2 2 2 2 1 2 25 3 7 5 4 3 3 1 26 1 4 2 4 1 1 1 2 A 4 3 3 2 5 1 1 1

7 1 4 2 4 1 2 1 2 27 4 4 5 2 5 3 1 1

8 2 4 3 3 4 2 3 2 28 4 6 4 4 3 3 1 2
9 2 4 4 4 3 2 2 2 29 4 6 4 4 5 4 2 2

-10 2 4 6 2 5 2 2 1 30 4 6 4 4 8 4 2 a

•11 2 4 6 3 3 4 4 2 31 4 6 4 6 4 1 2

L" i12 2 5 5 3 2 2 1 2 32 4 6 6 4 8 2 2 3
S13 2 7 6 4 8 4 1 3 33 4 6 6 4 8 4 1 3

14 3 1 1 2 3 1 1 1 34 4 7 b5 4 2 4 2 3

15 3 1 3 2 5 ] 2 1 35 4 7 6 4 8 4 1 3
-A -A ... . A ,
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200 0 200 400

Layer Compression Shear Wave Wet

er 2 Factor Thickness Wave Velocity Velocity Densitty

v2 ~ 2Class T cu, VP, r/se Vs, r/sec f), g'CM 3

3 2 Factor Value Range, First Refraction Layer

2 2 1 40-65 220 -2E 75-115 1 .00-1.45
1 3 2 66 -95 261-290 116-135 1.46-1.60
2 3 3 96-125 291 -3K0 136-155 1.61-1-80
1 2 4 12G -165 3?1-360 1%-175 1.81-2.10
1 1 5 166-200 361-400 176-190 2.11-2.30
1 1 b 201-240 401-240 191-220
1 2 7 241-280 461-525
2 2 8 ?8 1- 320
2 2 9 321-600
1 2

2 3 Factor Value Range, Second Refraction LaYur



1 4 2 4 1 1 1 2 26 4 3 3 2 5 1 1 1

7 1 4 2 4 1 2 1 2 27 4 4 5 2 5 3 1 1
8 2 4 3 3 4 2 3 2 28 4 6 4 4 3 3 1 2
9 2 4 4 4 3 2 2 2 29 4 6 4 4 5 4 2 2

10 2 4 6 2 5 2 2 1 36 4 6 4 4 8 4 2 2

11 2 4 6 3 3 4 4 2 31 4 6 6 4 6 4 1 2

12 2 5 5 3 2 2 1 2 32 4 6 6 4 8 2 2 3

13 2 7 6 4 8 4 1 3 33 4 6 6 4 8 4 2 3

14 3 1 1 2 3 1 1 1 34 4 7 5 4 2 4 2 3

i5 3 1 3 2 5 1 2 1 35 4 7 6 4 8 4 1 3

16 3 2 3 2 2 1 2 2 36 6 6 4 4 2 4 2 3
16 3 3 3 3 5 3 2 2 37 9 6 4 4 8 4 2 2

18 3 5 5 3 3 3 1 2 38 9 6 5 4 6 4 2 3
19 3 5 5 3 5 4 2 2 39 9 7 5 4 8 4 2 3

20 3 5 5 4 4 3 3 3 40 9 7 6 4 8 4 1 3

TERRAIN FACTOR COMPLEX MAP F(

HAND- EMPLACEMENTf



Factor Class Layer Compression Shear Wave Wet
Fcr C lass Factor Thickness Wrave Velocity Velocity Density

r 1 Layer 2 Class T, cm Vp m/sec Vs /sec , g/cm3

VS1  Pi T2  Vp2  VS2  P2 - s

Factor Value Range, First Refraction Layer
5 4 5 4 3 2

6 3 8 4 2 2 1 40-65 220-260 75- 115 1.00- 1.45

6 4 5 3 1 3 2 66-95 261-290 116-135 1.46-1.60

5 4 1 4 2 3 3 96-125 291-320 136-155 1.61-1.80
5 4 3 3 1 2 4 126-165 321-360 156-175 1.81-2.10

3 2 5 1 1 1 5 166-200 361-400 176-190 2.11-2.30
5 2 5 3 1 1 6 201-240 401-240 191-220
4 4 3 3 1 2 7 241-280 461-525

4 4 5 4 2 2 8 281-320
4 4 8 4 2 2 9 321-600
6 4 6 4 1 2
6 4 8 2 2 3 Factor Value Range, Second Refraction Layer

6 8 1 .... 100-150 470-570 235-285 1.61-1.80
2 4 2 3 2 151-240 571-645 286-335 1.81-2.10

6 4 8 4 1 3 3 241-330 646-750 336-385 2.11-2.30
4 4 8 4 2 2 4 331-480 751-950
5 4 8 4 2 3 5 481-600 951-1100
5 4 6 4 2 3 6 601-800 1101-1300
6 7 801-1100 1301-1700

6 4 8 4 1 3
8 1101-2000

COMPLEX MAP FOR LAYERS I AND 2,

K- EMPLACEMENT AREA

MAP 2
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SCAL INITR

E 200 __ 0 00 40

ERAINNAC
Y SURFAC Seismi

N 1 VIE Response S~~~~OFSi epns atr Vaj ag

Factor PV PSP

class 10~ osec cm sc li
r .0 .0 00 -01 11

___

4,92 01 03 .1 03 72

3 X3 0.0w3-06 32

or m 20 01 1.006-00 300

milli-,-



* MAN -WALK ING AND )KUf -- MAMMvLrr - liI Q

4OTE: ER DENOTES ERRATIC PERFORMANCE; THE ER AREAS ARE ALONG THE ARROYOS(I.E., DRAINAGE
*CHANNELS) AND CONTAIN SLOPING AND IRREGULAR TERRAIN AND A GRAVELLY SANDY SURFACE

MATERIAL. THE SEISMIC RESPONSE ON THIS AREA DEPENDS TO A LARGE EXTENT UPON THE
RELATIVE LOCATIONS OF THE DROP HAMMER AND THE SEISMIC DETECTOR.

41 Drop-Hammer Seismic 1k sponse Factor Class
PPV P51W1 .

Uniti mn m n m m i m M I m

4x~ '~ £~3 2S2 1;L32A21 YOYO 5;? b Q 40603
33 3 2 2

4 4 2 2 1 1 2 2 1 1 4 4 4 3 2 1

V-6 4 4 3 2 2 1 3 2 2 1 1 1 4 4 3 3 3 2
~7 4 43 2 21 3 22 1 1 1 9 75 3 22

8 4 4 3 322 43 2 222 5 54 4 31

DRY-SEASON DROP-HAMMER SEtS'
F',HAND-EMPLACEME"N

-j ., V

I%

ky' vssv

45k Q9, . 4'5

'"~2; 9j>44k. ti el .



SCALL IN MrLI rfl%.

MMR SITE 200 0 200 400

THE_ ARRCYOSgI.E., DRAINAGE
A GIRALLY SAN DY SU RF ACE Seismic

-ARGE EXI ENT UPON4 THE Repne Seismic Response Factor Value Rane

:TECTOR. Factor PPv PSPV
Class i0y3 cm:nse: in/sec Hz

ss1 0.0 - 0.10 0.0 -0.10 11-16
_________ 2 0.1]- 0.30 0.11- 0.30 17-22

5 10 20 30 4060 3 0.31- 0.60 0.31. 0.60 23-29

M Mni n n 1 4 0.61- 1.50 0.61- 1.00 30-36
5 1.51- 3.50 1.01- LS)~ 37-43

3 3 2 2 2 2 6 3.51- 7.00 1.51- 2.50 44-50
5 5 4 3 3 1 7 7.01-13.00 2.51 3,50 51-56
4 4 4 3 3 2 8 13.01 -?b,0 3,51- 6.00 57-62
4 4 4 3 2 1 9 - 6.01-13.00 63-68

5 5 4 3 3 1 10 -- 13.01-28M0 69-74
4 45 3 3 2
9 75 3 2 2

554 4 3 1 164
P-HAMMER SEISMIC RESPONSE MAP,.'

-EMPLACEMENT AREA
MAPU
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NOT E: MAP BASED ON MAN WEIGHING 66-79 KG;

ER DENOTES ERRATIC PERFORMANCE,
CHANNELS) AND CONTAIN SLOPING AN[
MATERIAL. T'HE DETECTION PERFORM
RELATIVE LOCATIONS OF THE MAN WAI
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6.MAP BAsEb ON MANWEIGHING 6$-hiCWAING BIJT ZEWJIRI tvf~vy~~
'ER DENOTES ERRATIC PERFORMANCE; THE ER AREAS ARE ALONG THE ARROYOS (I.E., DRAINAGE

44-.HANES)AND CONTAIN SLOPING AND IRREGULAR TERRAIN AND AGAEL AD UFC
TERIAL.TEDTCINPROMNEI HSAE DEPENDS TO A LARGE EXTENT UPON THE #

&~ % tELATVE LOCATIQNSOF THE MAN-WALKING IAJ3GET (FOOTSTEP) ANPTHE IN.J.. "4

4-1)

P 44 {U 41 y
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ER TEP. etection ce Factor Class .
-,)iap Low [ed'ur Ilig - Detection Distance Faciol

tIRACE Unit Gain Gair, Gain Class Value Range, m

IUPON THE 4N, S; - 4 4 .6 1 1-4
5~~4~ 2 5-10

2 3 -5 3 11-20
7 2 4 >5 -4 21-30

.2 4 4 5 31-40
'~;s 2 4 86 '41-50

.~0 2 5 6 .7 r46
, : 11 '2 1 8 8 1-80

. 12 2 5 • 81-110
.13 3 4 5
14 34 '

I.15 -3. .." ".,"" . 15 :13 5.:' . 8. ' : • -" . -

'17 3 5 '9
• ., 18 . 3 7 8 • . t" " ;

PETECTION PERFORMANCE MAP,
•LAQE M T,.A:.-

WK 11. 11-4.
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