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e. The estimated frequency ~f occurrence of Lerrains having defined ranges
in signature characteristics shows that the predominant frequencies of signa-
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over four orders of magnitude.
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PREFACE

This study was sponsored by the Base and Installation Security
System Program Office, Electronic Systems Division, Air Force Systems
Cammand, Hanscom Air Force Base, Massachusetts, under Military Inter-
departmental Purchase Request No. 7700016, having the project title,
"Perrain Target Analysis."

Infcrmation was obtained from the following in preparation of this
report:

Rase and Installation Security System Program Management Plan,
Jul 1972, Air Force Systems Command, ESD, Hanscom Air Force Base,
Massachusetts; and

System Specification For Base and Installation Security System
(BISS), BISS-PO, Air Force Systems Command, ESD, Sepc. No. A63T1lu-
64715 BISS, Code Identification 50464, 1 Nov 1973. Hanscom Air
Force Bagse, Massachusetts.

This investigation was planned and the report prepared by Dr. Cress.
The project manager was Mr. J. R. Lundien. Personnel making contribu-
tions to this study were Messrs. P. A. Smith and B. T. Helmuth, who con-
ducted the field data collecgion, Messrs. E. A. Baylot and M. D. Flohr,
who generated the synthetic signatures under the general direction of
J. R. Lundien and processed the measured data, and Mr. M. A. Zappi, who
analyzed the geologic, physiographic, and soils information for the data
collection areas.
The work was conducted at the U. S. Army Engineer Waterways Exper-
iment Station (WES) during the time period March 1976 to August 1977
unde1r the general supervision of Messrs. W. G. Shockley, Chief, Mobility
and Environmental Systems Laboratory, B. O. Benn, Chief, Environmental
Systems Division (ESD), and Dr. L. E. Link, Chief, Environmental Re-
search Branch (ERB). The ESD and ERB are now part of the recently or-
ganized Environmental Laboratory of which Dr. John Harrison is Chief.
Commander and Director of WES during this work and preparation
of this report was COL J. L. Cannon, CE. Technical Director was
Mr. F. R, Brown.
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CONVERSION FACTORS, METRIC (SI) UNITS TO U. S. CUSTOMARY

UNITS OF MEASUREMENT

Metric (5I) units of measurment in this report can be converted to U. S.

customary units as follows:

Multiply

centimetres
metres

grams per cubic centimetre
newtons per cubic metre
microbars

metres per second

kilometres per hour

Celsius degrees

By
0.3937007
3.280839

0.0361273

0.0063659

0.002089

3.280839

0.6213711

1.8

To Obtain

inches
feet

pounds (mass) per
cubic inch

pounds (force) per
cubic foot

pounds (force) per
square foot

feet per second

miles (U. S. statute)
per hour

Fahrenheit degrees®

* 7o obtain Fahrenheit (F) temperature readings from Celsius (C)

readings, use the following formula:

. N - cada
ek A8 i e e e et et

F = 1.8(C) + 32,

e e et oA dtm A et e o e

. Yt
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TERRAIN CONSIDERATIONS AND DATA BASE DEVELOPMENT FOR THE DESIGN AND
TESTING OF DEVICES TQ DETECT INTRUDER-IND CED GROUND MOTION

PART I: INTRODUCTION

Background

1. The concern of management for the protection of military facil-

ities and materiel has led to increased emphasis on the development of
security systems. The reliability of security systems is controlled
largely by the performance of the hardware used, particularly the sen-
sors used to detect the presence of intruders. Such sensors must be

capable of operating in a variety of environmental conditions, have an

acceptably low false or nuisance alarm rate, and have a long operational

life with minimal maintenance. The Proj)ect Manager, Base and Installa-
tion Security System (BISS), us part of his responsibility for the de-
velopment of integrated security systems has undertaken the task of de-
veloping new sensors and improving the deployment and operation of
existing sensors.

2. Sensors for intruder detection normally make use of seismic,
acoustic, or electromagnetic energy forms. This report addresses fac-
tors affecting the performance of seismic sensors.

‘ 3. Sensors relying on seismic energy are generally of two types:
point sensors and line sensors. Poinut sensors are normally considered
for use in detecting the presence of intruders in a small area having
dimensions on the order of 50 m or less (i.e. having a radius on the
order of 25 m). Buried line sensors are used for gontinuous perimeter
protection for which the length of the perimeter may be as long as
several kilcmetres., A buried line sensor, referred to as the MILES
(Magnetic Intrusion Line Sensor), has already proven to be a key olement
in the protection of Air Force installations in the U. S. and overseas.

k. Despite the successes »f point and line sensors in detecting

the presence of intruders, both types have been subject to false alarms
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caused by: background noise (both seismically and electromagnetically
induced), nuisance alarms (due tc animals or other signal sc arces in the
protection zone of the sensor), ond variations in intruder-detection per-
formance in different environmental conditions.1’2 Sensors can be ex-
pected to work well oniy in seismic and background noise environments
similar to those uscd to establish their design and deployment criteria,
The designer and subsequent evaluastor of a particular sensur system
needs to know the relationship of the environments (referred to as ter-
rains) used for design or testing to those that occur worldwide. 1In
order to conmpare terralns, properties that significantly affesct the seis-
mic response of respective terrains must be measured and techniques
originated for descrihing the sensitivity of seismic response to changes
in measured properties. Because of the sensitivity of sensor perfor-
mance to environmental factors, the Waterways Experiment Station (WES)
performed the work reported herein to provide information concerning the
scismic signature characteristics of intruder-type targets in worldwide
environments.

5. WES has previously developed procedures for predicting seismic
response to intruder-tyype sources using quantitative terrain parameters
such as seismic compression- and shear-wave velocities, and surface

roughness and rigidity.3‘u

In addition, techniques for measvring rele-
vant properties (compression- and shear-wave velocities, surface rigid-
ity, etc.) have also been developed o1 adapted, as necessary, to provide

comprehensive documentation of terrain properties.s'6

Purpose

6. The purpose of th.s study was to develop a readily accessible
body of information theat defines the range of intruder signal character-
istics within which seismic sensurs must operate. Principal products

desired from t{his study were:

a. A data base of seismic signatures (recorded on magnetic
tape) that contain representation of the range of target
types, travel modes, terrains, and background noise
sources that can realistically te expected to occur for

T
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base and installation environments and in operational
scenarios.

b. Guidance to sensor designers and evaluators for using the
data base,

To be useful to the sensor design and evaluation community, this study
should: address the problem of describing the range in variation in
terrain conditions to be encountered worldwide, provide an approach for
relating ons terrain to another, provide a description of the character-
istics of seismic signatures of intruders for a range uf terrains ap-
proaching the range in terrains occurring worldwide, and provide infor-
mation concerning seismic background noise that may mask the seismic
signatures of intruders, particularly in background noise enviroaments
that occur on military installations and in arban and highly-
industrialized areas.

Description of Study

7. To address the objectives of this study, both an experimental
and a theoretical approach were taken. The experimental approach con-
sisted of collecting and analyzing the signatures of intruders and back-
ground noise sources in a wide range of terrain conditions. The theo-
retical approach consisted of applying mathematical models of the seis-
mic signature generation and propagation phenomena in order to extend
the data base of seismic signatures to include terrain conditions not
represented in the data collection portion of the work. Mathematical
models were also used to evaluate site documentation procedures and to
estimate the frequency of occurrence of groups of terrains for which

similar signature characteristics can be expected to occur.




PART II: DATA COLLECTION
Introduction

8.

nature collection portion of this study were as follows:

The data collection variables identified for the measured sig-
target type,
target travel mode, target-to-sensor disteance, and site condition (ter-
rain and tackground noise condition). The target type, target travel
mode, and target-to-sensor distances were specified in a signature col-
lection plan. The terrain properties to be measured for characterizing
the terrain conditions were identified in a site documentation plan.
Sites were selected to provide signature data in a wide range of terrain
and background conditions. Site documentation and signature data were

then obtained at the selected sites.

Signature Collection Plan

Rationale
i 9. A signature collection plan that explicitly specified the tar-
’[ gets, travel modes, travel paths, and sersor configuration was developed
‘ The rationale for the design of the signa-

’ prior to the data collection.
, the definition of the

ture collection plan was based on the following:
threat confronting Department of Defense (DOD) assets and installations
} as outlined in the System Specification for Base ana Installation Secu-
l rity, past experience of WES personnel in analyzing the factors affect-
ing the performance of devices designed to detect and classify intruder-
type targets, and conversations with Base and Installation Security
System (BISS) personnel cognizant of the physical constraints and back-
The signature
The

ground noise common around high-value military assets.
collection plan consisted of the test plan and the test layout.
test plan specified individual targets, combinations of targets, and
target travel modes. The test layout specified target paths, sensor
% types, their orientation, and their spatial distribution.

10. Major considerations in developing the signature collection

plan were:

[P
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The threat to DOD assets and insiallations is identified
as an individual, or group of individuals, who penetrate,
or attempt to penetrate, & secured or protected boundary
on foot and in an upright, crouched or prone position at
speeds between those of & slow crawl and a fast run, by
swimming, or by meaus of conveyance such as a boat,
wheeled vehicle, etc.

Intruder-type targets against which ground motion sensing
devices can be expected to be effective are ground targets
(personnel, wheeled and tracked vehicles, etc.). Signa-
tures of other type targets such as aircraft and water-
borne craft were collected but regarded as background
noise sources,

Emphasis was placed on the intruder-type target and travel
modes generally most difficuit to detect, such as those of
intruders engaged in a stealthy walk, or creep.

It was desired that vertical and horizontal components of
ground motion be measured to provide dats for analyzing
the response of point sensors that employ vertical sensing
geophones, and line sensors that may be sensitive to the
vertical component of ground motion, the horizontal compo-
nent, or both.

Measure : of the spatial rate of change of signature proper
ties were desired to provide data for evaluating sensor
designs that make use of tae spatial rate of change of the
gignature to suppress background noise from distance
sourc..- .

The direction of incidence of seismic energy to the signa-
ture collection site should be measured in anticipatiocn of
the development of techniq%es for spatial detection or
classification algorithms.

The acoustic energy component should be measured in antici-
pation of the development of techniques for remnoving
acoustically induced signature components from those seis-
mic signature components arising from forces applied to

the ground surface, presumably by an intruder-type target.

During portions of the data collection, target-to-sensor
distances should be less than 25 m and 5 m or less to
evaluate point sensor deployment and line sensor deploy-
ment criteria, respectively.

Secure areas are commonly surcounded by roads 8-10 m out-
side the perimeter and, particularly overseas, these roads
may be accessible to both civilian and military traffic.
For point sensor applications, any target identified as
personnel or that is capable of conveying personnel within

10
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approximately 25 m can be regarded as an intruder. Kow-
ever, for line sensors, traffic at distances on the order
of 8 to 10 m from the perimeter are considered background
noise. Therefore, target paths for boackground ncise
should be initiuted at di=tunces well beyond 25 m and
transect within & to 10 m from the sensors. An essential
consideration in the treatment of background ncise is the
fact that intruders must be detected during the presence
of background noise sources. Therefore, it was consid-
ered important that, for selected tests, targets be
within the 5 m distance specified for line sensors (and
therefore be classified as intruders) at the same time
that background noise sources were moving along a path on
the order of 8 to 10 m from the sensors.

11. Considerations a, b, and ¢ were used as a basis for defining
the targets and truvel modes to be represented in the field data collec-
tion. Considerations 4, e, and { were used to identify the orientation
and spatial distribution of the seismic sensors and can be addressed by
using three or more geophones placed in a nonlinear manner to form a
polygonal a.rray.7 A microphone was used to obtain the acoustic energy
component required in g. Considerations h and i were used as a basis
for specifying target paths and target mixes in vhich one target gener-
ated background noise while another target moved through the detection
zone of point and line sensors.

Field data collection

12. Test layout. A typical test layout for the data collection
is presented on Figure 1. The vertical and two horizontal components
of intruder and background noise signatures were sensed by the triaxial
geophone at Gl. Vertical sensing geophones at G2 and G3 were used to
complete the nonlinear array. These sensors were placed 6 to 8 ca be-
neath the surface. The microphone was placed inside the triangular
area defined by the three geophones. The spatial separation of G2 and
G3 from Gl was 2 m. The vehicle path was offset 8 n from Gl. The per-
sonnel path is outlined by the control points A, B, C, and D. That por-
tion of the path C to A to D is perpendicular to the vehicle path. The
semi-circular path defined by the path segment A to B to T was used to
provide data for estimating the range in variation in personnel signa-

ture for a fixed distance from target to sensor.

11

_

i g

.

Yt S i e

A 1 s e il S S i i Lo A et 5 i il T




}E
:
j

P

P

JEIVEE N T TP

VPO VRSP NP UTLEY RIS Y wmeand s PR Lla Lt akaba aa i

13. Test pian. The test plan for BISS data collection specified
the target types, target mixes, target travel modes, and target paths
for signature recording. To address the background noise requirenments,
tests were conducted in which several targets were moving simultaneously
so that one target, referred to as the secondary terget, zeneratzd back-
ground noise for the purpose of masking the signature of a primary tar-
get. During such multiple target tests it was necessary to sgecify the
relative positions of the targets involved. A typical test plan for the
BISS signature collection is presented in Table 1. <C(onstraints on vehi-..
cle and personnel paths due to the location of security fences, protecc-
tion of vegetation, etic., resulved in some deviation from the typical
test plan. These deviations are noted in the field data logs as de-
scribed irn paragraph 4 of Appendix A, Description of Instrumentation end
Recorded Data. The tests wers sequenced to minimize changes in gain
settings on the instrumentaticn during the conduct of the vests. The

target paths are keyed to the test layout {Figure 1).

Site Documentation Plan

Rationale

14. Any sensor system will be subject to degradations in perfor-
mance in some undesirable environmental conditions. Environmental
factors adversely affecting performance of the sensors must be consid-
ered in order to rationally address such areas as:

a. Comparisons between the performances of new sensors and
signal processors with previous designs. (Does the new
design offer improvement in isolated environments or in
o general class of environments? If in a general class
of environments, how can they be defined and documented?)

b. Establishing deplcyment criteria. (Should the Miles
Catle be buried at 20 cm depths in some soils and 30 cm
depths in others? Can specifications be made for de-
fining optimum compection conditions arcund line sensors J

jo

Definition of areas unsuitable for the depinyment of
seismic sensors. (Suppose, based on BISS experience, a
particular sensor continually has a high fals.: alarm
rate in sites located on deep alluvial soils and other

12
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sites located near coastal marshes--are there fundamen-

tal properties common to the seismic characteristics of
the troublesome sites?)

15. The goal of site documentation is to measure the properties 3
of the environment that affect the generation and propagation of the 1
signatures of both seismic and acoustic signatures. Seismic signatures
are normally more sensitive to environmental variations from site to
site than acoustic signatures. Because of this and the fact that the §
purpose of this study supports the operation of seiemic sensors, the
emphasis in site documentation was placed on the measurement of those
properties known to significantly affect the generation and propagetion
of seismic signatures. Appendix B presents a theoretical discussion of

the generaticn and propagation cf seismic signatures and reviews the 3

‘ properties affecting such phenomena. These properties are:

a. Bulk propertles (compression-wave velocity, shesr-wave
velocity, bulk density, soil moisture, soil strength, and
depths-to-interfaces of media having significantly dif-
ferent bulk properties).

b. Ground-surface rigidity.

¢. Surface roughness.

16. Measurements used by WES for site documentation6 are summa- 1

rized below:

k Measurement

i Compressicn wave velocity - ?

T el e

Shear wave velocity
Bulk density

i

S0il moisture
Cone index
Plate-load

Surface elevations i

Measurements

e YT TR e e i A

17. Two categories of measurements used for dovcumenting terrain
conditions in terms that can be related to seismic response of an area

were* those for documentation of surface and near-surface terrain ;

13
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factors (restricted to a metre or less from the surface), and those for
documenting subsurface terrain factors (primarily seismic velocities'and
layering). Supplemental site descriptive data such as geologic, physio-
graphic, and meteorologic data were also collected. A brief description
of the surface and near-surface measurements and the subsurface measure-
ments follows. More detailed descriptions of these measurements and
supplemental site descriptive data are presented in Appendix C and

Reference 6.
18. Surface and near-surface terrain factors. Surface geomet:y,

i.e., surface profile along the intruder puth, was measured using con-
ventional ground profile (leveling) techniques. Level rod readings
were taken with a theodolite. One of the most convenient methods of
measuring soil strength was the cone penetrometer (Appendix C). Such
readings were taken at depths of 0, 15, and 30 cm. Soil-moisture and
density measurements were taken at the same depths as the cone penetrom-
eter readings (0, 15, and 30 em).

19. Ground surface rigidity was measured using a plate-load test,
i.e., a metal plate was pressed against the ground surface with a known
force and the resulting deflection of the surface was measured. The
dimensions of the plate were selected to be representative of the sur-
face contact area of an intruder. Because of the emphasis of this study
on the personnel travel modes---creep, crawl, walk, and run--plate load
tests were taken using a plate having dimensions on the order of those
of & man's foot (7.5 cm by 30.1 cm). Surface ridigity, as measured by
plate-load tests, was sufficiently described by two parameters that de-
pend on whether the soil has a compaction or a plastic nature (Ap-
pendix C). For soils that tend to compact, the relevant two parameters
are the surface spring constant (Ksc) and the maximum soil deflection
(Zmax) under the plate as estimated by the asymptotic limit of the force-~
deflection curve for large forces. For plastic conditions, two similar
parameters are derived from the force-deflection curve, Ksp and Emax'

20. Subsurface factors. Data for documentaticn of subsurface

factors were obtained using seismic refraction and vibratory techniques

for obtainirg the compression- or shear-wave velocities and thicknecses
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of layers. The latter method of obtaining shear-wave velocity relies on
measurement of the Rayleigh-wave velocity generated by a vibrator, and
mekes use of the fact thut the Rayleigh~ and shear-wave velocities are,
theoretically, very nearly the same=. Refraction and vibratory tech-

ninues are discussed more fully in Appendix C and Refervences 5, 6.

and 8.

Selection of Data Collection Sites

Rationale
21. To obtain the desired data, the sites selected for signature

acquisition must be representative of the range of terrain conditions
that can be expected to occur a reasonable percentage of the time., Fur-
thermore, such sites must contain a reasonaﬂie range of ambient back-
ground noise sources. However, to attémpt to define and collect back-
ground noise data that could be considered representative of those
occurring worldwide would be imprectical., Signatures of background
noise sources cannot be separated from the terrain enviromments in which
they occur because their signature characteristics are affected by the
terrain. However, for purposes of organization, terrain and background
noise considerations are discussed separately.

22. Terrain considerations. Properties affecting the generation

and propagation of seismic signatures were identified in paragraph 15.
Of the listed measurements, th2 compression-wave velocity was considered
to be the most important measurement for purposes of site selection.

The reasons for stressing the compression-wave velocity for site selec-

tion are:

a. The signature characteristics of intruders are very sen-
sitive to the compression-wave velocity near the surface
and to depths as great as 10 m. The sensitivity of the
signature characteristics to the compression-wave velocity
is conveyed through the correlation of the compression-
wave velocity with the shear-wave velocity because it is
the shear strength of the medium (hence shear-wave veloc-
ity) that largely controls the frequency and amplitude
content of the seismic signature of intruders.
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b. A numbter of compression-wave velocity measurements have
been obtained throughout the United States and selected
foreign countries so that the range in variation in
compression-wave velocity in worldwide terrains can be
reasonably inferred.

c¢. The compression-wave velocities for depths exceeding one
metre are relatively stable over time for most site condi-
tions. Therefore, site selection based on compression-
wave velocities does not have a strong dependence on the

immediate meteorological history of a site. Of the listed

terrain measurements (paragraph 15), the compression- and
shear-wave velocities are generally more relatable to a
geographic location than the other measurements. Ground-
surface rigidity depends strongly on soil moisture, hence
meteorological history. Surface roughness, as it affects
the generation of seismic signatures, can be regarded as
relatively independent of the geographic locetion of a
site.

23. Terrain data consisting of seismic refraction, seismic vibra-
tion, and soils information were assembled from past data collection
efforts at WES and are presented in Appendix D. The locations of seis-
mic refraction measurements throughout the U. S. and selected foreign
countries are identified in Figure 2. Examination of the top-layer
compression wave velocity values (near the surface) in Appendix D shows
that they range from 92 m/sec (West Germany, Hessen, site Un5) to
3600 m/sec (Alaska, Fairbanks, site 2, refraction line 4). Shear-wave
velocities undergo a proportionate range in variation. The range of
top- and second-layer compression wave velocities for the terrain data
in Appendix D can be summarized by plotting the top-layer compression
wave velocity against the second-layer compression wave velocity. Such
a plot, is presented in Figure 3 based on data in Appendix D. Not all
top~ and second-layer velocity conditions in Appendix D are presented in
Figure 3. If more than two refraction lines were obtained at a partic-
ular site (such as Alaska, Fairbanks, Tank Trail--Appendix D), only
those values of top- and second-layer velocity which represent extremes
in the top-layer velocities among the refraction lines ob*ained at the
particular site are plotted in Flgure 3 (each site is identified as a
distinet entry in Appendix D under the column heading Site Identifica-

tion). For example, five refraction lines were obtained at Alaska,
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Fairbanks, Tank Trail. The maximum and minimum top-layer velocities

among the five refraction lines occur for refraction line number 5

(2600 m/sec) and refraction line numbers 2 and 3 (both being 750 m/sec).
Theretore, the top- and second-layer velocities were plotted in Figure
3 for refraction lines numbers 2 and 5 only. The objective of the ter-
rain considerations for site selection was to select those sites that

the measured compression-wave velocities for the selected sites ap-

proached the range in variation of the top- and second-layer velocities
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presented in Figure 3.
24, From the point of view of identifying data collection sites

that span a wide range in compression-wave velocities, it was desirable

e oM A s ki, A ok £ n

to have some idea of the range of compression-wave velocities and laye:r
depths throughout the United States (since only areas in the continental

U. S. were considered for site selection). 1t was therefore necessary

to devise an efficient approach for estimating the compression-wave
velocity of terrains based on available information from topographic i

maps, aerial photography, geologic maps, soils maps, etc. To accomplish

PR PP

;j this, correlations were made between terrain types and soils information,

/ and the compression-wave velocities, based on past expcorience of WES
personnel in the selection of seismic data acquisition areas. Because
of the nature of the information, these correlations had to be very
general. The interrelationship between terrain type, predominant ..p-
layer soil characteristies, and the range of compression-wave velocities ; i
are shown in Table 2. The soil characteristics associated with the
specific terrain types (e.g. low plains, etc.) are representative of the
most prevalent conditions commonly found in such types although excep~

;

o

tions occur. For example, in certain physiographic conditions, exposed : i
i

.

bedrock areas occur in low plains; however, this is certainly not a prev-

o e e e

alent condition. Soil characteristics described in Table 2 are related

to the United States Department of Agriculture (USDA) textural

classification. ; }
25. Because of the ra..ge in compression-wave velocities that can
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occur for the terrain type and predominant top-layer soils characteris-
tics in Table 2, the final selection of sites, that would successfully
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address the terrain considerations, had to be based on measured
compression~wave velocities in the s=2lected areas.

26. Background noise considerations. The amount and kinds (types)

of background noise sources in an area are the result of the natural
conditions or featurss (metssrological cnnditions, drainage system, vege-
tation cover, etc.) found in the area and its cultural features and
level of development (the number and classes of roads, degree of urban-
ization, agricultural practices, ete.). From a statistical point of
view, it would be highly desirable to obtain characteristic background
noise signatures and mixes of signatures in all worldwide environments
of significant areal extent. From a time and cost point of view, this
was not practical for this study and emphasis was placed on obtaining
background noise data at si'es having gross differences in natural and
cultural conditions that could be considered to be representative of
their range of variation in most Army, Air Force, and Nuvy installations.

27. The selection of sites for the collection of background noi-e
field data wes based on the frllewing considerations:

a. The sites selected should be representative of background
noise environments foun . in Army, Air Force, and Navy in-
stallations. Sites should be located near such military-
related background noise sources as airports, housing
areas, and training snd cantonment aress.

b. Eome of the data collection sites should be located in or
near highly developed nonmilitary cultural sreas (urban
and industrial) adjacent to military installations.

o

Field data should be collected in areas and environmental
cui ditions #here background noise {s known to cause false
alsrms or wmesking of intruder signatures for presently
deployed :2ismic sensors.

d. Background noise data should be obtained in natural envi-
ronments on or near military installations, especially at
such times when rain, wind, and other sporadic meteorolog-
ical conditions are contributing factors.

28. Specirfic beckgr-u.d noise problem areas for intruder sensing
devices (1.2, cddressing ¢ above) were identified through personal con-
tacts with security personnel at military installations, and through
discussii ns with BISS personnel well versed in the deployment and opera-
tion of intruder-detection sensors. The potentisl background noise
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sources at a site are, at best, difficult to ldentify. However, recent

aerial photographs and topographic maps provide a means of identifying

the most obvious sources., Because of ease in interpreting particular

sources from aerial photograph and topographic maps, the list of sources
identified in Table 3 was used to distinguish levels of cultural devel-
opment and available natural background noise sources,

Area and Site Selection

29. The terrain and background noise counsiderations in the pre-
vious sectlion establish a set of very general criteria for site selec-
tion that can be satisfied by a number of areas throughout the United
States. The most restrictive consideration was that data be collected
where background noise is known to contribut- to unsatisfactory perform-
ance of presently deployed systems. In view of this flexibility in the
selection of data collection areas, a preliminary list of military in-
stallations was identified for which BISS personnel and supporiing per-
sonnel at Sandia Laboratories wanted to obtain security-related infor-
mation. These installations were:

Malmstrom AFB
Great Falls, Montana

March AFB
Riverside, California

U. S. Naval Weapons Station
Concord, California

U. S. Naval Weapons Station
Seal Beach, California

Sierra Army Depot
Herlorg, Celifornia

Seneca Army Depot
Seneca, New York

30. Two more installations were added to the preliminary list for
consideration, The first of these was Barksdale AFB, Louisiana, which
waus included because background noise was known to cause false alarms

there for the presently deployed seismic sensor system. The other
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installation was Fort Hood, Texas, which was included because it wos
known from previous WES studies to contain sites having a range of dif-
ferent terrain conditions.

31. Based on the terrain and background noise considerations, four
military installations were selected for data collection. The four in-
stallations, the terrain types (Table 2), predominant background noise
source classer, and some potential background noise sources interpreted
from topographic maps and aerial photography are summarized in Table k.
Two of the installations are located in low plains, U. S. Naval Weapons
Station, Seal Beach, California, and Barksdale AFB, Louisiana. One area
is located in high plains, Fort Hood, Texas, and cne is located in hills
and mountains, March AFB, California. The range in potential background
noise sources is considerable. U. S. Naval Weapon Station, Seal Beach,
Canlif.rnia, is surrounded by considerable industrial and other cultural
activity. Barksdale AFB, Louisiana, and March AFB, California, have a
mixture of cultural and natural background noise activity with knowu
background noise problems. Fort Hood, Texas, is in a low population
density area and is dominated by natural and military-induced background
nolse sources.

32. The terrain and background noise considerations were incorpo-
rated into the final selection of sites (paragraph 25) in the following
manner:

a. A preliminary set of sites was selected at each of the
installations based on the availability of near-by back-
ground noise sources (within 100 m), the soil types in
the area, access, and space available for implementing
the field data collection plan.

Compression-wave velocities were measured using seismic
refraction equipment at the sites selected in a. Two to
four sites were selected at each installation besed on the
goal of obtaining a range in the compression-wave veloc-
ities and the proximity of ambient background noise
sources.,

jo’

33. The selected sites and their respective compression-wave veloc-
ities and layer thicknesses are summarized in Table 5. The top-layer
velocities are plotted against the second-layer compression wave veloc-

ities for the selected sites in Figure 4. Comparison of the
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compress’ oa-wave velo. vies ir Figure 4 with those of F. - re 3 shcws
thzt the top- and second-layuy ¢unpres<. on wave velocities for tha se-
lected sites cover a troad renge of compression-wave velocities but do
not span the range for the assembled terrain data, particularly for the
higher compression--wave velocitieas. Higher compression-wave velocities
occur in very rigid terrain conditions, often found in mountainous areas.
The difficulty of selecting a set of data collection sites that encom-
passed the range of variation in the assembled terrain data points out
the importance of applying analytical procedures, such as simulation
models, to extend the data base to conditions not represented in the

data collection program.B’h

The selected installations and data collec-
tion sites are discussed in the following paragraphs. More detailed
descriptions are presented in Appendix E.

34, Barksdale AFB, near Shreveport, Louisiana. The reservation

is located in the western Gulf Coastal Plain. The principal reason for
selecting this installation was the tf'act that this is a locality where
false alarm problems have developed with presently deployed intruder
sensing devices. The boundaries of the reservation encompase three dis-
tinct physiographic units, i.e., the Red River alluvial plain, Pleist-
ocene stream terraces, and Tertiary uplands of the western Gulf Coastal
Plain. Three sites, one in each distinct physiographic unit, were used
in the field data collection program. Site 1l-A is located in the Red
River alluvial plain, site 5 is on a dissected Pleistocene stream ter-
race, and site T is on a gently sloping Tertiary upland. Predominant
top-layer soils for all three sites consist of poorly compacted sedi-
ments (Table 2). Cultural background noise sources predominate in the
western sector of the reservation (near site 1-A). Natural backgrouvnd
noise sources are predominant in the eastern sector (near sites 5 and 7).

35. Fort Hood Military Reservation, located in east-~central Texas:
The reservation is located on a partly dissected, structural high plain,
the Lampasas Cut Plain, which is underlain mainly by carbonate (1ime-
stone) rocks and which contains remnants of an old plateau. Three sites
were selected for the f.eld data collection effort. Site 5-A is located
on a partially dissected plain developed on a nndular and marly
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limecstone. Top-layer solls are loose residual soils containing frag-
mented rock material (Table 2). Site 8-A is located on hipgh, flat hill
(tableland) developed on a Lower Cretaceous limestone sequence. Top-
layer soils are weathered and fractured rock. Site 9 i3 on the alluvial
plain of North Nolan Creek. Top-layer soils are poorly compacted. Nat-
ural background noise sources, intermittently modified by military train-
ing activities, predominate in the vicinity of all thiree sites,

36. March AFB, near Riverside, Californis. The reservation is
located in the "Perris Plain," a down-faulted block (graben) between the

San Jacinto ard Santa Ana Mountains. The graben is covered by a deep
(395+ m) and irregular alluvial fill which is interspersed with hills
and low mountains., Two sites were selected for field data collection.
Site 1 is located at the southeast end of the main runway on the allu-
vial fill and top-layer soils are poorly compacted. Site 2 is on a hill
which is underlain by tonalite (quartz diorite). Top-layer soils are
loose residual soils containing fragmented rock material. Cultural
background noise sources are due to moderate development, primarily air
traffic and suburban type sources at these two sites.

37. U. 8, Naval Weapons Station, Seal Beach, California. The res-

ervation is located on an emerging coastal plain which has been modified
by alluvial deposits of the San Gabriel River, by large-~scale faulting,
and by landfills. The Seal Beach Fault, part of the Inglewood Fault
Zone system, traverses the reservation NW~SE almost parallel to the
Pacific Coast Highway and across the southwestern sector of the reserva-
tion. South of Westminster Avenue, the terrain is characterized by a
tidal marsh and reclaimed lands. Landing Hill, on the west boundary, is
a faulted, nonmarine Quaternary terrace deposit. North of Westminster
Avenue, the coastal plain has been modified by alluvial deposits of the
San Cabriel River. Four sites were selected for field data collection.
Site 1 18 located aiong a road in the tidal marsh., Site 2 is on a land-
filled area. Site 3 is also on a reclaimed /landfill) area. Site U is
on the coastal plain modified by alluvial deposits of the San Gabriel
River. All four sites have top-layer soils that are poorly compacted
sediments. Cultural background noise sources predominate at all four
gsites.
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Data Acquisition

Site documentation measurements

38. The measurcments listed in paragraph 16 were organized into
surface and near-surface measurements and subsurface measurements. Meas-
urements on the surface consist of surface geometry and plate load tests.
In general the surrace geometry at each of the sites was visually flat
with the vertical relief having the texture of grass clumps or gravel-
sized rocl's. The surface geometry profiles for the personnel and vehi-
cle paths for each of the sites are retained at WES in the original data
files. Each of the sites for which plate-load data were obtained had
soils that compacted. Therefore, the descriptive parameters Ksc and
Zoex (Appendix B, paragraph 6) were interpreted from the measured data.
Near-surface measurements consisted of bulk density, soil moisture, and
cone index. The surface and near-surface measurements are presented in
Table 6. Plate-load measurements were not obtained at Seal Beach Naval
Weapons Station and March AFB because of equipment operation problems.
However, failure to obtain these measurements was not regarded as very
significant because analysis of the signature data and plate-load param-
eters (KSC and Zmax) showed that there is not a strong correlation be-
tween these parameters and the seismic response of the terrain. This is
particularly true for surface conditions which are sufficiently rigid
that the intruder does not leave a noticeable rutting deypth, or foot-
print (paragraph 84). The subsurface measurements are presented in
Table 7.

Signature acquisition

39. The intruder signature data and background noise data were
collected and stored on megnetic tape. An index of thz signature data
is presented in Appendix F. In Table F1l, the dats are organized to pro-
vide analog tape and test niumbers as a function of installation, site,
target type, trave. mode, and sensor type. A total of 507 tests were
recorded during data collection. Background noise sources explicitly
noted during the test are also summarized. Personnel speeds varied

among individuals, but measured ranges for the various travel modes
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for all the tests are tabulated below:

Travel Mode Range of Speedsj,mlgec
Creeping 0.20-0.k40
Crawling 0.50-1.0
Walking 1.20-1.6
Running 3.50-5.0

More precise estimates of speed can be derived for each test by tracing
the location of the primary target as a function of time using the { .ne-
location markers recorded on the event channel of the data tape (Appen-
dix A, Figure Al1).

40. The data recording system consisted of a Lockheed Electronic
Corporation Model L4107 T-channel tape recorder which can record in the
direct and frequency modulated (FM) mode. All signatures were recorded
at tape speeds of 1-7/8 in./sec.* For direct recording, the frequency
response of the recorder for a tape speed of 1-7.8 in./sec covered the
frequency range from 100 Hz to 6000 Hz. For FM recording, the frequency
response of the recorder for a tape speed of 1-7/8 in./sec was 0 to
625 Hz. Since most seismic information is below 600 Hz, because of the
limits on geophone response and the large attenuation of the propagating
seismic signal for frequencies in the hundreds of Hz, the FM recording
of geophone signals is acceptable. However, some acoustic signatures
were recorded directly, particularly background noise signatures of air-
craft, because such acoustic signatures contain substantial energy with
frequencies in the thousands of Hz. A more detailed description of the
instrumentation, data collection procedures, and field data logs is pre-
sented in Appendix A.

41, All measured intruder-signature data were duplicated and pro-
vided to the BISS program office. The data were duplicated onto 1k~
track 1 in.-tape at 1-T/8 in./sec. The recording and duplicating were
done using the Inter-Range Instrumentation Group (IRIG) standard with
an FM center frequency of 3.375 KHz and with 40 percent deviation on the

* A table of factors for converting metric (SI) units of measurement
to U. S. customary units is presented on page 5.
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tape representing 1.441 zero to peak volis. As for the Lockheed re-
corded data, the FM data on the duplicated tapes was band limited be-

22

tween 0 and 625 Hz. The 7 channels of signature dats recorded on the
Lockheed recorder were duplicated onto the first T channels of the 14-
; track tape in their respective order. The voice channel (recorded
direct on edgetrack of the original tapes) was FM recorded on channel 8
and direct recorded on chennel 9 of the duplicated tapes.
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"PART IIJ: DATA ANALYSIS

.,-.,.,...‘

==

Introduction

h2. In the previous part, the two kinds of data, site documenta-

tion and signature data, were described. This part presents an analysis

of these data. The aualysis was based on the relationship of the dsta
to current efforis to improve the design, deployment, and testing of
point and 1ine sensors,

e e e S = R S T T

43, A number of sensors can be used to sense ground motion. These

) devices respond with dlffering sensitivities (i.e. nave different volt-

age cutputs generated by the same spatial distribution of particle
motions in the ground). However, in general, they respond in a manner
that is proportional to the magnitude of the particle velocities either ‘
i horizontally or vertically, in the immediate area of the sensor. Fur- %
& thermore, the mechanical system consisting of the sensor and the cou-
pling of the medium to the sensor is usually sufficiently linear, in a

mathematical sense, that a frequency of motion of the medium around the

¢ sensor induces a signature for which the same frequency predominates.
This is indisputably true for the point-type transducers employing the
geophones or piezo-ceramic crystals and has heen demonstrated for line- ’
type sensors, such as the MILES.g’lo It is these response character-

i istics of the senscrs (i.e. that the auplitude and the frequency re-

L R 2 e ik o mad at. Ya

sponses are directly relatable to the ground motica in the immediate
area of the sensor) that forms the basis for translating the time

and frequency-domain charecteristics of the intruder-induced ground

4
]

motion to the signature characteristics irduced in point and line
sensnrs.

44, Current design efforts for ground-moticn sensors emphasize
improved signal processing techniques. The potential for such improve-
mer.ts has been enhanced by recent technologicel advances in the manufac-
ture of the electrouic components emn’ gy digital processing techniques !
vhich are essential for logic design 1, _vements. Two areas of

é : development for signal processing for point and line sensors have been
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in the areas of pattern recognitionl and adaptive digital filtering.ll

45, Pattern renognition improvements rely on the development of

-3

statistically-based algorithms for target deftection and classification.
Features that characterize selceccted aspects of the signature (e.g. num-
ber of zero crossings of the voltage, amplitude, etc.) are extracted
from the signatures of a number of targets and background noise sources
in a range of eunvironmental conditions. These features are combined
mathematicaliy to produre decision index values with which, ho, :fully,
intruders can be detected und assigned to classes (such as personne. or
wheeled vehicles) snd background ncise sources car be rejected.

L6, In order for pattern reco.nition techniques to be s :essful,

several constraints must be placed on the distribution of fea e values

used to make the class decisions. For a given class of targets in a

given terrain, the distribution of feature values induced by changes in
such variables as target type (within a class), target-to-sensor dis-
tance, and different target travel modes (walking, running, vehicle
speed, ete.) must be sufficiently limited to prevent extensive overlap
with the distributions of the feature values, induced by such changes,
for targets in other classes. If the pattern recognition algorithms are
not adaptive to the particular terrain or sets of similar terrains in
which they are employed, the distribution in ferture values (for a given
class of targets) induced by the changes in the variebles discussed
above, must be sufficiently limited for all terrains to prevent exten-
sive overlap with the distributions of the feature values, induced by
the same changes in the variables, for targets in other classes.

L4T7. Since the values of the features are directly related to fre-
quency and smplitude characteristics of the signatures, the considera-
tions discussed above can be transferred to the frequency domain of the
signatures. For pattern recognition algorithms adaptive to the terrain,
the frequency domain characteristics in the frequency bands of sensitiv-
ity of the features and target-to-sendor distances for operation of the
sensor must be independent of target-type (i.e. different individuals
or kinds of vehicles), target-to-sensor distance, and target travel

mode (man-creeping, -walking, vehicle speed, etc.). For example, for a
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given target type, such as personnel, the frequency domain characteris-
tics of the signature should be reasonably indepenient of target-to-
sensor distance, and whether the man is creeping, crawling, walking, or
running. If the pattern recognition algorithm is not adapted to the
terrain environment, the frequency domain characteristics of the signa-
tures in the frequency regicn of sensitivity of the features must be
reasonably independent of the terrain.

LE. A second area of development in signal processing is adaptive
digital filtering.]l Adaptive digital filtering relies on th= correla-
tion properties of signatures do distinguish correlated signatures, pre-
sumably from background noise sources, from transient signatures associ-
ated with intruder-type sources. In particular, the propagating seismic
signatures (as opposed to locally acoustically coupled signatures, gen-
erally at frequencies on the order of 10 Hz or higher) from distant
background noise sources tend to be correlated over time for several
seconds or more, even for impulsive sources, because of the continuous
change in the velocity of propagation of the wave form with frequency
(i.e. dispersion) and the attenuation of selected frequencies by viscous
damping. The wave forms from such sources also tend to be correlated
over space for distances on the order of the time of correlation of che
signatures multiplied by the velocity of propagation. Adaptive digital
filtering can be used in two modes, depending on whether the time cor-
relation or spatial correlation properties of the signature are being
exploited. The time correlation mode requires only the signal output
from a single sensor. The spatial correlation mode exploits the signa-
tures from two or more spatially separated sensors. In order for the
time correlation mode to be successful, the signature characteristics
of background noise sources must be sufficiently correlated over time
so that the adaptive digital filter can anticipate, several seconds in
advance, the signature characteristics of the background noise source.
Subtraction of its anticipated background signature from the measured
signature serves to enhance transient signatures, presumably of in-
truders. Therefore, the intruder signatures must be sufficiently ran-

dom in the frequency region used for detection so that the adaptive
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digital filtering algorithm does not subtract out successive portions 4

of its signature as well. In order for the spatial correlation to be

successful, the background noise can be removed by subtracting the signa-
tures of pairs of sensors.

L49. From the deployment point of view, several questions must be

answered before a sensor is systematically deployed. Among these ques-

tions are: {

a. In what kinds of terrain will the sensor be sufficiently é
sensitive so as to detect the target within the prescribed

detection zone? i

b. Can two or more sensors be placed within the detection %

zone to enhance the combined sensor performance so that :

detection requirements are met? j

|

¢. In what kinds of terrain will background noise sources :

generate false alarms? i

d. ;

d. Will the ground motion induced by the intruders be within
the frequency and amplitude regions required for the sig-
nal processor to achieve proper classification?

st o

e. How deep should the sensor be buried?

50. Questions & and b are concerned with the amplitude and fre- :
i
quency dependence of target signatures as a function of target-to-sensor !

distance and target travel mode. Questions ¢ and 4 are concerned with

the amplitude and frequency dependence of target signatures as a func-

tion of terrain condition. Question e is particularly relevant to the

deployment of line sensors and is concerned with the amplitude and fre-
quency dependence of target signatures as a function of target-to-sensor
distance, travel mode, and terrain conditions.

51. Sensors should be tested in the range of environments, ‘ :

intruder-sensor configurations, and intruder travel modes for which the

sensors are expected to operate. For evaluation of sensors, the range

of environments can best be defined in terms of the terrain properties

Al misnaianad An o e

that most severeiy affect the frequency and amplitude characteristics 5
of intruder signatures.

Therefore, the designer of a test program for
such sensors must also be aware of the sensitivity of the intruder sig-
nature characteristics to such variables as the target type, target

travel mode, target-to-senscor distance, and terrain condition in much
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the same way as the designer and deployer of the sensors.

52. The previous discussion illustrates that deployment and test-
ing considerations dictate that the signatures be analyzed in both the
frequency and time domain for such variables as target type, target
travel mcde, target-to-sensor distance, and terrain condition. In addi-
tion, the correlation properties of the signatures need to be addressed

in support of adaptive digital filtering (paragraph 48).

Signature Data

53. Although it would be desirable to analyze the signature char-
acteristics for each target type and a range of terget-to-sensor dis-
tances, time constraints dictated that the analysis f»r this study be
restricted to the most difficult target to detect, i.e. personnel signa-
tures (see consideration ¢, paragraph 10) and selected target-to-sensor
distances. The analysis of signature data is partitioned into analyses
of the variance induced by each of the variables listed in the previous
paragraph. Analyses of signatures for other target types represented
in the data collection could be carried out in a manner similar to the
treatment for personnel signatures. Plots of signature characteristics
describing the frequency distribution of the measured signatures as a
function of the data collection variables are presented in the format of
Figures 5a and 5b. Three curves are presented in each figure. The
three curves denote maximur, mean, and minimum amplitudes and were de-
rived in the following manner:

a. Between six and twelve time segments of the signatures
(depending on the availability of appropriate scgments of
the data), each of 0.68 seconds in length, were selected
for which the target was in the proper target-to-sensor
distance (for example, 0-0.5 m and 0.5-2 m for Figures 5a
and 5b, respectively).

b. The time segments were digitized at a rate of 1500 samples
per second and converted to the frequency domain by appli-
cation of the fast Fourier transform so that each segment
had an amplitude value for each frequency.

c. The maxima, means, and minima were obtained using the
amplitude values at each frequency (six to twelve of
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them, one for each time segment). The maxima, means, and
minima for the appropriate target-to-sensor distances are
presented in the top, middle, and lower curves, respec-
tively, for each frequency-domain plot.

In order to preserve detail and to exploit automatic plotting and scal-
ing routines, some of the multiple-plot figures and plates discussed in
the subsequent sections have different vertical scales (for example,
Figure 5a and 5b have different vertical scales). Such instances are
noted on the figures.

54. For purposes of characterizing signatures of intruders, data
from five sites were selected. The sites were Barksdale, site 1A; Fort
Hood, sites 5A, 8A, and 9; and Seal Beach, site 3. These sites were
selected because they spanned the range of all terrain conditions used
in the test program. It was convenient to organize the discussion of
sites according to the increasing top-layer shear wave velocities. For
the five sites for which the signature were analyzed, the order of in-
creasing top-layer shear wave velocities is Seal Beach (site 3), Barks-
dale (site 1A), Fort Hood (sites 9, 5A, and 8A). When it is convenient
to use abbreviations, these five sites are identified respectively by
8-3, B-1A, H-9, H~5A, and H-8A.

Target-to-gsensor distance

55. Figure 5 illustrates the dependence of the signature character-

istics on the target-to-sensor distance for the vertical component of a
signature obtained from a man creeping on a rigid (high compression and
shear wave velocity) terrain condition, site 8A at Fort Hood. Both Fig-
ures 5a and 5b show the frequency domains for the vertical component of
the particle velocity of the_ground for man-creeping signatures within
the distance regions indicated (0-0.5 m and 0.5-2 m, respectively). As
can be seen in the figures, the predominant frequencies of the signature
shift from less than 10 Hz for target-to-sensor distances less than
0.5 m to approximately 80 Hz for target-to-sensor distances exceeding
0.5 m.

56. Theoretical considerations can be used to explain the depend-
ence of the signature characteristics discussed in the previous para-

graph on target-to-sensor distance. The low-frequency signature
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characteristics (i.e. less than 10 Hz) for small target-to-sensor dis-
tances {less than 0.5 m) can be attributed to quasi-static deflection
of the elastic surface of the medium by the weight of the target. Al-
though the data are not presented in this report, elastic theory pre-
dicts that the displacements of the medium induced by a quasi-static
(low frequency) surface stress will decrease very rapidly with increas-
ing target-to-sensor dista.nce.12 Elastic theory also predicts that the
rate of decrease in medium displacements with target-to-sensor distance
depends on the burial depth of the sensor, and for burial depths under
consideration for BISS sensor applications (i.e. less than 61 cm, or
24 in.), the displacements (vertical cr radial) reach maxima for target-
to-sensor distances less than 0.5 m. Such displacements asymptotically
approach zero for target-to-~sensor distances on the order of 2 m. Elas-
tic theory also predicts that, in addition to the quasi-static displace-
ments, higher frequency displacements (i.e. exceeding 10 Hz for commonly
occurring terrains) induced by the stress of the target on the surface
will propagate outward from the source. Because these propagating dis-
placements do not attenuate as scverely with target-to-sensor distance
as do the quasi-static displacements, they tend to dominate the signa-
ture characteristics at target-to-sensor distances exceeding 2 m (i.e.
where the quasi-static displacements approach zero). Since the propa-
gating displacements consist of higher frequency motions than do the
quasi-static displacements, the dominant frequencies of the signature
of the targets shift from low frequencies for target-to-sensor distances
less than 0.5 m, to higher frequencies for target-to-sensor distances
exceeding 2 m. A transition zone occurs between the target-to-sensor
distances of 0.5 m to 2 m in which the two displacement types (quasi-
static and propagating) compete for the dominant frequency characteris-
tics of the signature. As will be discussed in paragraphs 64 and 65,
the predominant frequencies of the propagating signatures measured in
this study vary from 12 Hz to 80 Hz, depending on the terrain properties
of the site.

S57. Altlrough the analyzed signatures in Figure 5 were induced by
personnel targets, the predominant frequencies of the signatures depend
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on target-to-sensor distance in a manner that can be related to elastic
theory (paragraph 56). This relationship with elastic theory provides a
basis for projecting the same dependence of the predominant frequencies

on target-to-sensor distance to surface targets and travel modes other

than man-creeping. Such projection will be used as a basis for gener-

f alizing the results of the analysis of personnel signatures to other

| target types. In view of the dichotomous nature of the frequency domain

k characteristics of target signatures as a function of target-to-sensor
distance, it is convenient to partition the discussion of the signature

} characteristics into two signature types: those for which the low fre-

quencies predominate (below 10 Hz) and those for which the higher fre-

? quencies predominate (above 10 Hz). Those for which the low frequencies

predominate are referred to as near-distance signatures. Those for which

the higher frequencies predominate are referred to as intermediate-distance

signatures. A third type referred to as far-distance signatures would be

‘ the logical extension of near- and intermediate-distance signatures. How-

| ever, within the context of this study, far-distance signatures could be
considered to be on the order of several hundred metres. Such large dis-
tances are not of direct interest to BISS security requirements.

h 58. The strong dependence of the frequency domain characteristics

} of the signature on target-to-sensor distances is particularly applica-

ble tc the design considerations for pattern recognition and adaptive

digital filtering for line sensors. For example, one appropriate goal

for pattern recognition and adaptive digital filterin; could be to ex-

tend the detection distance of line sensors beyond that for current sig-

nal processing techniques, which explecit only the low frequency charac-

teristics of the near-distance signatures. To exiend the detection

distance beyond several metres, the potential signal processing designs

must be sensitive to the higher frequency characteristics of the

intermediate~distance signatures. However, previous investigation57’13

have shown that the frequency characteristics of signatures of vehicles
at distances of 25 to 200 m are similar to those of intermediate-
distance signatures of personnel. Hence, vehicle traffic could become

a more significant source of background noise for signal processors
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using the higher frequencies associated with the intermediate-distanve
signatures than for those using only the low frequencies (less than
10 Hz). Adaptive digital-filtering techniques based on the correlation
between signatures from two parallel-deployed line usensors, placed
several metres apart, would likely be conducive to rejection of such
background noise from sources at distances on the order of 10 m or more.
59. As noted in paragraphs 55 and 56, the predominant frequencies
of the signature are sensitive to changes in target-to-sensor distance,
particularly for distances on the order of 2 m. The transition zone

between distances for which the low frequencies predominate compared to

those for which the higher frequencies predominate is on the order of

1.5 m in width (i.e. between 0.5 and 2 m, paragraph 56). The fact that
the transition zone is quite nairrow is supportive of adaptive digital ;
filtering techniques applied to the signature output of a single line i

sensor. Certain targets such as wheeled vehicles can generate repet-

e o e < i

itive (hence time-correlated signatures) for which adaptive filtering i
techniques may tend to subtract out the signature (paragraph 48). How-

ever, as the target approaches the sensor, the predominant frequencies i
of the signature change distineﬁly from high frequencies of intermediate-
distance signatures. This change induces a transient into processed sig-~ !
natures that has frequencies of the near-distance signatures. This

transient can be processed to indicate the presence of the intruder. :
1
Terrain condition

60. The discussion of the variability of signature characteristics ;
with terrain condition is partitioned according to the target-to-sensor 3
distance. Near-distance signatures (paragraph 57) are discussed first |
for man-creeping signatures. Man-creeping signatures (rather than i
~crawling, -walking, or -running) were selected because they represent _
the lowest signal level relative to the personnel travel modes. For the ;
intermediate distance signatures, man-walking signatures were analyzed.
In this section, no direct comparisons are made between the near- 3
distance and intermediate-~distance signatures so that the analytical
limitation imposed by presenting man-creeping®signatures for the near-
distance signatures and man-walking signatures for the

34

e b o A




Bl o wve

intermediate-distance signatures should n»st be very significant. How-
ever, should such comparisons be desirable, theoretical considerations
discussed in paragraph 57 suggest that frequency characteristics of the
signatures are more severely affected by whether the induced signature
is attridbutable to quasi-static or propagational effects than by the
target or travel mode. Therefore, frequency-dor.ain comparisons between
the man-creeping, near-distance and the man-walking, intermediate-
distance signatures should be valid.

61. Near-distance siunatures. Figure 6 presents the frequency-
domain plots (maximum, mean, and minimum amplitudes) for the vertical
component of the particle velocity for man-creeping signatures. Fig-
ure 6 shows that the low frequency characteristics of the near-distance
signatures is a stable feature over the range of terrain conditions
represented by the five data collection sites. The target-to-sensor
distance for which the low frequencies predominate are 0~ to 2-m for the
three lower shear wave velocity sites: 8-3, B-1A, and H~9. For H-5A,
the minimum amplitude curve for the 0-2 m distances is very small (less
than 1 x 10-5 cm/sec) indicating that, at least for some of the signa-
ture segments, the low frequencies are not very dominant. Therefore,
the maximum distance for the near-distance signatures at H-5A is prob-
ably somewhat less than 2 m. For H-8A, the low frejuency characteristic
of the near-distance signatures did no% dominate until the target-to-
sensor distance was less than 0.5 m (Figures Sa, 5b, and 6e). In each
instance presented in Figure 6, the maximum and mean frequency-domain
curves have considerably higher amplitudes for the low frequencies than
for the higher frequencies. The amplitudes tend to decrease as the
shear wave velocity increases (i.e. the mean amplitudes for Seal Beach,
site 3, for the low frequencies are around 0.2 x ].0-3
they are on the order of 0.05 x 10—3 cm/sec for Fort Hood, site 8A).

62. The average amplitudes of the vertical and horizontal compo-

cm/sec, whereas

nent (in the direction from the target to the sensor) of man-creeping
signatures can be compared in Figures Ta and Tb. Average amplitudes for
both unfiltered and low-pass filtered signatures are presented, Filter
cut-offs were 5 Hz and 10 Hz with filter roll-off of 24 db per octave.
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The sites hsve been placed in the order of decreasing top-layer shear
wave velocity. For both the vertical and horizontal components, the
amplitudes tend t0 increase as the shear wave velocity decreases, with
the exception of the horizontal component for Barksdale AFB, site 1A and
Fort Hood, site 9. It should be noted that the top-layer shear w@ve
velocities at sites 1A at Barksdale AFB and site 9 at Fort Hood are very
similar, being 120 m/sec and 122 m/sec, respectively. Therefore, such
sites could be expected to have overlapping signature ampiitudes, which
is, in fact, what occurs when comparing Fignres Ta and Tb. The ampli-
tudes of the vertical component tend to exceed those of the horizontal
component, particularly for the sites having the higher shear wave veloc-~
ities (H-S5A and H-8A). The changes in amplitude with target-to-sensor
distance for the vertical and horizontal components of the man-creeping
signatures were estimated by dividing the unfiltered average amplitudes
for the footfall 0.5 m from the sensor by the average amplitudes for

the footfall at the sensor. The resulting ratios are presented in
Figure Tc. In each instance, ratios for the vertical component exceed
those for the horizontal component, indicating that the rate of change
in amplitude with distance for the horizontal component generally ex-
ceeds that for the vertical component for the nhear-distance signatures.
The rate of change in amplitude with distance is greater for more rigid
sites (as indicated by smaller ratios for sites YA and 8A) than for less
rigid sites. Stability of the low frequency characteristic for near-
distance signatures over the range of terrain conditions represented by
the five data collection sites (paragraph 61) makes this characteristic
a reliable feature for dctection of intruders. However, target-to-
sensor distance over which low-frequency characteristics predominate
become less as the shear wave velocity of the media increases.

63. Intermediate-distance signatures. The analysis of the terrain

induced variance for intermediate distance signatures is based on the
amplitude and frequency characteristics plotted in Figures 8-14, Fig-
ure 8 presents the range in amplitudes of the signatures for man-walking
signatures for each of the five sites for a f;‘ed source-to~sensor dis-
tance of 6 m. The amplitudes vary from a minimum of 0.15 x 1073 cm/sec

for Fort Hood, site 8A, to 20 x 10-3 cm/sec for Seal Beach, site 3.
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For each site except 3eal Beach, site 3, the range in variation is
approximately an order of magnitude (factor of 10). However, at Seal
Beach, site 3, the signatures for one footstep impulse tended to be more
similar to those of another footstep impulse so that the total range in
ve.. ition was less than fecr the other sites. This probably occurred
because the surface was sufficiently soft so that the predominant sighal
generation mechanism was the compaction of the soil as the foot impacted
the ground. Such a signal generation mechanism would not seem to be
particularly susceptible to erratic differences in the transfer of
weight from one foot to another.

64, TFor the frequency-domain characteristics for man-walking signa-
tures, Figures 9a to 9e are discussed. The predominant frequencies for
man-walking signatures for a target-to-sensor distance of 6 m vary from
around 12 Hz (Seal Beach, site 3) to 80 Hz (Fort Hood, site 8A). Al-
though the predominant frequencies appear to increase with increasing
shear wave velccity, one should be careful in making this interpretation
without considering layering efiects as well. The three Fort Hood sites,
54, 8A, and 9, represent terrain conditions having large changes in
shear wave velocity with depth. It is the magnitude of the change in
shear wave velocity with depth, particularly for a slow shear wave veloc-
ity medium over a faster second layer velocity medium, rather than the
absolute values of the shear wave velocities of both media, that leads
to the selective coupling of frequencies of the stresses on the surface
by a varget so as to favor the higher frequencies, as will be discuscsed
in paragraph 100.

65. The strong dependence of the amplitude and frequency character-
istics of the intermediate-distance signatures on terrain conditions
illustrated in Figure 9 is important to the design of both point and
line sensors and to the selection of test sites for evaluating such
sensors. To be used most effectively, features responsive to the shape
of the frequency domain of the signatures must be used in pattern recog-
nition algorithms that are adapted to the terrain conditions in which
the sensors are deployed. For pattern recognition algorithms that are
not adapted to the local terrain condition (i.e. that are employed in a

range of terrain conditions) only the simplest features can be usefully
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employed, namely features that distinguish only between the frequency of
near-distance signatures (below 10 Hz) and intermediate-distance signa-
tures (10 to 100 Hz or more) without regard to the shape of the ampli-
tude distribution in the frequency domain.

Travel modes

66. Personnel travel modes consisted of creeping, crawling, walk-
ing, and running. The near-distance signatures for man-creeping have
been discussed previously. Figure 15 presents the frequency-domain
characteristics for man-creeping, -crawling, -walking, and -rurning for
the denoted distances for Fort Hood, site 8A. The range of target-to-
sensor distances for man-creeping is 0.5-2 m; hrwever, the target-to-
sensor distance is 6 m for the other travel modes. The amplitudes
differ as could be expected. , The peaks of the mean amplitude curves
for the 6-m distance targets and travel modes (man-crawling, -walking,
and —runﬁing) vary from O0.¢1 x 10-3 cem/sec for man-crawling signatures
to 0.03 x 10_3 cm/sec for nan-running signatures. The man-creeping
signatures are plotted for only the 0.5-2 m distance because signel
anpliwides were not great enough to record at the 6 m distance. How-
ever, the predominant frequencies of the signatures are approximately
the same for each travel mode, including the man-creeping signatures,
although the target-to-sensor distance is smaller in this instance. .Jhe
invariance in the predominant frequencies as a function of the travel
mode, such as that occurring et site 8A, occurred at the other sites
also (Figures 10~14). Although the frequency domain characteristics of
the stresses induced at the surface by the various fravel modes differ
among one nnother, the ‘requency response of the terrain is so selec-
tive that the resulting intermediate-distance signatures for each travel
mode have essentially the same predominant frequencies.

67. The invariance of the predominant frequencies with travel mode
suggests that pattern recognition algorithms using frequency sensitive
features adapted to local site conditions could be used to extend the
detection distance and classitTication potential of point and line sen-
sors. Such algorithms should be able to operate independently of the

intruder trave). mode. Features sensitive to the frequency region of
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| the intermediate-distance signatures are also particularly responsive to 3
backgiound noise signatures.. To reduce the contribution of the latter |
to the signatures processed }dr intruder detection, it is probably desir-
able to make use of two sensors in such a way that the background noise ]
can be cuntinuously subtracted by adaptive digital filtering using the
spatial correlation mode (paragraph L8). Pattern recognition employing
features responsive to the higher frequencies (i.e. greater than 10 Hz)
could then be applied to the fesulting signatures (those for which the 3
backgrodnd noise has been removed, hopefully, using adaptive digital

filtering).

Intruder

N, ~

68. A cursory examination of the signature characteristics induced
by two different intruders (obtained from repetitive tests using differ-
ent personnel such as tests 1 and 2 of Table 1) was made for the three
Fort Hood sites (5A, 8A, and 9). As noted in paragrsph 66, the fre- ‘ ]

quency domain characteristics of the walking, crawliug, and running sig-

natures were dominated by the local site characteristics. That is, the

predominant frequencies at a site were quite independent of the stresses

et KT o e

| induced by the personnel travel modes. Although the data are not pre.
sented in this report, the frequency-domain characteristics of signa-

tures of different intruders were similar. However, the amplitudes of

the signatures were sensitive to differences in the stresses of one
intruder relative to those of another intruder as will be discussed us-
ing the data presented in Figure 16. Figure 16 presents the average
peak amplitude for repetive tests usiig two different intruders for the

three sites at Fort Hood. Three travel modes are represented: walxing.

running, and crawling. Intruder 1 weighed 825 newtons (185 1t) and
Intruder 2 weighed 690 newtons (155 1b). Although the man-running and

man-crawling signatures are consistently larger for the heavier intruder ,

(Intruder 1), the opposite occurs for the man-walking signatvres. 1In

this instance the average amplitudes for the lighter intruder (Intruder

1) are greater than for those of the heavier intruder. The average :
amplitude for the man-crawling signatures differs more between the two 1

intruders than for the other travel modes. This suggests that, when
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testing sensors in scenarios in which the intruders are walking, running,
or crawling, somevhat more care should be taken in the design of the
man-crawling tests to insure that differeut crawling "styles" are

represented.

Site Documenté%ion Date

69. As noted previously, the rationale for site documentation is
to measure those properties of the terrain that affect its seismic re-
sponse. Past studies by WES have shown that the shear wave velocities
and layer depths strongly affect the seismic response of the terrain.3’h
Since the top layer compression wave velocity is quite strongly corre-
lated to the top layer shear wave velocity, the compression wave veloc-
ity is also quite strongly related to the seismic response.

T0. This section presents the results of a study of the relation-
ship between other measurements (plate load, density, moisture content,
cone index - paragraph 16) and the s.ismiec response of the terrain to
see if the relative importance of ° e verrain properties could be demon-
strated such that economies in site documentation efforts coula be
erfected. The surface elevaticns (paragraph 16) will not be discussed
because the roughnesses at the data collection sites were not sufti-
ciently different sc as to induce distinct differences in the motion
characteristies for each of the personnel travel modes. Therefore, it
was not considered reasonable to attribute differences in signature
characteristics for the selected sites to the surface roughness.

T1. The measurements of terrain properties other than the shear
and compression wave velocities and layer depths can be qualitatively
corre’ated to the seismic response of the terrain either through the
correlation of these measurements to the sh~ar and ccmpression wave
velocities of the media, which in turn are related to the seismic re-
sponse, or through an independent relationship tetween properties of
+he media and its surface a1 the seismic response. The method of anal-
ysis used to qualitativelv identify strong correlations between the

measurements and seismic response consisted of ordering the sites for
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each measurement according to increase or decrease of the measured
values for each measurement. This nrdering was compared with the order-
ing of sites in the previous section, i.e. ordering based on shear wave
velocity. The latter ordering resulted in having the presented data in
the order of increasing or decreasing values of the amplitude or domi-
nant frequency characteristics. An exception to the ordered increase or
decrease in signature characteristics occurred for Barksdale, site 1A
and Fort Hood, site 9 (paragraph 62). These sites were considered inter-
chengeable in the ordering used for discussion of the relationship of
the measurements to seismic response. The ordering used for comparison
is referred to as the reference ordering, and is:
Seal Beach, site 3
Barksdale, site 1A
Fort Hood, site 9
Fort Hood, site 5A
Fort Hood, site 8A

Since the frequency and amplitude characteristics of the signatures for

I3

} interchangeable

these sites varied considerably, it seemed reasonable to assume that a
measurement strongly correlated to the seismic response would undergo
distinct changes from site-to-site that paralleled changes in signature
characteristics.

T72. The subsequent analysis is subject to several limitations.
First, the number of sites represented is small. However, distinct dif-
ferences in their signeture characteristics occur so that it is reason-
able to expect that a measurement that affects seismic response to the
extent of changing the amplitude by en order of magnitude, or the fre—.
quency content by tens of Hertz across the range of terrain environments
represented in the data collection, would induce an ordering of sites
that agrees well with the reference ordering. BSecondly, the measure-
ments considered for anulysis are surface, or near-surface measurements.
Past experience and theoretical modeling have shown that seismic re-
sponse is affected by terrain properties to depths as deep as ten metres.
However, the top layer seismic properties and layer depth are particu-
larly important.
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Plate load

73. The plate-load measurement is described by the surface spring
constant Ksc and the asymptotic value of the rutting depth for large

forces, Zmax' Examination of Table 2 shows that the order of sites for
increasing values of K and Z is:
sc max
A
sc max

Seal Beach, site 3 Barksdale, site 1A
Fort Hood, site 8A Fort Hood, site 5A
Fort Hood, site 9 Fort Hood, site 8A
Fort Hood, site S5A Fort Hood, site 9

Barksdale, site 1A Seal Beach, site 3

The ordering of the sites for Ksc and Zmax are not the same as that of
the reference ordering. However, Seal Beach, site 3, represents an ex-
treme case for these orderings as well as for the reference ordering.
Therefore, the plate-load measurements are not considered as strongly
correlated to the seismic response across the range of site conditions
considered as are the seismic velocities. However, there is probadbly a
stronger correlation between plate-load measurements and seismic re-
spcnse among soft-surface sites for which Ksc is on the order of 106 n/m2
and Zmax is on the order of 0.10 m (i.e. conditions similar to those of
Seal Beach, site 3) than for more rigid-surface sites (such as the other
four).
Density
Th. Wet soil densities (Table 6) were selected because they repre-

sent the in situ density of the medium. The average of the wet den-
sities presented for each site in Table 6 were selected for analysis.
The order of sites for increasing average wel densities is:

Fort Hood, site 5A

Seal Beach, site 3

Fort Hood, site 9

Barksdale, site 1A
Wet density was not obtainable in the field for Fort Hood, site 8A be-

cause of rock. The above order of sites Goes not agree with the
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reference order and therefore the wet density was not judged as bteing
strongly correlated to the seismic response.

Moisture content

T75. The order of sites for increasing average moisture content

(percent) derived from Table 6 is:

Fort Hood, site 8A

Fort Hood, site 5A

Fort Hood, site 9

Barksdale, site 1A

Seal Beach, site 3
This ordering indicates a qualitative correlation between the soil mois-
ture and seismic response. It also points out the necessity for being
cautious when interpreting correlations involving several varisbles and
limited data. Sites 8A and SA at Fort Hood contain much rock (Table 6)
and therefore tend to have lower moisture content than the clay soils at
Fort Hood, site 9, or Barksdale, site 1A. The soil at Seal Beach, site
3 had a very high moisture content. As noted previously, the seismic
velocities, particularly the shear wave velocities, strongly affect the
seismic response and the shear wave velocities are generally high for
media containing rock and low for water-saturated soils. The qualita-
tive correlation of the low moisture content to seismic response for
sites S5A and B8A is induced by the relationship of the measured values to
the rock content of the media. Otviously, a low moisture content does
not imply & rock-type medium. For high values of mois>ure content, the
shear strength of the medium tends to decrease with increasing moisture
content so that a correlation between seismic response and moisture
content can be expected. The moisture content could be strongly related
to the seismic response of frozen soils. However, such conditions were
not represented in the measured data. Therefore, moisture content was
not considered strongly correlated to seismic response for nonfrozen
ground concitions and for soils that had low to intermediate moisture

content (below 25 percent for most soils).

Cone index

76. The order of sites for increasing average cone index is:
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Seal Beach, site 3

Barksdale, site 1A

Fort Hood, site 9

Fort Hood, site 8A

‘ Fort Hood, site 5A

This ordering agrees well with the reference ordering except for the
more rigid sites, Fort Hood, sites 5A and 8A. Comparison of the top
lay=r shear wave velocities (Table 7) with the cone index data (Table §)
indicates that large differences in top layer shear wave velocities are
related to the cone index values. For example, the top layer shear wave
velocities of sites 2 and 3 at Seal Beach are low (75 m/sec). 1In both
instances, the cone index values are low (71 and 51, respectively). The
cone index readings are quite high (400 or more) for the higher shear
wave velocity sites (exceeding 200 m/sec) -- sites SA and 8A at Fort
Hood and sites 1 and 2 at March AFB., It is generally difficult to ob-
tain accurate measurements of shear vave velocity near the surface, par-
ticularly within the top 15 cm (Appendix C). Cone index can provide a
means of documenting near-surface shear strength properties where meas-
urements of the shear wave velocity cannot be easily mace. Cone index
readings were considered to be correlated to seismic response, particu-~

larly for less rigid media (i.e. those for which the cone index readings
are less than 500).

Documentation of Site Conditions

TT. Proper consideration of site conditions is an important part
of the BISS activity especially in the evaluation and the selection of
newv sensor systems, the identification of areas unsuitable for the
deployment of existing systems, and establishment of' deployment criteria
at a site prior to sensor installation. Because the BISS sensor deploy-
ment requirements are directed toward the protection of fixed (perma.-
nent) inr*alla.. -, efficient on-site measurements can be made prior
to the specifi_ation of sensor types and deployment criteria.

78. In the past, site documentation procedures for measurement of
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seismic response have been directed toward battlefield sensor systems
and have been concerned with documenting site conditions for signature
propagating distances on the order of 10 m or more. Although such dis~
tances are of interest to BISS requirements, in the subsequent discus-
sion additional emphasis has been placed on site documentation for line
sensors. To adequately describe the seismic response for such distances,
near-surface and subsurface properties within a few metres of the source
are particularly important.

T9. As stated previously, the shear- and compression-wave veloc-
ities and layer depths have been shown to be essential measurements for
describing seismic response. Surface roughness, plate-load test results,
soll moisture and density, and cone index are of somewhat lesser impor-
tance. This section presents recommendations and supporting discussion
of site documentation requirements as it pertains to the design and
testing of ground-motion sensing devices for BISS.

Seismic velocity measurements

80. It is recommended that the shear wave velocity be obtained via
the measurement of the Rayleigh-wave velocity using the vibrator tech-~
nique.8 The depth for which the vibrator technique characterizes the
shear strength of a soil depends on the frequency of the vibrator. That
is, for shallow depths (for example, 1 m or less), the frequencies that
characterize the medium are greater than for those frequencies that char-
acterize the medium several metres under the surface. For propagating
wave forms, such as background noise or man-walking signatures at ranges
exceeding several metres from the source, the medium characteristics are
important several metres under the surface. Therefore, low~frequency
characteristics should be measured (i.e. frequeacies of 25 Hz or less).
For the "low-frequency" quasi-static displacements, such as those occur-
ring for ranges of 2 m or less from the footfall of an intruder, the
shear strength of the soil is important for very shallov soil depths
(i.e. less than half a metre). For most media, vibrator frequencies of
several hundred Hz are needed to characterize the soil at such shallow
depths. Therefore, Rayleigh-wave measurements should be obtained over
frequencies ranging from less than 25 Hz to 400 Hz.
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81. Compression-wave velocity measurements should be obtained
using refraction techniques (Appendix C). However, two sets of refrac-
tion lines should be run, one set using 2-3 m spacing of geophones, the

other using & spacing of geophones of 0.25 m to obtain layering informa-
i tion near the surface.

Other measurements

E 82. Based on the previous analysis (paragraphs 69-76), the cone
index aprears to provide the best qualitative correlation of measurement
; values to seismic response across the range of terrains considered rela-
‘ tive to the other measurements. The cone index can provide a measure-
ment of the shear strength properties of the medium near the surface
(within 30 cm), a region where measurements of shear-wave velocitles are
difficult to obtain. Both hand-~-held and mechanical cones are available.
Hand-held cones can be easily transported to soft surfaces where it is
difficult to take a vehicle mounted mechanical cone. The cone penetrom-
eter used for measuring cone index and the measurement procedure are
described in Appendix .

83. The other near-surface measurements were not as well corre-
lated to the seismic response across the range of seismic environments
considered as were the seismic velocities and cone index (with the excep-
tion of the soil moistwre which provided anomalous correlation as dis-
cussed in paragraph 75). Despite the fact that the density and soil
moisture are not as strongly related to the seismic response of the
terrein as the compression and shear wave velocity and cone index, these
measurements are easily taken and should be obtained as prescribed in
Appendix C.

84. Surface rigidity measurements should be prescribed when time
and equipment constraints are not too demanding. Availability of equip-
ment or access of a vehicle to particular terrain conditions may prohibit
the measurement of surface rigidity using vehicle-mounted plate-load
{ test equipment. Because cf the lack of correlation of surface rigidity
to seismic response on the more rigid sites (i.e. sites heving cone
} ! adex values that exceed considerably those of Seal Beach, site 3, say
f 150), failure to obtain surface rigidity measurements should not te
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very limiting. For sites having nonrigid surfaces, such as Seal Beach,
site 3, it is generally not possible to obtain surface rigidity measure-
ments because of the difficulty of moving the equipment to the area,
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PART IV: GSIGNATURE SIMULATION RESULTS
Introduction

85. As noted in the discussion of the compression-wave veloci-
ties of the selected sites (paragraph 33), the top- and second-layer
compression-wave velocities covered a broad range of conditlons but did
not span the range of those occurring in the terrain data (Appendix D).
Therefore, a theoretical approach was taken to expand the data base of
seismic signatures by using WES seismic simulation models to generate
synthetic signature data. In addition to extending the data base to
seismic conditions not represented in the experimental data base, the
theoretical approach provided a means for evaluating the sensitivity of
the seismic response to the terrain properties, particularly the shear-
wave velocities of the media and layer depths.

86. In the previous part, the seisﬁic signatures were shown to
have a dichotomous nature dependent on the taréet-to-sensor distance.
For target-to-sensor distances within some prescribed distance on the
order of 2 m (depending on site), the personnel signatures were domi-
nated by low frequencies (less than 5 Hz, paragraph55). Such signatures
were referred to as near-distance signatures. For target-to-sensor dis-
tances exceeding the prescribed distance, the predominant frequencies
were much greater (from 12 to 80 Hz, depending on site, paragraph 64).
These signatures were referred to as intermediate distance signatures.
The low frequency components of the near-distance signatures do not
propagate outward and are the result of the deflection of the elastic
surface by the weight of the target. On the other hand, the
intermediate-distance signatures propagate outward with moderate loss in
amplitude and shifts in frequency (generally to lower frequencies) that
are generally detectable tens and even hundreds of metres from target
(depending on whether the target is personnel or vehicle). The theoret-
ical approach used in this study emphasized the wave propagation nature3
and as such is applicable to intermediate distance signatures. A
follow-on study of the Miles cable response will include a theoretical
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analysis of the near-distance phenomenon.

87. This part describes model validation, the synthetic data
base, and a discussion of the range in variation found in the signatures.
For the model validation section, signature characteristics of predicted
and measured signatures were compared for the five sites selected for
analysis in the data analysis part. For the synthetic data base sec-
tion, a matrix of terrain conditions approaching the range of those
occurring in the assembled terrain data was defined and predicted signa-
tures were generated for these matrix elements. The data base consist-
ing of the synthetic and measured signature data was then analyzed to
describe the range in variaticn in signature characteristics that would
likely occur in worldwide terrain conditions.

Model validation
88. Models simulating the generation and propagation of seismic

signatures have been shown to provide reasonable predictions for the
frequency and amplitude characteristics of seismic signatures of mili-

tary targets.2’13’lu

However, the accuracy requirements for such simu-
lations depend on the application. Previous uses of the simulated sig-
natures have emphasized target-to-sensor distanccs on the order of TS m
or more, and as such, have exploited signatures havi:g distinetly dif-
ferent frequency distributions from those of the closer distances of
primary interest to BISS, 25 m.or less (peragraph 3). For distances of
25 m or less, significantiy higher frequency components occur in the
signatures than for those of further distances. The higher frequencies
are attenuated more strongly with distance by viscous damping than are
the lower frequencies (Appendix B). Before applying the simulation
models to the closer target-to-sensor distances (i.e. on the order of
25 m or less), it was felt that additional model validation work was
needed.

89. As for the data analysis part, emphasis was placed on the
personnel signatures, particularly man-walking signatures. Predictions
of man-walking signatures were made for target-to-sensor distances of
6 m. The terrain da.a used for these predictions were those measured
at the sites: plate-load and seismic velocity data (Tables 5 and 6,
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] respectively). Because of the sensitivity of signature charecteristics
to shear-wave velocities and layer depths, the layer depths were chosen
to be those associated with shear-wave velocity change. The compression~ i

wave velocity for each layer was selected to be the measured value that

; predominated through most of that layer. Under these guidelines, the
following shear- and compression-wave velocities and layer depths were
' used for predictions of signatures:

Layer Layer Velocity, m[aec

i
| Installation Site No. Depth, m Shear Compression

Barksdale AFB 1A 1 0.0~4.0 120 353 |
2 h.o+ 170 1700 é
% Fort Hood SA 1 0.0-1.8 203 780 {
; 2 1.8+ 381 1950 :
8A 1 0.0-2.1 253 1k10 !
2 2.1+ 4a7 2825 ;
9 1 0.0-3.8 122 300
2 3.8+ 203 1675 |
Seal Beach Naval 3 1 0.0-3.0 75 kot i
Weapons Station 2 3.0+ 125 965 :

90, The adequacy of prediction models to calculate reasonable

At e a it

signatures was studied by comparing the frequency and amplitude charac- i
teristics of the measured and predicted man-walking signatures. The :
frequéncy domain characteristics of the measured and predicted signa-
tures were compared by identifying the 20 Hz region for which the aver-
age amplitude of the signature (measured or predicted) was the largest
relative to the remaining frequencies. A 20 Hz region waé selected be-
cause the energy in the frequency domain of most personnel signatures

; is concentrated within a bandwidth on the order of 20 Hz or greater as

; may be seen in Figures 10 to 14. The central value of the 20-Hz band-

| width is identified as the center frequency (CF). The average amplitude

e A it e s e

for the 20 Hz region represented by the CF, referred to as the AACF, is

P

also used to characterize the frequency domains of the signatures.

91. Th~ model validation task was accomplished with some feedback
from the data analysis part. The purpose of the feedback of information
from the deta analysis part was to allow improvements in the signature
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prediction models where an apparent need was observed. Initial results
of comparisons of the amplitudes of the measured and predicted signa-
tures indicated that the predicted signatures were generally larger in
amplitude than the measured signatures. The initial comparisons of the
predominant frequencies of the measured and predicted signatures were
favorable. In order to obtain better correlation, the amplitudes of
the predicted signatures were reduced by a factor of 0.3 through modifi-
cation of the forcing function (Appendix B). Although such a factor

may seem large, the amplitudes of signatures of individual footstep
impulses may vary at a site over a factor of ten between the largest and
smallest amplitude signatures (Figure 8). A conservative approach for
predicting signature amplitudes is consistent with BISS requirements for
personnel detection for low signal levels.

92. The CFs for the measured and predicted man-walking signatures
are compared in Figure 17. As may be seen in the figure, the agreement
is good for the lower frequencies (S-3, B-1A, H-9) and fairly good at
the higher frequencies sites (H-S5A, H-8A). The predicted signature am-
plitudes after empirical adjustment of the amplitudes in the time domain
(parsgraph 91), are compared witl the range in variation of the measured
amplitudes in Figure 18. From Figure 18 one can see that the predicted
amplitude after empirical adjustment falls within the range in variation
of the measured amplitudes for each of the five sites.

Synthetic data base

93. As noted previously, under many terrain conditions the com-
pression- and shear-wave velocities and layer depths determine the re-
sulting signature characteristics for a given target in a given terrain
environment. However, the relationship between the compression- and
shear-wave properties of a terrain and the signature characteristics is
complex. In order to relate particular terrain properties to signature
characteristics, a number of terrain conditions were defined in terms of
the seismic properties: compression- and shear-wave velocities and
layer thicknesses, bulk density and surface rigidity. Each terrain con-
diticun is rcferred to as a terrain matrix element. The group of these

elements ccnstitute she terrair matrix. Examination of the top- and
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second-layer compression wave velocities for measured terrain data as

presented in Figure 3 and in Appendix D shows that top-layer compressicn
wave velocities vary from 92 m/sec to 3600 m/sec (paragraph 23). There-
fore, elements of the terrain matrix were selected so as to extend over
such a range of velocities. A second problem, however, was that of f
determining the number of layers to be included in the matrix and the

size of the changes in the compression- and shear-wave velocities and

layer thicknesses between adjacent terrain matrix elements. In order to
reasonably limit the number of terrain matrix elements, only single- and 1
two-layer terrain conditions were represented.

94, The terrain matrix is presented in Table 8. The compression-

wave vcelocities for the top layer vary from 150 m/sec to 2300 m/sec.

Rt e on ek

This range spans the major portion of the conditions represented in the
assembled terrain data in Appendix D. The second-layer ccmpression wave
velocites are also spanned by the terrain matrix. They range from 300

m/sec to 5000 m/sec. The signature characteristics for the perscnnel

travel modes are not strongly correlated to the surface spring constants
(paragraph 73). To reduce the complexity of the matrix of generated
: signatures, only two surface spring constant conditions were represented
\ in the matrix of predictiontg. For top-layer shear wave velocities of

75 m/sec, the surface spring constant was selected to be 1 x 10—6 n/m2 é
and Zmax was 0.1 m. For the remaining matrix elements, the surface

8 2 "
n/m” and 2 ex W8S 0.005 m.

spring constant was selected to be 1 X 10°
95. Intermediate-~distance signatures were predicted for the verti-

cal and radial components of the ground mction for the personnel travel

modes of creeping, walking, and running for each of the 144 matrix ele-

ments. The signatures »f man-creeping were predicted for a target-to-

Ak s okl e aad i A e

: gensor distance of 2 m whereas those of man-crawling, walkings, and
running were predicted for target-to-sensor distances oi' 5 m and 15 1.
Man-creeping signatures were not predicted at the 5- and 15~-m distances
becarce the signature amplitudes would have been too small to reasonably

: expect detection. In addition, signatures of an M35 vehicle for a

1 target-to-sensor distance of 75 m were generated for the elements in the

terrein matrix as a guide to background noise signature characteristics §
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in various seismic environments. A description of the data tapes, iden-
tification lines for the data, data format, nnd the time and frequency

domain information are given in Appendix G.
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Variations in Signature Characteristics

o s AR

96. The purpose of this part is to use the measured and synthetic
data to provide information concerning the range in signatures charec-
teristics that can be expected to occur in a wide range of environmentis.
In the model validation section fwo parameters are defined for charac-

. terizing the frequency domains of the signatures: center {requency and

average amplitude at the center frequency. Thesec parameters are uzed

here to describe the range in veriation in signature characteristics. i
For the 6 m distance, man-walking signature data, the bandwidth selected
for computation of the CF (paragraph 90) was 20 Hz because the energy *n

frequency domain of such signatures was concentrated within a bandwidth
of 20 Hz or greater. For tne M35 at 75 m, the higher frequencies in the

signatures are aticnuated by the longer propagation distance (75 m ver-

sus 6 m) with the result that the esergy in the frequency domain is con-

e ST e NS b

centrated within a bandwidth narrower ‘hun for that of the man-walking

et S0

signatures. Therefore, a 10 Hz average was used f¢r the computation of
the CF for the M35 signatures.
97. To study the range in variation in signature characteristics

that can reasonably be expected tc occur worldwide, man-walking and

A TR L P
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background noise signatures were selected. Man-walking signatures were
selected, rather than signatures for the other personnel itravel modes,

in order to limit the number of signatures for which the analysis was

Sl G ALt

made and to be consistent with the emphasis on such signatures in the

previous part. Table 9 shows, for each matri:: elemert (Table 8), the

i

calculated CF and AACF for man walking and a background noisc signature
(M35 truck moving at 32 km/hr). Predictions vere made for target~to-

sensor distances of 5 and 15 m for the man-walking target and 75 m for

e DI I T CTUNTES P

the background noise source.
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A 98. The predicted seismic signatures from the background noise
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source (M35) tend to be lower in frequency thar those for man walking
because the background noise source 1s more distant than the man-walking
target. In general, this would be true for most background noise
sources because the seismic signature is attenuated with propagation
distance more severely at the higher frequencies than the lower fre-
quencies due to viscous damping (Appendix B). An exception to this "low
frequency" characteristic of background noise is that due to
acoustically-coupled seismic energy (such as from aircraft, engine
firing of vehicles, etc). Measurable amounts of acoustically-coupled
seismic energy appears tc couple to the surface very near the sensor so
that hiéh frequencies (above 50 Hz) may be present in the signature.
However, as will be shown from analysis of the predicted signatures data,
much of the background noise in an area (due to vehicle traffic) con-
tains frequencies below 30 Hz.

99. To illus%rate the range in variation of the CFs and AACFs,
thesz values are plotted in Figure 19 for each of the 144 matrix ele-
ments for man-walking signatures for the S5-m target-to-sensor distance.

8 to 1073
The CFs vary from 10 Hz to 180 Hz. Since the matrix elements were de-

The AACFs very over five orders of magnitude (from 10~ cm/sec).
rived using tl'e terrain data in Appendix D, the ranges of variation in
Figure 19 are representative of those that can occur in most terrain
environments for target-to-sensor distances of 5 m.

100. As stated earlier, examination of the Cfs in Table @ for the
man-walking and selected hixYground poise signatures shows that the CFs
of the signatures of the gampie backgrouad source (propagating a dis-
tance of 75 m; tead to,hé lower tian those of the man-~walking for the
5- and 15-m ceses. Carefu} study of Tables 5 and 9 also shows that the
shift in the predominant freguencies of the signatures are due primarily
to the layering of the media having distincetly different shear-wave
velocities. For example, the CF of th2 predominant frequencies for the
man-walking signature with a target-to-sensor distance of 5 m for matrix
element 17 (having a 0.25 m top layer) is 127 Hz., For matrix element
18 (having a 1.5 m top layer) the frequency drops to 25 Hz for ke 5 m
distance. The righ frequencies atitenuaie very rapidly with ranga,
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however, so that at a range of 15 m the CF for matrix element 17 is 13
Hz and 25 Hz for matrix element 18. Physically, the large frequency
dependence on layering of media having large differences in their re-
spective shear-wave velocities.can'be attributed to the fact that the
particle motion for a Rayleigh;ane with a prescribed frequency is con-
strained tc be within approximately a wave length of the surface. Al-
though the top layer of a soil may be "soft" and therefore suggestive
of good cuupling of enelgy to the media, only those waves that can

travel in the top layer can be efficiently coupled into it. Such waves |

must have a wavelength on the order of the top layer depth or less (i.e. k
t since small wavelengths imply high frequencies, only frequencies above

a prescribed frequency cutoff can travel efficiently in the top iayer).

Waves having wavelengths longer than the top-layer depth do nov couple
efficiently to the media because their existence reguires that the more
rigid second layer be vibrationally excited. Such waves have low fre-
E quzncies relative to the efficiently coupled waves traveling in the top

layer. As a result of these factors, the signature characteristics that

ezl ma e e A atan i Sk e &

are coupled to the media for an irtruder traveling over a material
having a shallow top layer will tend to have considerably higher fre-
quencies than the signature characteristica for an intruder traveling
over ¢ decper top layer. Fcr example, the higher values of the C¥s at
Fort Hood, sites 5a and 8a (Figure 17) are the result cf the shear

wave layeriug pheanomena having large discontinuitiles in the shear-wave

T B I e S0 ekt st b e

+alocities ralther than the fact that the top~layer shear wave velocities
are higher at these sites than the other sites for which signature data
: wir'e analyzed.
; i01. Near-distance signatures for man-creeping were discussed ia

D o

' parsgraphs 60 tkrougzh $2. Two componente of particle velocity were i

examined, verticel and radial. One of the most lavorablr aspects of the
near-distance signatures is the ract that, for distances of 0.5 m or

less, the low frenuency componeni. of the signsture (15 Hz or less) dom-

(W AN T TR R

inates the freguency dnmain irrespective f site cendition (among those
sigratures anslyzed). Tie target-to-sensor distance dependence of this

low frequency component confinns its use for detection to target to
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target-to-sensor distances of several metres or less, depending on site
conditions. A favorable aspect of the measured near-distance signatures
is that the variation in amplitude for both the vertical and radial com-
ponents (unfilterd) is less than an order of magnitude from site to site
for the 0.5 m target-to-sensor distance signatures (see Figure T). This
range in amplitude variation contrasts with the similar measured range
in variation of several orders of magnitude at the same sites for the
intermediaste-distance intruder signatures (Figure 8). The decreased
range in variation for the near-distance signatures, which are dominated
by the low frequencies, makes sense from a theoretical point of view.

. ¢ ‘snlacements at each site for quasi-static conditions, such as
those occurring at the low frequencies typical of the near-distance
signatures, are proportional to the shear moduli of the respective media.
The shear moduli are proportional, in turn, to the square of the respec-
tive shear wave velocites. For the five sites for which the signatures
were analyzed, the shear wave velocities (Table 4) near the surface
varied from 75 m/sec to 253 m/sec. The square of the ratios of the
meximum and minimum shear-wave velocities (3.37) is 11.35, or, approxi-

mately an order of magnitude.
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PART V: DISTRIBUTION OF TERRAINS .

Introduction

102. The previous part illustrates that there can exist a large
range of variation in signatures from intruders of interest to BISS.
The result of this variation is that the signature characteristic for
two different intruder classes e.g. personnel and wheeled vehicles, will

probably assume similar values in particular sets of terrain environ-

ments. This makes the design of logics that can consistently discrimi-
nate them more difficult. The design problem, however, would be con-

siderably diminished if the design was based on a limited number of ter-

rains. For this reason, it is of interest to det..mine how often ter-
rains associated with signatures having particular characteristics occur.
Although it appears impractical to define with certainty the frequency
| of occurrence of terrains that exhibit similar seismic responses, a
i crude estimate can be made using the data summarized in Appendix D as
if it were proportional to conditions found worldwide.
103 The objectives of the analysis of the distribution of ter- 1
rains were to estimate the frequency of occurrence: (a) terrains having
defined ranges in their measured properties as such properties are re- H
lated to those of the terrain matrix elements (Tabie 8) and (b) terrains ;
for which the seismic response to intruder and background noise sources Q
were simlilar. This part contains discussions of the assumed population

for estimating the distribution of terrains, the distribution of ter-

et e A e a e A5 3,

rains based on their measured properties, and the distribution of ter-
rains based on their predicted seismic response to intruder and back-

ground noise sources.

Assumed Population

104. Appendix D contains compression and shear wave velocity and
the corresponding layer depth data for 568 individual sampling points

(seismic refraction or vibratory lines) from diverse locations in the
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United States, mid-Pacific, the Panama Canal Zone, and West Germany. Of
these, 418 could be collapsed to one and two layrer cases that could be
directly associated with similar conditions in the terrain matrix (Tab-
le 8). Thesq were used to estimate the proportion of the environments -
represented by each terrain matrix element. There were 150 data sam-
pling points that could not be collapsed to one or two layer cases or
were two layer cases with a faster top-layer velocity medium over a
slower second-layer velocity medium that could not be suitably associ-
ated with the terrain matrix. It would have been desirable to include
these data in the analysis; however, the effort would have been consider-
able and it is doubtful =r. i tueir inclusion would have significantly
improved the overall e.iimute  Therefore, in the interest of expediency,
the 150 sampling ;- ints wec:e omitted from this analysis. In many in-
stances sevcral refraction or vibratory lines in Appendix D have been
taken in the same area, displaced only several hundred metres from one
another. To avoid the obvious biasing that could occur if each of the
lines were treated as an independent sample, a subset of the entire set,
referred to as the reduced set, was selected based on a requirement that
no more than three refraction or vibration lines could be selected from
the same geographical area (such as Fort Carson, Colorado). In the
event that three lines were selected from the same geographical area,
the three were selected on the basis that the extremes in the top-layer
shear wave velocities were represented as well as a refraction line
that, insofar as possible, represented a top-layer shear wave condition
near “he average of tbe two extreme top-layer shear wave velocities.

The reduced set, obtained in this manner, contained data from 151

sampling points.

Distribution of Terrain Properties

105. The estimate of the frequency of occurrence of terrains
having defined ranges of measured properties was based on the reduced
and entire data sets (paragraph 103) in Appendix D. To obtain thz de-
sired element, the terrain data (Appendix D) were assigned to similar

terrain matrix elements in the following manner:
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a. Assignments were made on the basis of the shear wave
velocity and the associated layer thickness. For one
and two layer cases, the terrain conditions were as-
signed to the closest element in the terrain matrix
(i.e. if a terrain condition had a top layer shear wave
velocity of 140 m/sec, a layer depth of 3.5 m, and a sec-
ond layer shear wave velocity of 230 m/sec, it would be
assigned to terrain matrix element 37, Table 8, having
a top-layer shear wave velocity of 135 m/sec, a layer
depth of 4 m, and a second layer velocity of 200 m/sec).

b. Three layer cases were collapsed to two layer cases if
the second layer extended below T m or if the first or
third layer velocities were sufficiently close to the -
second layer velocity such that two layers could be
combined. For the latter consideration, the criterion
was that the first (or third layer) was combined with
the second layer if the velocity of the first (or third)
layer was assigned to the same velocity represented in
the terrain matrix as was the second layer. The T-m
layer depth was selected based on the sensitivity of the
pronagating signatures to layer thicknesses. That is,
comparisons of predicted signatures for one, two, and
three layer cases indicate that they are not very sensi-
tive to changes in layer thicknesses exceeding 4 m,
particularly for top-layer shear wave velocities below
400 m/sec (however, they are very sensitive to shallow
layers less than two metres or so). For cases where
the third layer exceeds T m, one of the upper layers
must be 3.5 m thick or thicker, and as such will tend
to dominate the signature characteristics.

The percent occurrence was obtained by dividing the number of assign-
ments to each terrain matrix element by the number of samples in the
reduced and entire data sets (151 and 418, respectively).

106. The percent occurrence for the terrain matrix elements for
the reduced and entire data sets are presented in the last two columns
of Taeble 9. Because of the manner in which the reduced and entire data
sets were assigned to the terrain matrix elements, the ranges in seis-
mic velocities represented by each percent occurrence are defined by
the midway point between the seismic velocitlies and layer depths of ma-
trix elements having adjacent values for these quantities. For example,
the percent of occurrence for matrix element number 1 represents the
tnp-layer comrression wave velocity range from O to 245 m/sec (i.e, 245

m/sec is midway betweeh the compression wave velocity for matrix element
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number 1,150 m/sec, and that of the matrix elements having adjacent
values for the top-layer compression wave velocities, 340 m/sec).

107. The percent occurrences can be used to estimate the fre-

i
!
i
%
!

quency of occurrence of terrain environments having defined ranges of
compression or shear wave velocity by summing the percent occurrence for
all of the terrain matrix elements within the defined ranges of com- ' ]
pression or shear wave velocity or layer thickness. For example, the
frequency of occurrence of terrains for which the top-layer compression
wave velocity is less than 245 m/sec (i.e. midway between adjacent com-

pression wave velocities represented in the terrain matrix-150 and 340

m/cec) can be obtained by summing the percent occurrence for matrix ele-
ments 1 through 32 (see Table 8). The resulting sum is 11.22 percent.

108. Such estimates of the frequency of occurrence of ranges of

seismic velocities and layer depths can be used as a basis for such
things as selection of test arcas, optimization of deployment procedures,
or evaluation of sensor performance. For example, practical considera- ‘
tions constrain the number and representation of test areas that can be é
applied to sensor evaluation. However, a strong consideration for sen- ;
sor evaluation should be that the selected test areas be representative 3
of ranges of commonly occurring shear and compression wave velocities. 1
Deployment considerations, such as depth of burial of line sensors, can :
be optimized so as to be applicable to the broadest sets of terrain 1
conditions. . i
109. Several assumptions have been made in the process of obtain- i
ing the estimates of the distribution of terrain preperties. OJf these, %
the assumptions related to the shear wave velocities are the most sig- :
nificant because of the sensitivity of the s=ismic response to this
[ parameter. The discussion In the previous paragraphs describing the
é estimates of the distribution of signature characteristics should be
interpreted witain the following assumptions and limitations:

a. In instances where shear wave velocities were not meas-~
ured, the shear wave velocity has been defined to be a
fixed ratio of the compression wave velocity, 0.4 for
soils and 0.55 for rock.
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b. Very little frozen ground data is represented in the
terrain data in Appendix D, even through the frozen
ground condition represents a significant portion of
seismic conditions in worldwide environments.

¢. Compression wave velocitlies are sensitive to water
tables whereas the shear wave velocities are not. Most
of the shear wave velocities in Appendix D are estimated
based on compression wave data.

Distribution of Seismic Response

110. The approach for estimating the frequency of occurrence of
terrains having a defined seismic response consisted first of identify-
ing groups of terrain matrix elements for which the associated signa-~
tures had CFs and AACFs in specified ranges. For personnel, the 5 m
distance, man-walking signatures were selected. The groups were de-
fined by ranges in the GF having 20 Hz intervals (0-20 Hz, 20-40 Hz,...)
and order of magnitude changes in the AACF (10—8-10—7 cm/sec, 10-7-10"6
cm/sec,...). The terrain matrix elemerts in each group can be obtained
from Table 8. For example, the terrain matrix elements in the respec-
tive CF and AACF intervals of 0-20 Hz and 10'1‘-10‘3 cm/sec are 1, 2, 3,
4, 7, 8, 11, 12, 15, 16, 19, 20, 23, 2k, 27, 28, 31, and 32. The fre-
quency of occurrence for the group is then estimated by summing the per-
cent occurrences for each terrair matrix element in the group. In the
example, the sum for the appropriate matrix elements is 3.30 percent for
the reduced data set. The groups and frequency of occurrence are pre-
sented in Figure 20 for the 5 m distance, man-walking signatures.

111. In an analogous manner, the groups and frequency of occur-
rence can be derived for the background noise signatures (M35 at 75 m).
However, as stated in paragraph 96, the groups were defined to have a
10 Hz bandwidth rather than 20 Hz in order to be consistent with the
10 Hz averaging window used for determination of the CF for the back-
ground noise source. The results are presented in Figure 21.

112. The range in variation in the signature characteristics for
5 m distance, man-walking signatures (Figure 19) is considerable. Fig-
ure 20 shows that the CFs for most of the terrain conditions are less
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than 40 Hz (79 percent of the reduced set of the terrain data have asso-
ciated signatures for which ihm CFs are less than 40 Hz). Although the
AACFs are concentrated in th? anplitude region 10-5-10'h cr/sec and CF
values less thar U0 Hz (53.2 percent of the reduced set of terrains
have been assigned to tpis region), the AACFs are quite widely distrib-
uted from 10~ cm/sec gb $5{3 cm/sec. For testing of point end line
sensors, particularly chose{employing signal processors utilizing fre-
quency information as high as 40 Hz, it would be desirable to select
four test areas that, at a minimum, spamned the range from the group
defined by (0-20 Hz, 107 1-10~° cm/sec) to 20-40 Hz, 10™-10"3 cm/sec).
For example, examination of Table 9 shows that four such terrain condi-
tions, and their associated group (defined within the parentheses)
would be matrix element 96 (0-20 Hz, 10‘7-10-6 cm/sec, matrix element
63 (0-20 Hz, 10-6-10-5 cm/sec), matrix element 18 (20-L0 Hz, 10"1‘-10"3
cm/sec). The shear and compressional wave velocities for these matrix
elements can be obtained from Table 8.

113. The predominant frequencies for the background noise source
(M35 at 75 m) tend to be lower than those of the personnel signatures as
may be seen by comparing the frequency of occurrence for equivalent fre-
quency ranges in Figures 20 and 21. Therefore, the higher frequencies
associated with the personnel signatures at the closer distances can be
exploited for detection, provided adaptive digital filtering or an
alternate technique is applied to reduce the backgrcund noise from dis-

tant sources, particularly acoustic sources.
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PART VI: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

114. A data base consisting of meamsured and synthetic signature
data spanning a wide range of terrains, target types, travel modes, and
background noise sources has been collected, or generated, and provided
to the RISS-PO (paragraphs 4l and 95).

115, The measured and synthetic signature data have bYeen analyzed
to provide guidance to users, Most notable conclusions are:

a. The frequency characteristics of signatures of intruders
are strong functions of target-to-sensor distances, par-
ticularly for distances between 0.5.and 2 m (paragraph 55).

b. The low-frequency characteristics of the near-distance
signatures are stable features over the range of terrains
represented by the measured data collection (paragraph 62).
However, the target-to-sensor distance for which the low
frequencies predominate becomes smaller as the compression-
and shear-wave velocities of the medium increase.

¢. For personnel signatures, the predominant frequencies of
intermediate-dicstance signatures depend on site properties
(paragraph 64) but are quite independent of the personnel
travel modes {paragraph 66).

d. The large dependence of the frequency and amplitude on
terrain conditions suggests that only the simplest pat-
tern recognition algorithms can be effectively used for
detection and oackground noise suppression unless the
signal processors are made adaptive to the local terrain
conditions (paragraph 65). When such algorithms are
adaptive to the terrain, it may still be desirable to
employ adaptive digital filtering to reduce background
noise prior to implementation of the pattern recognition
algorithms (paragraph 57).

e. The estimated frequency of occurrence of terrains having
defined ranges in signature characteristics shows that
the predominant frequencies of close distance (5 m),
personnel signatures tend to have predominant frequencies
of 40 Hz or less (79 percent of the terrains) but ampli-
tudes varying over four orders of magnitude.

f. The range in variation in amplitude for the same terrain
for near-distance man-creeping signatures is less than
for that of intermediate-distance signatures (paragraph
101).
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Recommendations

a result of this study, the following reconmendations are

Test sites for evaluating sensor performance be selected
on the basis of the frequency of occurrence of terrains
having defined ranges in shear- and compression-wave
velocities and in seismic response (paragraph 113).

Site documentation at test sites and areas having poor
sensor performance be done in accordance with the proce-
dures recommended in parugraphs TT through 84.

The application of adaptive digital filtering using
parallel-deployed line sensors be investigated for the
purpose of reducing background noise (paragraph 57).
Such an invegtigation should include evaluations of both

the economics of deploying parallel line sensors and the
performance of the devices.
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Table 3
Cultural and Natural EBackground Noise Sources

_ AT

Cultural Natural
1. Urben areas 1N.* Rain
2. Villages 2N. Sleet
3. Railroads 3N. Hail
4, Airports LN, 1Ice (glaciers, etc.)
S. Arisements areas (race tracks, etc.) SN. Wind
6. Waterways (canals, etc.) 6N. Intermittent streams
T. Interstate highwaysa TN. Streums and rivers
8. Principal highwvays 8N. Shorelines (coast and lakes)
9. Secondary roads 9%. Waterfalls
10. Dry wveather road or trail 10N. Thunder
11. Mines (underground and open pit) 11N. Volcanoes and earth tremors
12. Factories and mills 12N. Rock cracking
13. Generating stations 13N. Animal noise
14, Agricultural areas 14N, Storms (sand)
15. Construction operations L5N. 7Porests or woodlands
16. Above ground transmission lines 16N. Brush and grasslands

17. Transmission towers (microwave)
18. Pipelines

19. Lock or dam

20.  Cempsite (recreation)

21. Wells (oil and gas)

22, Wells (water)

23. Windmills and water mills

24, Drawbridges and tunnels

25. Impact areas and firing ranges
26. Cantonments or vraining areas
27. Schools and institutions

28, Logging activiiies

29. Pumping stationy

30, Isolated house or building

31. Tndustrial end test areas

32, Trainvays and aericl cableways

Note: Revised from Table 25, Reference 20.
# N denotes natural on list.
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Table 5

Seismic Compression Wave Velocities for Data Collection Sites

! Compression Wave

} Site Layer Layer Velocity
;. Installation No. No., Depth, m m/sec
; Barksdale AFB, LA 1A 1 0.0-4,4 353
2 4.4+ 1700
5 1l 0.0-1,2 367
| 2 1.2+ 533
I 7 1l 0,0~-1.5 357
! 2 1.5+ 595
: Fort Hood, TX 5A 1 0.0-2,0 780
: 2 2.0+ 1950
8A 1 0.0-1.9 1410
2 1.9+ 2825
9 1 0.0-3,1 300
2 3.1+ 1675
: March AFR, CA 1 1 0,0-0.9 270
' 2 0.9 695
2 1 0,0-1.0 590
2 1.0+ 1030
U, S. Naval i 1 0.0-1.3 220
Weapons Station, 2 1.3+ 1400
Seal Beach, CA 2 1 0.0-3.5 300
2 3.5+ 1200 ;
3 1 0.0-1.1 165 :
2 1 Y 1"3 . 0 497
3 3.0+ 965 :
4 1 0.0-0.4 200 :
2 0.4-2.5 265 :
3 2.5 600 §

M e M A A e . b



e g 4 e = o e ¢ armmy

‘SusmImswIm 23wfadoxdde Jo PIY 003 SBA TJOF ISTWOIQ UIYWS J0U IISA WIN]  ye
‘Jupilua-use 103 JyFlan puv y3dap Fujine Jo siiuq ay3 uo € 9318 yowag Td5 10) apws $39a £31pIFTL S0%1.msS jo sa3wmpasy
‘UOTINIS SuUOdESN TRABK UORSE WIS O G4V YOIWK W UIXW3 J0U IIIN §3893 t4OT 239Td Bupsn AJIPIETd IDVJINS Y3 JO SIUMBINSEIC PTIT »

68 91 o1 [ Y58 ¢ £€ 0ot
(414 89t 0os°t sLt s°zt 0°st
sot £ 65°1 81 €L 0°0 v
&€ 09 9o 9T 1 $Le 0°0t
314 9y (1798 ¢ (12 ¢ §°Tz 0°st
18 [ 39 "1 "1 €L c'o or°n oou X't €
82 €z 8’1 18°1 [ 4% 0°0t
02 e 91 [ 284 $°22 2°S1
1 61 [198 § 86°1 $°L 0°0 z
. T°81 oLy 10°Z STLE 0ot
oS¢ [ 48 ) 4 8L°1 1284 A 44 9§t V3 ‘yowsg Tvag
”% [ 3 44 L1 69°1 $°L 0°0 T BOYINIS suodeay [waRy
(2] <9 1208 16y $°Le 00t
[ L 94 10°T [28¢ 4 [ 9 44 oSt
[ 2 L 9.°1 1128 ¢ $°L 00 T
0sL "t 891 18°'1 $°te 0°ot
”t 9 98-t [ T3 [ %14 0§t VO ‘Ipisisary
oty [4s ] 191 6°1 €L 0°0 T ‘gdv yoawy
6t | M 44 91 081 [ 414 0°0€
b 114 [ £4 ”'1 9T $°TT 0°ST
"y T 1 69°1 $°L 0°0 ot10°0 no.— x 19°Y 6
.. [ y20% x>0y §°LE- o°of ,
e (1181 X304 b e ¢ [ 38 44 G°st
158 -9 yooy 0y L 0°0 o1t0°0 no,— X gg1 e
» T R e | yo0y [ 343 00t
. o R0y L e | L 9 44 0°¢t1
[144¢ L6 o1 91 €L 00 £900°0 uou = 9L°1 A4 X1 ‘pooy 3104
Lee £°02 851 [{ 384 s Le 0ot
e L A3 9°1 $6°1 4 £4 0°s1
1114 0°L1 (130 4 °1 €L 00 0600°0 nnu = I°C [
98¢ T ot [ 98 ¢ " g Le 0°0t
29¢ 1z £€€°1 [{ 2 $°2Z 0°st
Set 641 11284 wi $°L 0°0 ¥$00°0 \.3 xT9 <
ore €0z (398 ¢ 16°1 € L¢ 0°0t
124 9°61 8°1 ”’1 £ 0°st .
[+ 24 (28 }1 1$°1 o1 St oc¢ £900°0 eeu x 10°1 n Y1 ‘24y a1epeyaey
—_— s __ — :
nuwuu ¥ 3usuo) Xg WA oy woly ?vnln ( -.Su Sy nis woyIRTTRISY] !
2adVO) Jamisyon mluNN umﬁunon w5 Tqidaq 2
IV ung Jeay s9283ing

$331S UOTIINTTO) wIW] JOJ SIUIEIINSVIN IOBJINS-IVIY pUe I08JINS JO
9 31qQe]




e - - - g o T -
R - 5 - - - T e—

T TV PR £ e D e e g o = e

T, e —— Fere 8

*y3dap w o1 Areqsunosdds
03 paJanseauw s'yidsp aafe] -ysed ATBA 0} 3S3JIB2U II9A SIUIWSINSBIH I0J PIIDILIS SITITOOTAA DIWSTIT

009 +5°2 €
S92 $°¢-%°0 4
ST +0°01-0°0 T 00z #°0-0°0 T k4
€96 +0°¢ €
174 ¢ +H'¢E 4 L6y C°E~-T°1 z
L4 0°¢€-0°0 T <91 1°1-0°0 1 £
000T  +56°€ £ ,
s +T°7 [4 L6¢ S6°€-06°0 4 i
174 2'7-0°0 T 007 06°0-0°0 1 rA
00%1 +#°'1 [4
£6 +0°01-0°0 I 0Tz €°1-0°0 1 T UoF3I®IS suodway TEABN yowog [wss
oSy +52°9 z 0£0T +H°T [4
087 $T°9-0°0 1 06§ 0°1-0°0 T z
097 +1°¢ 4 569 6°0 4
01z T1°€-0°0 1 0Lt 6°0-0°0 T T IV yoasy ;
€0z +8°¢ [4 SI9T +1°¢ [4
ot 8°¢-0°0 1 00t 1°¢-0°0 1 6 “
2y +1°Z z 287 +6°1 z !
(274 I°T-0°0 1 (11824 6°1-0°0 1 ve .
I8¢ +8°T 4 0S61 +0°T <
€02 8°1-0°0 T 08¢ 0°Z-0°0 T A4 POOH 31031 !
08?7 +9°y < £1.19 +5°1 4
£11¢ 9°9-0°0 T {s¢ $°1-0°0 1 L .
0st +8°¢ 4 {749 +17°'1 4
1141 8°¢t-0°0 T [413 19°1-0°0 T S
(174 4 +0°‘y 4 0oLt +7°Y 4
(1746 0°9~-0°0 T €ce 2°9-0°0 1 VT 9iv atepsyaeg
des/m ® ‘yadag ‘oN das/u u ‘yadaq ‘oN *ON - UOT36 838U
K3po0([ap FET 4 J3ke1 A3pd0TaA 14w 19w 23318
WY IRIYS JABN UOT8831dW0)

¥ S93FS PIIIITIS 107 wiwQ UOFINIUIMNIOQ 9IS Io€IANBQNS JO AIZmmng

L 91981

P it L e




Teble 8

Terrain Matrix

Characteristics of Top Laver/Foundation Material

Terrain Compression-Wave Shear-Wave Dz:::]i‘t:y First Layer
Matrix Velocity Velocity 3 Thickneas
Element m/sec m/sec __Rlem m
1 1507300 75/125 1.60/1.70 0.25 )
2 150/300 75/125 1.60/1.70 1.50
3 150/300 75/125 1.60/1.70 2.25
4 150/300 75/125 1.60/1.70 4.00 i
i 5 150/340 75/135 1.60/1.70 0.25 !
: 6 150/340 75/135 1.60/1.70 1.50
z 7 150/340 751135 1.60/1.70 2.25
; 8 150/340 75/135 1.60/1.70 4.00
: 9 150/500 75/200 1.60/1.80 0.25 <
? 10 150/500 75/200 1.60/1.80 1.50 ]
; 11 150/500 75/200 1.60/1.80 2.25 ;
1 12 150/500 75/200 1.60/1.80 4.00 g
| 13 150/680 75/275 1.60/2.00 0.25 %
14 150/680 75/275 1.60/2.00 1.50 ]
15 150/680 75/275 1.60/2.560 2.25 :
» 16 150/6 80 75/215 1.60/2.00 4.00 |
1
17 150/1450 75/400 1.60/2.05 0.25 ;
18 150/1450 75/400 1.60/2.05 1.50 ?
19 150/1450 75/400 1.60/2.05 2.25 ;
20 150/1450 751400 1.60/2.05 4.00 i
21 150/2000 75/550 1.60/1.80 0.25 ;
22 150/2000 75/550 1.60/1.80 1.50 ;
; 23 150/2000 75/550 1.60/1.80 2.25 5
. 23 150/2000 75/550 1.60/1.80 4.00 ;
i 25 150/2000 75/750 1.60/2,10 0.25
] 26 150/2000 75/750 1.60/2.10 1.50
27 150/2000 75/750 1.60/2.10 2.25 ‘
\ 28 150/2000 75/750 1.60/2.10 4.00 ]
29 150/5000 75/1500 1.60/2.50 0.25
30 150/5000 75/1500 1.60/2.50 1.50
(Continued)
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Table 8 (Continued)
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Terrain Compression-Wave Shear-Wave De:i:t First Layer

Matrix Velocity Velocity 3y Thickness

Element m/sec m/sec _E/cm m
31 150/5000 75/1500 1.60/2.50 2,25
32 150/5000 75/1500 1.60/2.50 4.00
33 340 135 1.70 10.00
34 340/500 135/200 1.70/1.80 0.25
35 340/500 135/200 1.70/1.80 1.50
36 340/500 135/200 1.70/1.80 2.25
37 340/500 135/200 1.70/1.80 4,00
38 340/680 135/275 1.70/2.00 0.25
39 340/680 135/275 1.70/2.00 1.50
40 340/680 135/275 1.70/2.00 2,25
41 340/680 135/275 1.70/2.00 4.00
42 340/1450 135/400 1.70/2.05 0.25
43 340/1450 1357400 1.70/2.05 1.50
44 340/1450 135/400 1.70/2.05 2.25
45 340/1450 135/400 1.70/2.05 4,00
46 340/2000 135/550 1.70/1.80 0.25
47 340/2000 135/550 1.70/1.80 1.50
48 340/2000 135/550 1.70/1.80 2,25
49 340/2000 135/550 1.70/1.80 4.00
50 340/2000 135/750 1.70/2.10 0.25
51 340/2000 135/750 1.70/2.10 1.50
52 340/2000 135/750 1.70/2.10 2.25
53 340/2000 135/750 1.70/2.10 4.00
54 340/2750 135/1100 1.70/2.30 0.25
55 340/2750 135/1100 1.70/2.30 1.50
56 340/2750 135/1100 1.70/2.30 2.25
57 340/2750 135/1100 1,70/2.30 4.00
58 500 200 1.80 10.00
59 500/680 200/27s 1.80/2.00 0.25
60 500/680 200/275 1.80/2.00 1.50
61 500/680 200/275 1.80/2.00 2,25
62 500/680 200/275 1.80/2.00 4.00
63 500/1450 200/400 1.80/2.05 0.25
64 500/1450 200/400 1.80/2.05 1.50

(Continued)
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Table 8 (Continued)

Terrain Compresaion-Wave Shear-Wave

Matrix Velocity Velocity

Element m/sec n/sec
65 500/1450 200/400
66 500/1450 200/400
67 500/2000 200/500
68 500/2000 200/500
69 500/2000 200/500
70 500/2000 20U/500
71 500/2000 200/750
72 500/2000 200/750
73 500/2000 200/750
74 500/2000 200/750
75 500/2750 200/1100
76 500/2750 200/1100
77 500/2750 200/1100
78 500/2750 200/1100
79 655 260
80 655/1450 260/400
81 655/1450 260/400
82 655/1450 260/400
83 655/1450 260/400
84 655/2000 260/550
85 655/2000 260/550
86 655/2000 260/550
87 655/2000 260/550
88 65572000 260/750
89 655/2000 260/750
90 655/2000 260/750
91 655/2000 260/750
2 655/2750 260/1100
93 655/2750 260/1100
94 655/2750 260/1100
95 655/2750 260/1100
96 655/4875 260/2500
97 655/4875 260/2500
98 655/4875 260/2500
99 655/4875 260/2500

(Cont inued)

Bulk
First Layer

Donci;y Thickness
cm m
1.80/2.05 2,25
1.80/2.05 4.00
1.80/1.80 0.25
1.80/1.80 1.50
1.80/1.80 2.25
1.80/1.80 4.00
1.80/2.10 0.25
1.80/1.80 1.50
1.80/1,80 2.25
1.80/1.80 4.00
IDMIZQM 0025
1.80/2.30 1.50
1.80/2.30 2.25
1.80/2.30 4.00
1.70 10.00
1.70/2.05 0.25
1.70/2.05 1.50
1.70/2.05 2.25
1.70/2.05 4.00
1.70/1.80 0.25
1.70/1.80 1.50
1.70/1.80 2.25
1.70/1.80 4.00
1.70/2.00 0.25
1.70/2.00 1.50
1.70/2.00 2.25
1.70/2.00 4.00
1.70/2.30 0.25
1.70/2.30 1.50
1.80/2.30 2.25
1.80/2.30 4.00
1.70/2.50 0.25
1.70/2.50 1.50
1.70/2.50 2.25
1.7¢/2.50 4.90

(Sheet 3 of 5)




e T T - T T T e s TR TG TR TR vy e e mmﬁmwj

(Continued) ]
Bulk i
Terrain Compression-Wave Shear-Wave Densit First Layer ‘
Matrix Velocity Velocity 3y Thickness i
Element m/sec u/sec _glem n '
100 655/5000 260/1500  1.70/2.50 0.25
101 655/5000 260/1500  1.70/2.50 1.50
102 655/5000 260/1500  1.70/2.50 2.25
103 655/5000 260/1500  1.70/2.50 4.00 ;
104 1435 400 1.90 10.00
105 1450/2000 400/550 1.90/1.80 0.25
106 1450/2000 400/550 1.90/1.80 1.50 5
107 1450/2000 400/550 1.90/1.80 2,25 ;
108 1450/2000 400/550 1.90/1.80 4.00 ;
109 1450/2000 400/750 1.90/2.10 0.25
110 1450/2000 400/750 1.90/2.10 1.50
m 1450/2000 400/750 1.90/2.10 2.25 |
112 1450/2000 400/750 1.90/2.10 4.00 !
113 1450/5000 400/1500  1.90/2.50 0.25 ;
| 114 1450/5000 400/1500  1.90/2.50 1.50 :
; 115 1450/5000 400/1500  1.90/2.50 2.25 ‘
116 1450/5000 400/1500  1.90/2.50 4.00 :
| 117 2000 550 1.80 10.00 !
118 2000/2750 550/1100  1.80/2.30 0.25 L
119 2000/2750 550/1100  1.80/2.30 1.50 -
120 2000/2750 550/1100  1.80/2.30 2.25
121 2000/2750 550/1100  1.80/2.30 4.00 _
122 2000/4875 550/2500  1.80/2.50 0.25 :
123 2000/4875 550/2500  1.80/2.50 1.50 g
124 2000/4875 550/2500  1.80/2.50 2,25
: 125 2000/4875 550/2500  1.80/2.50 4.00 ;
126 2000/5000 550/1500  1.80/2.50 0.25 ]
127 2000/5000 550/1500  1.80/2.50 1.50 §
128 2000/5000 550/1500  1.80/2.50 2,25 ;
129 2000/5000 550/1500  1.80/2.50 4.00 }
: 130 2000/2000 750/550  2.10/1.80 0.25 |
} 181 2000/2000 750/550 2.10/1.80 1.50
132 2000 72000 750/550 2.10/1.80 2.25
33 2000/2000 750/550 2.10/1.80 4.00
(Continued)
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Table 8 (Concluded)

Terrain
Matrix
Element

134

135
136
137
138

139
140
141
142

143
144

Compression-Wave Shear-Wave
Velocity Velocity
m/sec m/sec
2000 750
2000/5000 750/1500
2000/5000 750/1500
2000/5000 750/1500
2000/5000 750/1500
2400 900
3200 1200
2800/4875 1000/2500
2800/4875 1000/2500
2800/4875 1000/2500
2800/4875 1000/2500

Bulk
Density

‘l cm3
2.10

2.10/2.50
2.10/2.50
2.10/2.50
2.10/2.50

2.10

2.40
2.00/2.50
2.00/2.50

2.00/2.50
2.00/2,50

Pirat Layer
Thickness
m

10.00

0.25
1.50
2.25
4.00

10.00
10.00
0.25
1.50

2.25
4.00
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NO CRAWL TEST AT THIS SITE
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Figure 10. Frequency-domain characteristics of perxsonnel signatures

for Scal Beach, site 2 (target-to-sensor distance = 6 m)
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Frequency-domain characteristics
personnel signaturea for Barksdale AFB, site

(target to sensor distance = 6 m)
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Figure 12. Frequency-domain charactoristics of
sersonnel signatures for Fort Hood, site 9
(target-to~-2cnsor Jdis:ance » 6 u)

20 40 ) ) 200

e e, 1 Sl € st

kil i

ht 1 e 0 DAL

RS ST



e

c.80-
020

018

A

=T \/ " M
o

° [ 40 © a0 100 20 40 %0 100 200
3. MAN CRAWLING

il [kwk
008k . ;;

WA

b. MAN WALKING

MATICLE VELOCITY , 10~3 CM/SEC
L-4
°
T

[} 0

100 100

050

0.40

30

ox0

0.0

FREQUENCY, I
¢. MAN RUNNING

Figure i3. Frequency-domain characteristics of
personnel signatures for Fort Hood, site 5A
(target-to-sensor distance = € m)
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Figure 16. Average peak particle velocity of signatures of two
intruders walking, crawling, and running for the three Fort Hood
sites
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and the measured range of amplitudes for footeteps
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APPENDIX A: DESGRIPTION OF INSTRUMENTATION AND RECORDED DATA

1. This appendix presents a description of the recording instru-
mentation and the documentation of the recorded data. The deacription
of the instrumentation includes the data recording equipment, senc rs,
and associated frequency response, The description of the documentation

of the recorded deta presents an explanation of the fizld data logs,
Instrumentation

2, Figure Al presents a block diagram of the major components of
the WES analog‘data recording syastem. The WE5 uses a small battery-
powered (d-c) analog recording system. The battery powered system
eliminates noise that can be caused by the trailer-mounted generators
used to power a-c systems. The major components of the WES analog
recording system are given in the following subparagraphs:

a. Seismic signatures were sensed with Model L4-3D triaxial
geophones., The L4-3D geophone 1is encased in a waterproof
housing., It has a 1-Hz natural frequency and is dampad at
70 percent of critical, There are three geophones, each
aligned along one of the Cartesian axes.

b. Acoustic signatures were sensed with a type 4921 outdoor
microphone unit manufactured by Bruel and Kjaer Instruments.
The microphone is a condenser type and permits sound
meagurements to be conducted in hostile environmental
conditions. It uses a quartz-coated, 1.27 ca (1/2 in.)
condenser. The preamplifier is housed in an atmosphere of
silica gel to reduce moisture probiems. The amplifier
has a rotary switch with five 10 db gain steps and a
continuously variable 10 db potentiometer sc that a total
amplification of 60 db can be achieved. The frequency
response has a high-pass filter characteristic that is
essentially flat from 50 to 20000 Hz and is 4 db down at
20 Hz. The sensitivity 1s 0,001 volts per microbar., The i
unit has a rain cover and windscreen. The dynawic range i
is 46 db to 160 db relative to 0.0002 microbars.
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An FM magnetic tape recorder, Lockhead Model 417, which
records and reproduces seven channels of data at 1-7/8,
3-3/4, and 7-1/2 in./sec, giving frequency responses of DC
to 625 Hz, DC to 1250 Hz, and DC to 2500 Hz, respectively,

on 1/2-in. tape was used, Data were recorded at 1-7/8 in,/sec,

since the 625-Hz upper limit is adequate for this type of
data. Acoustic recordings of vehicle and background noise
data were recorded in the FM mode with the exception of
aircraft signatures. Aircraft pignatures were recorded
whenever possitle, in the direct recording mode so as to
allow reproduction of frequencies betwecn 100 and 6250 Hz.
The dynamic range of the tape recorder is 37 db for the FM
mode at a tape speed of 1-7/8 in./sec. The dyanamic range
for the direct mode at that speed is 35 db. The center
frequency for the FM signal is 3375 Hz,

A Model 887AB, Fluke Company, digital voltmeter having
self-contained batteries was used to monitor the calibration
voltages.

A Tektronix Model 422 portable oscilloscope wae used to
monitor th¢ transducer output, the amplifier output to
tape recorder, and the tape recorder output.

An electronic counter, Hewlett-Packard 5300, with its
assoclated power supply was used to align the tape reco:der.
WES-designed amplifiers using cascaded operational ampli-
fiers produce voltage gains of 0.1 to 1000 and are used to
amplify low-amplit:de signals.

An oscillograph, Century Model 444, was used to make a
permanent paper record in the field from the magnetic tape

recorder.
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Portions of the previously described equipment were housed in two racks,
shock~mounted in fiberglass operating cases made by Environmental Container
; Systems, which have front and back covers and, vhen in place, form a
shipping container. The other pieces of equipment also have fiberglass
transit cases, which protect the units with 2~in,-thick polyurethane,
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This equipment will operate Srom four lead-acid auvtomobile batteries for
20 hr before recharging of batteries 1s necessary. All this equipment
can be installed in a small van for field use and transportation. In
its present form, this equipment has been shipped by airfreight to
various locations throughout the world and has been used successfully in
tests conducted thereafter,

Recorded data

3. The main text presented a description of the typical data
collection scenario (test layout, Figure 1 and test plan, Table 1).
However, deviations from the typical scenario occurred becsruse:

a. Intruder type targets, ~uch as tracked vehicles, were not
always available or the test areas were not suitable for
vehicle runs because of security and environmental considerations.

b. The Miles cable was added to the sensor configuiration when
possible (Barksdale AFB, Site 1A and March AFB, Site 1)
with the result that one geophone sensor had to be removed
from the recording configuration in order that the total
number of the recorded signatures did not exceed six
channels (one channel was used as a time-event channel,
leaving six available channels on the seven track recorder),

¢, The walk path was altered after the firast data collection
effort (Barksdale AFB, Louisiana; Sites 1A, 5, and 7) to
conform with the description in Figure 1. The semicircular
path was added to aid in the analysis of the variation in
signature amplitudes for a given travel mode independent
of intruder-to-sensor distance,

4, Because of the deviations from the typical data collection
plan and test layout, the data logs should be consulted for specific
information concerning data collection at a site. Figure A2 presents an .
example of the field data logs. The header information presents the
area (Barksdale AFB), site number (Site 5), test type (man running),
date of test (15 June 1976), calibration number (4), tects for which
calibration number 4 is used (Tests 29-34), analog tape number (LEC-78),
and the instrumentation operators (Reynolds and Savage). The tape
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channels are identified in vhe firet column with the symbols FM and DIR
identifying tha variicular racording mode, frequency modulzed or diracek.
The evant marker in thias instance ig on chamnel 6., A d-c veliaga {approxi-
mately one volt) is placed on the tape chamne) whenever the target

pasees an eveut marker atake. The voice chanmel is placed on edgetrack.
The second ¢clumn, tranducer locacion, ldeutifies the sensors and their
identificetion numbes s wiien appropriate (1, 2, and 3 corresponds to Gl,

G2, ©ad C3 in Figure 1). Each site has a figure in the data logs

sirilar to Figure 1 in the main text that describes the sensor locations,
sensor identification numbers, and target paths. For the geophones, the
particular component uf ground motion being recorded (vertical, radial,

transverge) is identified in the transducer-location column, ‘

5. The next four columns, calibrate value, caslibrate step, gain,
and sensitivity are all related. The geophone channels will be discussed
first. An a-c voltage (20 Hz) is placed on the tape. The root-mean-square
(rms) of this voltage is approximately 1 volt. Sinca the output voltage
from the sensor is amplified by some factor (gain in column 5), the
applied a-c voltage corresponds to an equivalent voltage level out of

the sensor equal to the voltage applied to the tape divided by the gain.
The equivalent voltage level out of the sensor (that would result in ihe
a-c voltage applied to the tape for the given gain setting) is referred
to as the a-c calibrate step. The rms value of this voltage is given in
column 4. The a-c calibrate step corresponds to a velocity of the
ground motion (in cm/sec) that is obtained by dividing the sensitivity
(columm 6) into the a-c calibrate step. The value of the yms of the
a-c calibrate step is referred to as the calibrate value and is presented
in colum 4,
6. A mechanical calibration device is used to calibrate the
microphone channel. A 90 db acoustic sound pressure level (ralative to
0.0002 microbars of pressurs) generated by a vibrating diaphram is
recorded on the acoustic chsanal (channel 7). The gain setting on the ,
microphone lnplifiér during recording was 30 db as noted by the arrow in ¢

Figure A2, The specific amplifier and sen.or serial numbers for recording
are presented in columma 7 and 8,
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7. Durirg recording of test 29, the microphone gain setting was

raised by 10 db from 30 db to 40 db (circled in Figure A2) so that
acoustic signal levels lower than those of the mechanical calibration

eignal [90 db sound pressure level (SPL) relative to 0.0002 microbars]

could be recorded, This 10 db change in the gain level means theac a

voltage level of an acoustic signal equal to the voltage recorded on the

tape for calibration (i.e. the voltage recorded from the 90 db SPL) is

equivalent to 80 db SPL. That is, the gain was increased by 10 db so as

to record signal levels 10 db smaller than the 90 db SPL used during

calibration. Therefore, the value of the gain on the acoustic channel

during calibration and during the particular test of interest should be
obtained from the data logs so as to compute the SPL for the particular

i

test by subtracting the increase in gain (or adding the decrease in
gain) from the 90 db SPL used for calibration.
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Figure Al. Block diagram of major components of analog-
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DATA ACQUISITION LOG

LOCATION Site 5 TYPE TEST Man_Run DATE 15 June 76
CAL NO. & TEST NOS. 29-3h TAPE REEL NO. LEC-T8
Barksdsle AFB., LA OPERATOR Reynolds~Savage
Calibrate Calibrate AC Amplifier

Tape Transducer RMS Value Step/Volts Sensitivity Channel Transducer
¢han __Location _CM-SEC RMS Gain V/cM/SEC  _SER. NO. _S/N Type
1M l-vertical 0.057 0.13% 8 2.36 b Lh-30/126
2N l-radial 0.059 0,1405 8 2.26 3 Lh-30/126
3FM  l-transverse 0.056 0.1324 8 2.36 2 Lh-3D/126
UMM 2-vertical c.0L6 0.1086 10 ' 2,36 10 Lh=3D/1
SFM  3-vertical 0.058 0,137 8 2.36 6 L4-3D/127
6FM  Event mk.
TDIR Microphone 90d/v SPL 30d/b at CAL BAK/506181
8
9

Voice on Edge Track
1n
12
13
W

REMARKS: Radial axis pointed at road on all LL-30 geophones. B&K microphone is sitting on a
6 in. piece of foam rudbber that is 3 ft square. We arc using TD com stand which

places mike 3 ft above ground.

Test No. Time
CAL &4
29
30

Day Hr Min Sec
16 45
16 55
16 56
Figure A2.
)

JE NN SO

Footage V Remarks

1 min zero levels
1 min CAL signal (100 Hz)
1 nin zero levels

Billy Helmuth Runs from - 10 M to + 20 M;
event marks AL SM interval except - S5M.
BLK mike gain set at LO db

Helmuth Run + 20 m - 10 M
Event marks at each S M
BAK mike gain set at LO db

Field data logs
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APPEINDIX B: Ot YRVIEW OF THEC®ETICAL MODELS
JF SIGNATURE C:<NERATION AND PROPAGATION

1. The considarations in the genexr.tion and propagation of
microseisuic signaturas are shown in Figure Bl, The medium in which the
microseismic wavas propagate is assumed to be composed of layers of
homogenous, viscoelastic material. The source of the seismic energy is
s force or stress applied to the surface of the madium referred to as
the forcing function which causes a corresponding motion in the medium,

The source is not restricted to any one form as long as a stress signal
is available. In practical applications it can be a footstep, a vehicle

(wheeled or tracked), or background noise (e.g. wind-blown vegetation).
Once the energy is coupled into the medium, it propagates away from the

source in various mcdes. These modes can be interpreted as shear waves,

compression waves, or the multiple modes of Rayleigh waves. In moat

cases for intrusion detection devices, the shear, compression, and
higher-order Rayleigh wave modes are small with respect to amplitude in
. comparison with the fundamental Rayleigh wave and can be neglected.
However, when these ocher modes are not nexligible, their effect must be
added, in turn, for a wave prediction, As the wavee proragate away from

e ek . b o

the source, their amplitudes decrease as computed with the transmission !
coefficients. The decresse in amplitude is caused by geometric attenuation
(i.e. the energy is spread over an expanding area as the signal phase
fronts advance over greater distances) and viscous damping (i.e. losses

g
L
F

i
due to radiation and friction between soil particles), Effects of : %
topographic features can be estimated through cbmputation of macrogeometry ;
coefficients. Lossea from topographic features are due to energy refraction,
reflection, and wave conversion (e.g. a Rayleigh wave encountering a

discontinuity can become a source of new Rayleigh waves and body waves ]
with different transmission coefficients). At the desired range, the
vertical and radial components of particle motion (i.e. displacament,
velocity, and acceleration) can be pradicted. The prediction equation !

for particle motion as a functfon of range and time is shown below.

R | 1
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where

= particle motion

= gignal component

= particle motion number

= range

= time

frequency number

= circular tfiequency

= Fourier coefficients for source forcing function
= mode number

= gurface macrogeometry coefficients

= gource coupling coefficients

= transmission coefficients

W »m B U E B N T e >
[ ]

x

K = wave number

2, Compression wave velocity, shear wave velocity, mass density,

‘and layer thickness are used in the computation of the wave numbers and

source coupling coefficients for Rayleigh waves. The computations are
all made in the fraquency domain, and the signal prediction is converted
to the time domain via an inverse Fourier transform,

3. The source coupling coefficients and the transmigsion coeffi-
cients for a given range can be combined to form the site transfer func-
tion. Source coupling coefficients have low values at low frequencies
and high values at high frequencies. This frequency response is similar
to that of a high~pass electronic filter. The transmission coefficients
at any given range have high valuea at low frequencies snd low values at
high frequencies. This frequency response varies with range and is
similar to that of a low-pass electronic filter. Ths site transfer
function is the product of the source coupling coafficient and the
transmisgsion coefficient at each frequency. The site transfer function
usually has a peaked rusponse similar Lo that of a band-pass electronic
filter., The frequencies around which the peak is located are the predomi-

nanc frequencies of the site for sources having a broad band of frequencies

B2
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represented in the forcing function. However, the frequency domains of

the forcing function of most sources tends to decrease with increasing

frequency above 10 Hz. As a result the predominant frequencies of most

signatures at a site tend to be less than the dominant frequencies in

the frequency domain of the site transfer function. Predominant frequencies

vary with the target-to-sensor distance. Any source of input signals

% with a component at or near the predominant frequencies will be enhanced

| over other frequency components. The relationship between the forcing

function of a source, and the site transfer function and the resulting

frequency characteristics of the signature are illustrated in Figure 32.- !
4, Forcing functions for men-walking, -creeping, -crawling, ana

~runuing have been developed using a simplified model in which the mass
| of the man is transferred from one support (a foot, hand, or elbow) to

another at a rate descriptive of the particular travel mode (walking,

> running, crawling, or creeping). The computation of the forcing func-

tion is based on the dynamics resulting from the mass of the persorn

S SO

S

being transferred to a surface modeled as a spring damper system. The
equatior used to compute the forcing function is

©a et dtn pmiin

K y+tC y+¢(y)=F (1)

where

Me = effective mass of man and soil

y = vertical displacement
Ca = damping constant

¢(y) = spring force exerted by ground surface

F = applied force from man's weight

§ and y 1in equation (1) denote first and second derivatives with
regpect to time. It should be noted that Me is a function of time
and in turn is dependent on the rate of transfer of mass from one
support to another. This rate of transfer is referred to as the loading
rate.

5. The ground surface nearly always has two spring Zorces: that
of the spring force exerted on an increasing load under compression

4
i
!
B3 . i
1
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conditions, and that of the spring force that acts on a decreasing load
during rebound conditions. Normally the rebound spring constant (i.e.
shape of the force~deflection curve) is much higher than the ccmpression
spring constant (the compression spring constant is often referred to as
the coefficient of subgrade reaction ks » in the literature dealing
with pavement delign).16 The compression spring constant can have one
of several shapes: (a) it can be linear; (b) it can increase as the -
vertical deflection y increases (compaction or strain-hardened condition);
or (c) it can decrease as the vertical deflection y increasers (fluidization
or plastic condition), These cases ere illustrated in a highly generalized
form in Figure B3.

6. Simplified functions are fitted to the curves in Figure B3
such that:

a. For compaction conditions:

Yy
¢(y) = ___ES__E_
) p— A

ZZ
max

b. For plastic conditions:

K.Yy
1+ ——

zmax

where

= gpring constant for the linear approximation of the
sc force-deflection curve for compaction condition

Ks = gpring constant for the linear approximation of the force-
P deflection curve for the plastic conditionm,

Z = deflection at maximum bearing stremgth. For compaction
condition, zmax is the deflection asymptote for y wunder

high loads; for plastic conditionm, zmnx is the deflected

beyond which the material appears to collapse under a force
asymptote Fmax'

* Raised numbers refer to similarly numbered items in "References" at
end of main text.
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Vertical Deflecuion 1
1
Plastic i
; condition — j
| o !
: . Y
} ! ,_./ E %
‘ Linear :
| condition —-a =< Compaction {
condition !
|
1 'L ]
“ i
‘ i
Figure B3. Force-deflection characteristics for a
nonlinear spring @(y) ;
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APPENDIX C: SITE DOCUMENTATION PROCEDURES

Surface and near-surface
terrain factors

1. The geometry and rigidity of the surface over which the in-
truder travels control the amount of seismic energy generated and coupled
to the substrate. For this reason, the surface microgeometry surveys,
cone index readings, and plate-load tests are made along the personnel
paths and or vehicle trails. Major surface irregularities can modify
the propagating surface wave; therefore, the ground surface geometry
between the intruder and sensor must also be defined.

2, Surface geometry. Surface microgeometry profiles are measured
with a good-quality surveying level or theodolite. Rod readings accurate
to at least 1 cm are taken at all major breaks in the walk line or
roadway to define the long-wavelength irregularities. This is particularly
true for geophone-type sensors (as opposed to line sensors). When

vehicle signatures are involved, several samples (three or four samples

3 m long per 100 m of roadway) of surface profiles are obtained with rod
readings made every 25 cm. Finally, several samples (three or four
samples 50 cm long per 100 m of roadway) are obtained with rod readings

every 5 cm. The sample points are selected to characterize the kind and

dietribution of surface roughness in the roadway. The surveys at the

three levels of generslization (i.c. rod readings at major breaks in the
roadway and at 25 and 5 cm) are superimposed to reconstruct {statistically)
the surface roughness of the trail or roadway. In addition, photographs
of the ground surface are always obtained.

3. Soil strength. Of the several techniques available (e.g.
plate load tests, determination of California Bearing Ratio, messurement
of cone penetration resistance, etc,), the measurement of reference cone
penetration resistance as obtained with the standard soil trafficability
cone (Chapters 2 aud 9 of Reference 17) is the most convenient method
for describing soil strength for seismic signatures studies. The cone
penetrometer is an instrument used to obtain an index of in situ shear
strength of soil, It consiste of a 30-deg cone with a 0.5~ or 0.2-8q in.

base area mounted on one end of a shaft. The shaft has cizcumferential
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bands indicating depth of penetration., At the top of the shaft i3
mounted a dial indicator within a proving ring, which indicates the
force applied axlally to the penetromete:. The instrument is forced
vertically into the soil while records are made of the dial readiang for
various sinkage depths. TYor seismic signatures studiea, cone index are
measured to a depth of 30 cm with measurements at 0-, 15-, and 30-cm
depths. At least 15 cone penetration readings should be made (and
averaged) for each area where cone penetration resistance measurements
are desired.

4. The cone penetrometer has been modified by WES so that th2
cone can be inserted into the grcund mechanically. A low-speed reversi-
ble electric motor is mounted on a frame that is attached to the front
bumpter of a military truck. The motor is used to apply the axiai force
on the cone. The force is measured by s load cell, and the vertical
distance traveled is measured mechanically. Mechanical cone penetrometers
should ba used, if availsble. This instrument has three advantages over
the standard trafficability cone penetrometer:

8. A more constant force is applied to thes cone,

b. Higher cone index values can be obtained with the mechanical
cone penetrometer than with the standard trafficability
cone penetrometer,

¢. The wechanically driven penctrometer can supply an analog
signal on both cone index value and depth of penetration,
which can be recorded graphically as the test progresses.

5. If the walk line or rcadway is quite rigid, cone penetration
readings cannot be cbtained. A description of the walk line or road
surface is very important and in such instances, includes a description
of the type and couditicn of the surface, i.e. concrete, bituminous
pavement, brick, satone, crushed rock or coral, waterbound macadam,
gravel, naturcsl or stabilized soil, shell, cindaers, disintegrated granite,
ete,

6. Soil moisture and dansity. Where cone penetrometer readings
can te obtained, soil samples for the detorwination of soil moisture and
dengity are taken at each cone penetration point at the surface (0- to
S-cic layer) and at depthe of 15 and 30 cm,

c2

st h

e s D

e i

e e B i i A ot n s b

Lnn.—awnkm_._mﬁ RO PRI




t Subsurface factors

i 7. The subsurface factors between the target and geophones that
affect the propagating wave are wet density, shear and compression wave
velocities, and thicknesses of each layer. Two methods of obtaining the
seismic velocity will be discussed, refraction seismic survey and the :
vibratory techniques. Standard refraction seismic surveys are conducted
(at selected sampling locations at the data collection site depending on 1
the diversity of subsurface conditions) to obtain compression and shear
; wave velocities and layering to a depth of 10 m., Shear wave velocities
‘ end layer depths can alaso be obtalned using vibratory techniques. The

compression and . hear wave velscity and refraction layer thicknesses of

the materials ov.r which the intruder traverses provide a good indica- 3
tion of how the mechanically applileéd energy will couple to the ground; | %
therefore, these parameters should be measured. To obtain e measure of !
: the compression and chear wave velocities and thicknesses of the refrac- !
i tion layers, a refraction seismic Surveyla must be conducted at each
| test site. Several portable selsmographs are coumercially available.
WES uses a WES-modified GeoSpace Corporation GT-2B, 1l2-channel portable

s b AT s b i A2 1 b e

seismograph.l5 This seismic instrument ig designed to vecord, on film

or direct-write oscillograph, shallow refracted data from 1 to 12 inputs,

PRI

depending on the number of desired recording traces. The X-25 Model L-1
geophone and a double-ended portable spread cable with HS-20 polarized
takeouts at 24-ft intervals are used in conjunctior with the GT-23B
seismograph recorder. The GT-2B recorder has been modified, so that sa
oacillograph (Centruy wide-band 444) trace can be seen while testing io

! in process. Any seismic refraction equipment similar to the above-

k mentioned items should yield the desired information. To obtain additional

definition of the near-surface compression wave velocity and refraction j

layers, the spacing between geophones is small (i.e. approximately ;
25 cm). Otherwise, techniques for conducting the survey are similar tc
more conventional refraction seismic survey techniques (Reference 17).
The vibratory technique relies on the theoretical relationship between
the Rayleigh and shear &ave velocities to nbtain the shear wave velccity.
For reasonable values of Poisson's ratio (between 0.1 and 0,5), the

c3
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shear wave velocity is within 10 percent of the Payleigh wave velocity.
A varisble fraquency vibrator is used teo induce ground motion at the
surface of the medium. The resulting ground motion is predominantly
Rayleigh waves. The velocity of the Rayleigh waves is then measured
using geophones properly spaced along the line of wave propagation. WES
field teams use a Ling Model MKV50, 50 lb maximum force vibrator built
to WES specifications so as to operate as an inertial mass system. The
vibrator induces frequencies into the medium ranging from 25 to 400 He.
Supplemental site descriptive data

8. Geologic, vegetation, and meteorologic data on a site can be
quite useful in extrapolating the test results from one gite to other
areas. These descriptions are prepared with the aid of personnel (Soil
Congervation Service staff, etc.) familiar with the area. The informa-

tion includes & statement on geology, name and dascription of the physio-

graphic and landform unit, site topographic poeition, estimates of dapth
to the water table, land use, £5il parent material, and description of

the soil profile}g Also, vegetation formation is identified and listed.

A formation is a major vegetarional unit; for instance, deciduous forest,

boreal forest, or grasslend. Additional cata, such as plant gpecies and
their respecitve densities can be identified or qualitatively measured
through photographs of the data collection sites.
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APPENDIX E: BACKGROUND NOISE AND SUPPLEMENTAI TERRAIN
; DESCRIPTION DATA FOR SELUECTED AREAS AND SITES

] 1. The four areas selected for data collection were Barksdale AFB, k
Louisiane; Fort Hood, Texas; March AFB, California; and U. S. Naval

Weapons Station, Seal Beach, California. Brief descriptions of thesc

e WO T

areas were presented in the main text. This appendix presents descriptions
of the physiography, geology, and soils for the selected areas. Potential

background noise sources are also identified for data collection sites. j

i 2, Maps indicating the location of the selected data collection
sites are presented in Figures E1-E4., The Universal Transverse Mercator

(UTﬁ) grid coordinates for the selected sites are presented in Table El.

A discussicn of the physiography, geclogy, and soills is presented in the

foliowing paragraphs. Potential background noise sources and their

respective distances from the data collection sites are presented in

Table E2. The types of sources identified by the alpha-numeric symbols j

are keyed to the list of potential sources in Table 3 of the main text.
3. Barksdale AFB, Loulsiana. The Barkadale AFB reservation is

A e e N R By T L - I R e iRt e

located just east of Bossier City in Bosasler Parish, northwest Louisiana.

Shreveport, the second largest city in Louisiana (population: 180,000
3 in 1970), is located across the Red River from Bossier City. Bossier

Parish has & totel land aree cf about 2150 ka (823 miz); an additional
: 75 km2 (28 miz) are in lakes, streams, and ponds. The Red River forms

the western boundary of the parish.
4, Bossier Parish is in the upper part of the western Culf Coastal

Plain, a voung coastal plain which grades inland to a mature plain,

There are three major physiographic divisions in the parish: the alluvial
valley of the Red River, the brocad str.am terraces that border most
major streams (locally known ae flatwoods), and the Tertiary uplands of
the vestern Gulf Coastal Plain. The Red River flows southward in &
meandering course, covaring some 95 km (60 mi) within the parish.
~Although there are many flat, slowly drained areas, the drainage system
is generally well developed. Natural surface drainage is mainly to the
south, towards the Gulf of Mexicr. All major surface drainage systems
in the parish flow tc the Red River.
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5., Climate in Bossier Parist i2 ixllisycaé principally by its
subsropical latitude, the huge lanud mags 3 ¢':* vovih, and the proximity

of the warm waters of the Gulf of Mexico. locai moiificaticns ere

cauged by variations in topography. Changes in temperature are sometimes
gxtreme, Average yearly temperature at Barksdale A¥D is 18.3°C (65.0°F). i
Average vearly precipitation is 1186 mm (46.7 4in.).

[

6. The three major physiographic divisions of the parish are
found in the reservation. The western half of the reservation lies in
the alluvial valley of the Red River, Main bese installations, a.g., v
Base Headquarters, runways, ammunition storage areas, etc,, are in this §
western sector. The broad stream terraces are found in the eastern
half, between Red Chute Bayou and Flag Lake in the northern sector and ' 1
in the southeastern sector of the reservation. The Tertiary uplsnds are
located in the noxtheast sector of the reservation. Most of the highlands ?

in the easteri. half are in forest. Surface drainage In the reservation
is generally from nozth to south, Top-graphic elevations range from

61l m (200 ft) to 91+ m (300 £ft) in the eastern sector of the reservation
to 48+ m (160t ft) in the western alluvial plain, The highest elevations
(104+ nm) are found in the northeast sector,

[RIPRPRFIE NRFCTF - R v e

7. Surface geology of the reservat.ion is relatively simple.
Recent alluvium is found in the western half, i.e. in the Red River
alluvial valley and the flood plain of Fifi Bayou, Pleistocene terrace %
deposits of the Prairie Formation are found in the highlands between Reéd ;
Chute Bayou and Fifi Bayou. These terrace deposits consist mostly of :
sparsely graveliferous quartz saud and clay with maximum elevations of
about 67 m (220 ft). Undifferentiated Pleistocene terrace deposits !
consisting mainly of quartz and ironstone gravel, quartz sand, and clay ‘
are found in the southecast sector of the reservation, at elevatious
ranging from 60 m (200 ft) to 122 m (400 ft). Massive to cross—-bedded
quartz sands of the Carrizo Formation (Eocene) overlie lignitic sands i
and ailty clsye of the undifierentiated Wilcox Group in the northeast !
sector of the reservation, The younger Currizo Formation is found at
elevations greater than 91 m (300 ft). Strata of the Carrizo Formestion
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and the undifferentiated Wilcox crop out in the vicinity of the Sligo
cil and gas field, where they form the Tertiary uplands.

8. ™he pedogenesis of soils reflects the physiographic and
geologic characteristics of the region. Accordingly, three main types
of pedological conditions can be recognized in the reservation: soils
of the Red River aliuvial valley, soils of the Pleistocene terrace
depcsits, and soils of the Tertiary uplands. 1

a. Soils of the Red River alluvial valley: these alluvial i
soils occupy the western half of the reservation. They
consist mainly of stratified reddish-brown to dark-brown
and dark-gray to gray silty clay or clay (CH-MH), silt
loam (CL-ML), very fine sandy loam (ML), silty ciay loam
(CL), and very plastic (fat) clay (CH). Soil profiles can
change very rapidly with location. Local differences im

s il o

surface elevation ordinarily do not exceed 3 m (10 ft) in
the alluvial valley and average less.

b. Soils of the Pleistocene terrace deposits: these soils ;
developed on the stream terrace deposits that are found
along the eastern margin of the Red River alluvial valley. %
Two main pedologic conditions can be recognized: soils
that developed on dissected stream terraces and soils that

developed on nearly level to very gently slioping terraces. i

In the first case, the soils consist mainly of dark grayish-
brown to red very fine sandy lcam (ML) stratified with i
yellowish~red to red plastic (fat) clay (CH)., ™1 the ‘ *
second case, the soils consist mostly of gray to grayish- ;
brown silt loam (ML) over silty clay ox clay (CL-CH) and i
sandy silt (ML) over plastic (fat) clay (CE) or eilty clay !
(CL~CH). Goil profiles vary with location. Ia the flatwoods,
the topography is generally level to gently sloping, %
except for dissected areas &long streams. Lccal relief
seldom exceeds 6 m (20 ft), except along escarpments,

¢. Soils of the Tertiary uplands: these soils have developed
on the Tertlary uplands of the weatern Gulf Cnoastal Plain,
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In the Barksdale AFB regervation, two msain pedologic
conditions can be recognized: soila that developed on
gently sloping to rolling uplands and soils that developed
on gently sloping to hilly sandy uplands. In the first
condition, the soils are mainly yellowish-red to biuwm
fine sandy lcam (SM-ML) thsat contains some ironstone
gravel sver silty clay or clay (CH-MH) of medium to high
plasticity or gravelly fine sandy loam (SM) and silty clay
or clay (CL-CH) over otratified sandy clay (SC) and clay
(CL). The silty clay or clay contains 10-20 percent of
ironetone gravel, In the sacond condition, the soils
consigt mostly of brownish-yellow to yellowish-red loamy
fine sand (SM) over sandy clay (CL) or clayey-eand (CL-ML)
and grayish-brown fine s ..y loam (SC) over dark-red fine
saady loam (SM) Lo sandy clay loam (S5M-SC). The topography
of the Tertiary upiands is varied; there are gently sloping

divides and hilly, broken, strongly dissected escarpments.
Porential background noise sources

9. Seismic and acoustic potential background noise sources present
in the reservation can be claasified, on the basis of their nature, into
cultural and natural. Cultural background noise sources are prevslent
in the western half of the reservation, for it is here that most of the
buildings and operational activities of the buse are found. As previously
gtated, the western sector of the reaervation borders on the urbtan
(industrial and residential) areas of Bossier City. Main base installations,
e.g., Base Headquarters, runways, taxiways, parking aprons, ammunition
gtorage areas, etc.,, are located in the western half., U, S. I-20,

U. 5. 80, and the Illinois Central Railrcad run east-west just .orth of
the veservation, U. S. 71 and the Kansas City Scuthern Railroad rum
northwest-gsoutheast along the west margin of the reservation. Several
paved snd unpaved roads and trails are found in the vicinity of or
ingide the reservation. Bottom laands of the Red River located rorth,
west, znd south of the reservation are generally level and largely used
for agricuvlture, Crop lande and pasture (dairy and beef cattla; are the
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main agricultural use., Some of the land inside the western half of the
reservaticn is used for pasture and small (family type) vegetable gardens.
Natural background noise gources in the vestern half couprise primarily
the surface drainage features and the vegetative cover, mostly grasslands

and shrubs. Deer are fairly abundant in the reservation. Other principal

game animals ave gray squfirrel, fox squirrel, cottontail rabbit, and

swamp rabbit. During the winter szason, numerous specles of ducks and

wild geese are common,

10, Tre uplands and stream terraces are mostly wooded, mixed pine

and various hardwoonds. A small precentage of these lands 1s in pastures.
A base housing project is located at the southwest end of Flag Lake.

There are saveral oil and gas wells in the east half of the reservation.

Other hydrocarbons production related fa.ilitles, e.g., separation

units, compreasors, plpelines, etc., are found in this sector of the

reservation. There is a good network of roads in the highlands, mostly

related to the oll and gas production activities.
Data collection sites

"1, On the basis of the phyasiographic, geologic, and pedologic
divu.. .ty found in tha reservation and on the basis of the potential
background noise sources identified from topographic maps and aerial

photographs of the reservation, nine sites were originally selected for

the field date collection effort. Seismic refraction surveys were made

in all these sites to determine the seismic range in site conditions.
Based on the seismic range obtained and on a field reccnnajsssnce of
potential background noise sources found (n the reservatica, three sitesd
were finally selected for detsiled selamic and acvustic dats collection:
Sites 1A, 5, and 7 (Figure El),

Site 1-A

v

12, The topographic map 2levation 1s 50 m. This site is lecated

on the west side of the alert area of the airfieid. Thie ie a maxiwur

gecurity area yrotected by intrusler seasing devices., The gite 12

located in the alluviael plain of the Raed River, in nzarly level tv very
gently sloping river front lande,
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Site 5

13. The topographic map elevation is 61 m. Site 5 is located on
the east margin of a light duty road that runs north to the village of
Bodcau, The site location is on the dissected stream terrace (Prairie
formation) just west of Flag Lake.
Site 7

14, The topogrsphic map clevation is 81 m. Site 7 is located on
the south side of a light duty road. The site is located on a gently
sloping to rolling Tartiary upland (undifferentiated Wilcox group) of
the western Gulf Coastal Plain,

Fort Hood, Texas

General location

15. The Fort Hood military reservation is located in Bell and
Coryell Counties of east cuatral Texas. The Main Post area is about
72 km (45 mi) southwest of Waco. The town of Killeen {Population: 35,507
(1970 Census)) borders on the southern boundary of the reservatizn, just
east of the Main Pest area. The area of the reservation is 87,131 hectares
(27,827 acres). Fort Hood has a good network of all-weather roads;
there are paved airfields at North Fort Hood and at West Fort Hood. The
comtercial airport at Killeen services the Main Post area. With the
exception of the North Fort Hood, Main Post, and West Fort Hood cantonment
facilities, most of the reservation is unpopulated open rangea. Access
to most areas in the reservation is usually unrestricted to the general
public. A large (23.800+ hectares) off-limits impact area is located in
the center of the reservation. A map of Fort Hood, excluding the
sout.iwestern sector lg presented in Figure E2,
Physiography

16. North and east of the Edwards Platesu of Texas is the Central
Texas section of the Great Plaine physiographic province, a region from
which much of the plateau-making limestone strata have been removed.
The eastern part of the Central Texas section is a submaturely diegsected
plateau which extends from Fort Worth south to the Colorado River; the
name "Comanche Plateau" has been given to this region. The hLigher and

more sharply eroded western part of the Comanche Plateau has been called
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the "Lampasas Cut Plain." The Fort Hood reservation is in the Lampasas ;
Cut Plain. At Fort Hood, the Lampasas Cut Plain consists mainly of a
partly dissected plain from shich rige remnants of the old plateau. ‘
These remnants now stand as sparsely wooded, commanding hills and ridges 3
; 30 to 60 m above the general level of the plain., The plain itself is

smooth and grass-covered in places and dissected and sparsely wooded in
others. The smooth areas are separated by dissected areas that are

characterized by V-shaped valleys, 30 to 45 m deep, which slope steeply ]
to narrow bottoms, The terrain varies from gently rolling plains throughout |
the southern part to fairly high hills and generally broad velleys in

the rest of the reservation., Main surface drainage in the southern part

i
i
is provided by Clear Creek and Nolan Creek. Clear Creek is in the 4
southwest sector and is not shown in the map (Figure E2). The northern i
portion 1s drained by Owl Creek, Henson Creek, Turnover Creek, and the !
Leon River. The reservation is traversed from west to east by Cowhouse
Creek which drains the central part. All streams drain into the Belton i
Reservoir, but are not affected by the level of the lake, Several
lakes, 25 hectares or less, are found in the reservation; most of them
are artifically impounded. The vegetation includes oper grasslands,
dense thickets of juniper, other brush, heavy stands of live oak, and

moderate scands cf pest oak and Spanish oak in various combinations,

st 1 R Ak

Wooded areas vary in size, type, and density of growth, especially in

the vicinity of streams and lakes. The average yearly rainfall at Fort

Hood 1s 772 mm (30.4 in.). Maximum rainfall is in September and May, ?
the ninimum is in July. Average snowfall is lesa than one day/month

during December, January, or February., Measurable amounts of snow ave {
rare, The mean annval temperature is 20°C (68°F). Maximum temperatures
occur in July and August, at which time the mean miximum is 43.5°C. The ;
coldest months are December and January; mean minimum is 3.5°C, !
Geology |

17, The surtface geology of thie area strongly reflects the physio- 5
graphic conditions described above. The Balcones Fault Zone, with its

B ]

east-facing fault scarps, runs south from the vicinity of Waco through
just west of Austin and generally marks the boundary between the predomi-
nately Cretaceous rocks of the Comanche Plateau and the younger Tertiary

e - i el b € o

recks of the western Gulf Coastal Plain, About 15 km east of the reservation,
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:n the vicinity of the town of Belton, several north-south trending
faults have faulted the exposed Cretaceous strata, No major faults were
observed during the field reconnaissance of the reservation; however,
several minor fauits (e.g., in Cowhouse and Owl Creeks) were seen. Most
of the remnants of the old plateau, e.g., Seven Mile Mountain, Black
Mountain, Fogt Oak Mountain, Rcyalty Ridge, etc., are capped by reasistsnt
limestone strata of the Lower Cretaceous Washita Group and the underlying
upper part of the Fredericksburg Group. The Comanche Peak Limestone
underlies the Fredericksburg Group and, in places, is also found capping
some of the highlands, e.g., Blackwell Mountains, Lon2 Mountain, Dalton
Mountains.

18, The Comanche Peak Limestone sutcrops extensively aloug the
valleys of Owl aand Nolan Creeks, where it overlies the Walnut Clay
(Lower Cretaceous). The Walnut Clay is exposed over large areas of the
reservation and forms, in most places, the present surface of the partly
dissected plain. The Walnut Clay consigts mainly of a sequence of clay,
limestone, and shale; the limestone is usually chalky or marly, nodular,
and contains a few thin (less than 1 m) hard beds rich in sparry calcite.
Messive beds of megafossils (Texigryphaea) are common in the lower part
of the Walnut Clay. In a normal stratigraphic sequence, the Paluxy Sand
underlies the Walnut Clay: however, over muchk of the reservation, the
Glen Rose Formation (Lower Cretaceocus) directly underlies the Walnut
Clay, which indicates that over much of this area the Paluxy Sand piliches
out. The Glen Rose is the oldest formation exposed in the reservation;
it consists primarily of a fine grained, in parts srenaceous, chalky to

hard limestone with abundant marine megafussils and which is interbedded

with less resistant units of clay, marl, and sand. The Glen Rose Formation

outcrops extensively along the upper valley of Cowhouse Creek and its
tributaries. Several Pleistocene river terrace deposits are found along
the valley of the Leon River, and along the valleys of Cowhouse Creek
and Table Rock Creek. These deposits consist mainly of fine alluvial
sediments (fine sand, silt, and clay); thin beds of gravel (less than

25 cm) are common near the base of exposed sections. Recent alluvium ia
found in the floodplains of most major streams; these deposits are
generally deficient in coarse sand and gravel.
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Soils

-—--19. Soils in the reservation range from clay soils (CL or CH) to
sandy clay loams (SC), depending on parent material and physiographic
position. Residual soils are generally high in fines (clay soils), the
amount of coarse material. (rock fragments) in the solum varying with
topographic position, Residual soils predominate over moet of the
teservation. Alluvial scils are mainly silty clays (CH), clay loams
(CL), silty clay loams (CL), and sandy clay loams (CL-SC); these éoils
are found in river terrace deposits and in the floodplains of rajor
streams, These alluvial soils are deficient in sand and gravel; a few
local gravel déposits were seern. during the field reconnaissance. At
most five percent of the reservation can be classed as alluvizl soils.
The soils at Fort Hood are usually dark brown in the deeper solums and
light brown to yellowish-brown in the shallower soil cover of steep and
high lands. The darker soils are generally high in fat clays (CH),
especially of the montmorillouite type. ‘These cleys expand or contract
excessively with increases or decreases in moisture. Most valley walls
and slopes have very little soil cover; bedrock is frequently exposed.
Shallow, stonoy clay soils (GC), often less than 15 cm deep, develop in
hills and 1idges frum weathered limestomne.

Potential background noise sources

20, On the basis of their nature, seismic and acoustic potentiai
background noise sources can be classified into cultural and natural.
At Fort Hood, cultural background noise sourcee are prevalent in or near

developed or urban areas, e.g., the North Fort Hood, Main Post, and VWest

Yort Hood cantonment facilities. U. S. and State highways, e.g., U. 8. 190

and State 36, and rajlroads, e.g., the Atchinson, Topeka, and Santa Fe,
cross the reservation and are open to unrestricted traffic., Highway

traffic is normally light, axcept during the morning and evening rush

heurs. Most of the reservation lands are relatively undeveloped; natural

background noise scurces predominate in these areas. However, military
training operations and tactical exercises can intermittently and very
pronouncedly disrupt natural conditicns, eapecially in the large impact

arca located in the canter of the reservation.
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Data collecticn sites

21. Based on previous REMBASS "{eld studies conducted by WES at
Fort Hrod, and on the evaluation and .nalysig of the terrain data obtained
from available literature sources, 16 field gites were considered and
visited prior to the final selection of sites for the field data ccllection
effort. Of these, three aites were selected as being representative of
the environmental range of veriatiou found in the reservation: Sites 5A,
8A, and 9.
Site 5A

22. The topographic map elevation is 305 m., The site 1s located

just south of Elijah Road, in the west-cantral part of the raservation.
The site is on a partially dissected area which developed on the Walnut
Clay.
Site 8A

23, The topographic map elevation 18 284 w. The site is located 1
northeast-southwest on & flat hill which lies between the norch and
south forks of Nolan Creek, in the southeas:ern part of the reservation.
The flat hill is a tableland developed on Lower {retaceous limestone
{Duck Creek Limestone?)
fite 9

24. The topographic map elevation ie 232 m, The site is located ;
northwest-southeust along a tank trail on the north or left bank of 5
Nurth Nelan Creek, in the southeastern part of the reservation., The 1
site 13 in the floodplain of North Nolan Creek.

March AFB, Riverside, California

General location

25, Base Headquarters facilities are located 2 km south of che
town of Edgemont, which is about 8 km southeast from dowmtown Riverside. i
The Escondido Freeway (U. S. 395) and the Atchison, Topeka, and Santa Fe
Railroad run northwest-southeast through the reservation, the larger

L Al B Rt e

sector of the reservation being west of the freeway., Base Headquarters j

and airfield facilities are located in the eastern sector. A basge
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residential area (Armold Heights) is located about 0.5 km west of the
airfield, across the Escondido Freeway, The estimated area of the
reservation is 3250 hectares (32,50 kmz). There is a good network of
all weather roads in and around the reeervation,

Physiography

256. The reservation is located in the Los Angeles Ranges section
of the Pacific Border physiographic province; thie section is characterized
by narrow ranges and breoad fault blocks with interspersed alluviated
lowlands and isolated hills or groups cf hills. The so-called "Valley
of Southern Califernia" consists of all the lowlands between the San
Gabriel and the San Bernardino Mountains on the north and east, the San
Jacinto and the Santa Ana Mountains on the socuth, and the Pacific Ocean
on the west. Southeast of the Santa Ana River, a valley nearly 40 km
wide between the San Jacinto and the Santa Ana .ountains extends to the
southeast for at least 55 km. Broad irregular belts of alluvium occupy
a part of this area, the remainder of which is diversified by hills and
low mountains. The name "Perris Flain" has been given to the main
alluvium covered area. As seen from the mountains on either side, the
surface of this valley, a down-faulted bloclk or graben, is a lowland.

The eastern sector of the reservation is in the Perris Plain., Most of
the western asctor lies on hills which border the slluvial plain.

27, There are no perennial streams in the reservation. The
western sector is drained wainly by intermittent streams which flow into
the Gage Canal or into Lake Mathews, a reservoir located about 10 km
southwest nf the reservation. The eastern sector is drained by intermittent
streams which either disappear in the alluvial f111 of the graben or
flow into the Perris Valley storm drain, The average yearly precipitation
at March AFB is 230 mm, The wettest wonth is January. The driest month
1s August. The mean yearly temperature is 17°C, The mean yearly maximum
is 24,5°C. The mean yearly minimum is 9.5°C.

28, As previously stated, the reservation is in a down-faulted
block or graban which lies between the San Jacintc Mountains and the
Santa Ana Mountains. The general trend of the graben is northwest-
southeast; the San Jacinto Fault Zone is on the north side of the graben
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and the Elsinore Fault Zoune on the gouth. No faults have been mapped in
the reservation. The eastern sector and a strip 1 to 2 km wide located
west of the Escondido Freeway (Highway 395) are in the Recent alluvigl
fill. Most of the western sector lies on hills composed of Mesozoic
tonalite (quartz diorite) and dilorite. The Recent alluvial deposits are
generally unconsolidated. A depth greater than 400 m has been reported
for the alluvial fill in this area.
Soils

29, The soils at the reservation consist of soilse developed on
the alluvial fill (San Joaquin loam and ssndy loam) and residuzl soils
developed on the abyssal rocks {(Hclland sandy loams). The soils of the
alluvial fill are mainly loame {Mi. and CL) and sandy loams (SM and SC).
These soils are red to light red in color, with variations of yellowiwh-
red, brownish-red, or pronounced reddish-brown color. The soils are
underlain at depths ranging from a few centimeters to a meter by a red
or reddish~-browmn, practically impervious hardpan. The hardpan varies in
thickness from a few centimeters to as much as 2 m, It consists of
materisls similar to the overlying subsoil, cemented by precipitation of
iron salts carried in solution by percolating water. The hardpan is
generally underlain by a more permeable substratum which resembles the
surface material. These soils are low in organic matter, contain little
or no concentration of lime, and have a tendency to bake and become hard
during extended dry periods. The surface is generally markad by conspicuous
low mounds and intervening shallow depressions or "hog wallows." Owing
to the impervious hardpan and to the accumulation of surface water in
the depressions, the soils become wet and boggy after heavy or prolonged
raiﬁs. The residual socils develop on the abyassal rocks (tonalite and
diorite) and consist primarily of sandy loums (SM and SC). Rasidual
soils range in color from dark brown or brown to slightly reddish-brown.
The solum sometimes extends to badrock with little change, but in most
places the rurface soil is underlain by a subsoil somewhat redder in
color; heavier in texture and more compacit, which passes at a depth of
leas than 2 m into partly weathered rock material and then into solid
rock. These residual soils are found on hilly to mountainous topography;

E12

et e e it o B ALt i o i il b 4 e i A Rl s ki

.
.
LA_._._ et it et ot e itk St

—— e - - ——ron - e Lot XA




s o — e e o e e P e g

- - rven T e+ e e T W i e TE R as o T S = e R - e
e = e P e =R -

a stony sandy loam (GC), common on hill tops and slopes, contains con-
siderable quantities of rock fragments. Rock outcrops are also common in

these areas.

Potential background noise sources

30, On the basis of their nature, potential seismic and acoustic
background noise sources at March AFB can be classified into cultural
and natural, Cultural background noise sourcees predomirate in tha

eastern sector of the reservation, i.e,, the area east of the Escondido

Freeway (U, 8, 395), for it is here that the airfield and Base Headquarte s

facilities are located. In addition, frequent landings and takeoffs of
aivcraft and low overhead flights augment the mix of cultural background
noises, The Escondido Freeway is heavily traveled, estecially during
the morning and evening rush hours. The western sector is also exposed
to 2 fairly heavy concentration of cultural backgrovnd noises, especially
in the vicinity of the freeway and the Arnold Heights base residentisl
ared. The northwestern and southwestern areas of the reservation hava
the lowest concentration of cultural backsround noise sources and,
consequently, natural background noises predominate in these areas;
however, even in these two areas, the mix of background noises cau te
seriously and intermittently affected by activities in nearby orchards,

in the weapons storage area, and in several gravel pits located in the
southwestern part of the reservation,

Data collection sites

31. Two sitcs were selected at March AFB for field data collection,
Table E2 provides a listing of potential backgrcund noise sources identi-
fied within given distances from each field data collection site.
Site 1

32, The topographic map elevation is 451 m. The site is located
at the southeaat end of the runway, off a taxiway., The site is on the
alluvial f111 which blankets the graben in this area. Boring records in
the vicinity of this site show 90 cm of sandy loam (SM), 140 cm of sandy

clay loam (CL), and 75 cm of sandy loam (SM). Total depth of the bore
hole 1s 3.05 m (10 ft),
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Site 2

33. The topugraphic map elevation is 521 m. The site is located
on the northwest side of a light duty road to the weapons storage area.
The site is on residual soil with abundant rock fragments, which developed
on a hill underlain by tonalite (quartz diorite).

U, S. Naval Weapons Station, Seal Beach, Californie

General location

34. The reservation is located in Orange County. It is bounded
on the north by the San Diego Freeway (U. S. 405), on the east by the
Bolsa Chica Channel, on the south by the Bolsa Chica Channel aud the
Pacific Coast Highway (State 1), and on the west by Bay Boulevard and
Los Alamitos Boulevard. The reservation is in the middle of a very
highly developed area. Los Alamitos Naval Air Station is just north of
the station, directly across the San Diego Freeway; the city of Garden
Grove borders on the east, Huntington Beach on the east and south, and
Seal Beach on the south and west. FEuntington Harbor, an industrial area
and protected harbor, &nd its industrial canal are immediately south of
the reservation, The Pacific shoreline is 0.5 to 15 km from the southern
boundary of the reservation. Major oil fields are iocated 3 to 7 km
west and south of the reservation. Westminster Avenue separates the
northern one-third of the station from the rest of the reservation.
Administrative facilities are situated in the western sector (Landing
Hill avea). An intricate network of railroad spurs services the various
storage areas, The estimated area of the reservation is 1920 hectares
{19.20 kmz). Of these, about 26C hectares are in a tidal marsh,
Physiography

35, The U. S. Naval Weapons Station is locsted in the Los Angeles
Ranges section of the Pacific Border physiographic province. This
physiographic section is characterized by narrow mountain ranges and
broad fault blocks which contain extensive alluviated lowlands and many
subdued ridges, isolated hills or knobs, and groups c¢f hills. The hills

and ridges subdivide the lowlands into more or less distinct valleys or
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basins, The largest conti:uous lowland cr "plain" in central-southern
California is the Coastal Plain on which Los Angeles is situated. It

extends along the Pacific Coast from the Sante Monica Mountaine on the
northwest to the San Joaquin Hills on the southeast, a distance of

80 km; its width from the sea back to the Puente Hills varies from 24 km
to 32 km, Its area is approximately 2000 kmz.

36. The Coastal Plain is a smooth broad plain that slopes gently
in a southwesterly direction to the Pacific Ocean. The greater part of
this plain, located between Los Angeles and Wilmington and eastward to
the vicinity of Whittier, Yorba Linda, and Santa Ana, consists of low
alluvial fan deposits and the comhined alluvial delta deposits of the
Los Angeles, San Gabriel, and Santa Ane rivers. These are mainly detrital 3
deposits washed down from the surrounding hills and mountains. Near the
shoreline, the alluvium has been te some extent worked over and redeposited

by wave action. Areas of eroded remnants of older waterlaid deposits

st

(fluviatile and/or marine) occur as flat toppred to rolling mesas in and
around the margins of the coastal plain. The lower and flatter portions
of the plain are poorly drained, The streame of the coastal plain are

actively degrading their mountain courses and aggrading their valley ,
reaches with great rapidity. The larger streams have more or less ?

continuous chunnels reaching to the sea, but all such streams are
interrupted, 1. e, their courses consist of alternating dry washes and
flowing water. The lower reaches of the Los Angeles, £an Gabriel, and
Santa Ana Rivers have been altered and channelized. Nesar the coast,

thesa rivers and their related man-made chanuels, ¢.g., the Bolsa Chica
Channel, are affected by tidal water levels. Several natural, tidal
marshes originally existed in the stretch of coast from San Pedro southeast
to Newport Bay. Many of these msrshes have been filled and reclaimed or
otherwise altered for the development of industrial areas, harbors, and

S et A i s et o LAt ¥ ittt
e e L i

[ scaside resorte. A belt of sand beach, some of it artificially protected
‘ aud maintained, extends from Long Beach to Newport Beach; parts of thu.s
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belt are subjected to periodic inundationms during high tides and stormy %
periods. ;
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7. The Naval Weapons Station is located in the section of the
Coastal Plain that developed between the San Gabriel and Santa Ana
Rivers. The northern sector of the reservation is mantled by generally
undisturbed coastal plain sediments; the southern sector has been greatly
altered by land £111s and other reclamation projecis. A relatively
undisturbed tidal marsh covers most of the southwestern section of the
reservation. The topography of this marsh ranges from flat to depressed;
sloughs and estuaries drain the marsh, High tides inundate the marsh
and cause the terrain to be water-logged most of the ctime, The topography
of the reservation slopes gently to the southwest, from 6 m at the
northeast cor r to sea level at the tidal marsh. Landing Hill, a
nonmarine terrace depcait in the southern part of the western boundary,
has a .-~mographic elevation of 17 m, The average yearly precipitation
at the Los Alamitos Naval Alr Station is 250 mm. January is the wettest
month, June is the driest. The mean yearly temperature is 16.5°C. The
mean maximum is 22°C; the mean minimum is 10.5°C.

Geology

38. The shoreline throughout this section of coast shows evidence
of recent emergence., Remnants of older shoreiines are found along the
present coastlire, north and south of Seal 3each., The Seal Beach Fault
trends NW-SE across the reservation and closely parallels the present
shoreline, This fault is part of the Newport-Inglewood Fault Zone, well
known for the Long Beach earthquake of March 1933, The Seal Beach Fault
cuts across Landing Hill and may have displaced the north-south trend of
the hill. Land reclamation projects and the high industrial development
of this area have distorted the original terrain conditions. Most of
the reservation is mantled by Recent deposits; these include floodplain
deposits, marsh deposits and, in reclaimed areas, artificial fill.
Landing Hill is a Quaternary nonmarine terrace deposit. Major oil
fields and production facilities are locatad a fow kilometers west and
south of the reservation. The geology of these fields is directly
related to major faulting in this area.
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Soils

39, Most of the reservation is covered by clay loams (CL~CH)
and clays (CH) of the Chino soil series. The clay loam is dark-gray or
black, usually high in orgenic matter and of a smooth silty texturs. It
is commonly micaceous and somewhat friable; it tends to puddle when wet
and has a tendency to bake and harden when exposed and dry., Material
similar to the surface soll may extend two or more meters in depth; in
most areas, however, the lower part of the soil profile consists of
brown or grayish-brown to gray layers of material varying from fine sand

to silt and clay. The lighter textured strata are usually of a pronounced

brownish color and are friable and porous. The layers of hecvier texture

have a darker color, are more compact, and generally contain smal’ lime
concretions or nodules., In poorly drained areas, the subscil is mottled
gray, brown, and yellow. In the vicinity of tidal marshes, the subsoil
is a compact gray or drab mottled silty clay or clay, commonly high in
marine salts and small marine shells, The Chino clay is generally black
in color and rests upon a rather heavy, compact dark-colored calcareous
subsoil. The organic coﬁtent of this clay is high and its surface
frequently cracks during dry periods, Shallow, basin-like depressions

with sluggish drainage are common near the coast; a high water table is

characteristic of these areas, The wet and marshy areas contain accumulations

of alkali. Two main soil types of the Ramona soil series are found in

the Landing Hill area, a sandy loam (SM-SC) and a clay loam (CL). The
sandy loam is the surfcce soil on the east-west trending southern part

of the hill; the surface soil on the northeast-southwest trending northern
part of the hill is clay loam. The sandy loam is brown to reddish-

brown, light to medium textured, and frequently contains small, angular
rock particles that give it a gritty feel, It is underlain by a compact
clay loam which is normally redder than the surface soil and which

becomes hard and flinty where exposed. The clay loam is usually encountered

at 25 to 60 cm below the surface. At varying depths, generally about
2 m, the clay loam merges into a more permeable stratum that closely
resembles the surface soil in texture and color. The Ramona clay loam

is a brown to dark-brown, light to heavy micaceous clay leam, 25 to
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56 cm deep., This clay loam is compact and sticky when wet and hard and
flinty when dry. The subsoil is usually redder than the surface soil;
it 1is wore dense and compact and ranges in texture from heavy clay loam
to clay. At a depth of 120 to 150 cm, the soil profile changes to a
stratum that is lighter in color and texture, which frequently contains
stratified fine gravel, and which may be several meters deep.

40, The soils of the tidal marshea vary in texture from sand to
clay., The sand content increases near the ocean. The surface soil
color varieg from brown or dark-grayish brown to dark gray. Tha subsoil
also exhibits a considerable v:iriation in texture. In wost places, the
subgoil is mottled and contains calcareous aodules and partially decomposed
vegetation., These soils are water-logged most of the yesr and contain a
conslderable amount of salt.

Potential background no.!ge sources

41, Cultu: 1l background noi.. sources predominate at the Naval
Weapons Station. . s previously stated, the reservation is in the middle
of a higzaly developed area. It is surrounded by several highly urbanized
and industrial areas, 1Its proxim’ty to the Huntington Harbor and the
Pacific Ocean makes it very susceptible to marine traffic induced background
noises, especially in the southern sector of the reservation. 0il wells
and pipelines in the reservation, and nearpy oil fields, further increase
the mix of cultural background noises. Intermittent air traffic at Los
Alamitos Naval Air Statinn is a significant contributing factor to the
cultural background noise mix, Heavily traveled highways and boulevards,
e.8., the San Diego Freeway, also contribute to the mix of background
noises,

Data collection sites

42. Based on the seismic and acoustic background noise studias
conducted at Barksdale AFB, Fort Hood, and March AFB, on the range of
environmental variatfion established for military installations in CONUS,
and on a field reconnaissance of the reservation, four sites were selected
at the Naval Weapons Station for field data collection. Table 1 has a
listing of potential background noise sources identified within a given
distance (e.g. 0.5 km) from each field data collection site,
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Site 1

43, The topographic map elevation is 1.50 m. The site is located
on the east side of a road in the tidal marsh, near an oil well pump and
storage tanks. Three small diameter pipelines run along the east shoulder
of the road. The site is in a tidal marsh developed on the coastal
plain, about 3 km east of the San Gabriel River.
Site 2

44, The topographic map elevation is 2.70 m, The site is located
between two roads and a railroad spur. The site is on the coastal plain
modified by land fill.
Site 3

45, The topographic map elevation is 1.50 m. The site is on the
east side of a road. The site is on a land filled area of the coastal
plain,
Site 4

46, The topographic map elevation is 4,50 m. The site is located
near the northera boundary of the reservation, just south of the San

Diego Freeway. The site is on a relatively undisturbed area of the
coastal plain.
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Table El

Universal Transversa Mercator (UTM) Coordinates of Data Collection §

Military Reservation Site No. UTM Grid Coordinates

‘ Barksdale AFB, Louisiana 1A 3518, 9672
; 4413, 9830 ‘
{ 7 4892, 9625 i
r Fort Hood, Texas 5A 0620, 5294 _
[ 8A 3106, 4502 j
| ;
i 9 3401, 4666 ’

March AFB, California 1l 7736, 4744

7137, 5193
Seal Beach Naval 1l 0006, 3392 :
Weapons Station, 1
California 2 0212, 3404 ]
3 0111, 3324 |
4 0190, 3725 i
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APPENDIX F: INDEX OF MEASURED SIGNATURE DATA

1. This appendix presents an index of the measured signature data
collected during this study. The objective of the index is to organize
the data according to the data collection variables defined by area,
site, target type, and travel mode and to relate these variables to the
analog tape numbers and test numbers of the data, Other information
such as sensors used and notable background noise sources are also
presented.

2, Table Fl identifies the measured signature data. Abbreviations
are used to condense the information., For example, under target type,
targets are identified as background noise (B.N.), defined to be signature
sources whose presents or location was not controlled during testing.-
Military vehicles that appear in the table and an associated descrintion

are tabulated below:

Vehicle Description

M151 i/4-ton truck

M113 Armored personnel carrier
M35 2 1/2-ton truck

M60 Armored tank

Blazer Chevrolet, 4-wheel drive
1600 International dump trucx
Van WES, Inatrumentation van

0
Aircraft appearing in the table and associated description are tabulated

below:
Alrcraft Description

Cobra AH-1G Turbine-powered helicopter

Chinook CH-47C Turbine-powered helicopter

Kiowa OH-58A Turbine-powered helicopter

Lear jet (240) Two engine, jet-powered aircraft

C130 Fqur engine, propeller driven,
turbine-powered aircraft

T~37 Two engine, jet-powered aircraft

B-52 Eight engine, jet-powered aircraf.

KC-135 Four-engine, jet-powered aircraft

F1
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Multiple targets of a different type, such as an M15]1 and man, ave

identified under the target-type columa by M151/Man.
3. Target-travel mode defines the method of movement of personnel

or the vehicle spead. Methods of movement of personnel are identified
by the symbols C, CR, W, RN denoting creep, crawl, walk, and run, respec- : 1
tively. Several tests may occur having the same vehicle type or personnel
travel mode. This occurs because tests were repeated, different indi-
viduals were used as targets. or different vehicle speeds were run. 1In ]
the latter instances the speeds are separated by commas in the target-
travel mode colunm. When multiple targets are involved, such as M151/Man,
the travel mode is identified in a form like 8, 16, 32/W. Such a format
means that the multiple targets were an M151 and Man. The M151 moved at
speeds of 8, 16, and 32 km/hr while the man walked along the personnel
path,

4, Sensors for the respective tests are identified by abbreviations.

The abbreviations are associated sensor type are tabluated below:

Abbreviation Sensor
' Vertical-sensing geophone :
RN Radial-sensing geophone (i.e. in :

direction along linear portion of
personnel path, Figure 1)

T Tranverse-sensing geophone (i.e, per- i
pendicular to vertical and radial- '
sensing geophones)

M Microphone
MC Milew cable
MAG Magnetic sensor

F Repeated sensor abbreviations mean that more than cne sensor of the same
kind (i.e., vertical-sensing geophonas, 2tc.) were used or that signatures
J from the same sensor were recorded on different chamnnels (for example, ]
in the FM recording mode on one channel and the direct recording mode W
on another). The field data logs can be used to ldentify the recording
configuration for repeated sensor abbreviations (Appendix A).
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APPENDIX G: DESCRIPTION OF PREDICTED SIGNATURE DATA

1. The predicted signatures for the personnel travel ~ndes
creeping, crawling, walking, and running were made for each of the 144
matrix elements (Table 8). Intruder-to-sensor distances were 2 m for
the man-creeping signatures and 5 m for the man-crawling and man-running
signatures. Man walking signatures were predicted for intruder-to-
sensor distances of 5 and 15 m. In addition, M-35 predictions for an
intruder-to-sensor distance of 75 m werc made to provide guidance con-
cerning potential background noise problems. 3

2. The predicted signatures of the intruder and background noise
sources discussed above were written on 7-track magnetic tapes with a

- mad i

packing density of 556 bits per in. Each predicted signatures consisted
of two parts: the time domain and rrequency domain. Each part (time or
frequency domain) of a predicted signature was preceded by an identifi-
cation line. Examples of the identification lines for intruder and i
background noise signatures are presented in Figure Gl, Each tape

contains sets of 144 predicted signatures, a set for each source (travel

mode or:background noiee). The tape nuinbers, components of the ground

motion, order of the data sets (as defined by the source) and the scurce-

to-sensor distances are tabulated below:

Source~to-

Tape Component of Sensor Distance, :
Number Ground Motion Source m §
1057 Vertical Man-creeping 2 j

Man-crawliing 5 '
Man-walking 5
Man~running 5 {
{
6038 Radial Man-creeping 2 '
Man-crawling 5 i
Man-walking 5 !
Man-running 5 i
Verticsl Man-walking 15
M35 - Speed = 32 KPH 75

Each set cof 144 predicted signatures is separated from the set that

4 follows by an end of file marker.

e e st ot St

Gl
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3. As noted in paragraph 2, the predicted signatures conaisted of
two parts: the time domain and frequency domain. The time domain
consists of 1024 amplitude values of the particle velocity of the ground
motion; the time increment between adjacent amplitude values is 0.000667 sec.
The frequency domain signal consists of 129 values. The freqeuncy
increment between adjicent values is 1,4648 Hz, The data on the tapes
for each pradicted signature are described in Table Gl. The jdentification
lines and amplitude values for the time and frequency domains are organized
according to record numbers. The record numbers, mode/format, units,
and their respective descriptions are presented in Table Gl.

G2

R
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Table Gl

Description of Data for Each Predicted Signature

Tape Track 7 Tape Density 556
Record
No., Mode/Format Units Description
1 Floating/113A Alphanumeric Identification of predicted
characters signature

2-172 Floating/6E12.4 10-3 x cm/sec Amplitude of time domain
signal 1024 particle
velocity values. Time
spacing = 1/1500 sec

173 Floating/113A Alphanumeric Identification of predicted

characters

174-196 Floating/6E12.4 10-3 x cm/sec

signature

Amplitude of frequency domain
signal 129 particle
velocity values. Frequency
spacing = 1500/1024 Hz

Froey




S8aM3BUFTS SSTOU PUNOIFHOBY PUB JSPNIJUT P230Tpaad 03 SIUTT UOT3BOTITRUSPT Jo o{dwexy *Tn 3BTy

82an3eudys asyou punoiByoeg °q

0L°1/592T

\Mom |~EAKNAH\2 /OST_~THXA] D3S/HD_E-OTHS. HANLE SEH' TANIVNOIS 3SION .ANNOUSNIVE F1TRVS

T~ ~—

wd /3 J98/u o938/ 194A%] u ad /3 J9s/um das/u ‘uUhmA.muaca. duUeISTq | poads ?dX] ™ JedXy ainjeus
¢ ‘£3F00T94 ‘£37d0737 [puodag [‘ssaunoTyl .»M«n:wn ‘A3Fd0Tap[| “LardoTep | dog I0SUdg 13pnijuj {apnijur
£33suag IavM Ieayg JABM 194e7 dog Aaey JATH -03-13pnijuy

234e7 puodads uoyssaidwon Ieays  uoyssaidwo)
13Ke] puodas 23fe] doy Jake7 dog

JUaWITY XTIIEN UFBIAIL JO UOTIATI083Q

sainjeudys aspnijuy ‘e

0L T/STT /OOE -ZHAI!SZ 0/09°1/ /OST_~T4X T-0T X 23S/RD NOILOW GNNO¥D 4Q dWGG TVIAVY ‘WO Z=M DNIAAT8D0 NV
\\ ‘ IIIIIIIIIIII! tlIHHMMWWHHH””HHHHWIIIIII, //l//l//h%////lll//

w>/% o8 /u J98/u 1afeq [ @>/3 | o3sju EETIT aefe]s370n]UoTI0oK punolsn 2OUE3STg | 2POR
»Mﬂmcon *L1120124 ‘L37o0712p |puodag ‘8saudTY] »M«wcun ‘A3yootap | ‘A3roorap | dog 3o 3uauoduon 105U3§ Taaeay
3AeM 1®ayg IAeM _ aake] aoa. IaeM JABM h ~03-39pnijul
13e1 puodag uorssaidmo) aeays uoyssaidwoy
13fe] puodag 234e7 do] 13feq dog

JUIWITF XTajel ufwiial jJo uoyadiiosag




TR TR RIS T e A il gl al T TR T A e TR TAATRRT T NIy e, B e

A,

22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimils catalog
card in Library of Congress MARC format is reproduced
below. -

r In accordance with letter from DAEN-RDC, DAEN-ASI dated

Cress, Daniel H

Terrain considerations and data base development for the
design and testing of devices to detect intruder-—induced N
ground motion / by D. H. Cress. Vicksburg, Miss. : U. S. £ |
, - Waterways Experiment Station ; Springfield, Va. : available ;
from National Technical Information Service, 1978.

66, 1532 p. : 111. ; 27 cm. (Technical report - U, S.

Army Engineer Waterways Experiment Station ; M-78-1)

Prepared for Air Force Systems Command, Hanscom Air Force
Base, Mass., under Military Interdepartmental Purchase Request
No. 7700016, Project title: "Terrain Target Anmalysis."

References: p. 65~66.

T N R~

1. Data collections. 2, Ground motion. 3. Mathematical models.
4. Pattern recognition. 5. Seismic sensors. 6. Terrain analy-
sis. I. United States. Air Force. Systems Commard. I1II. Series:
United States. Waterways Experiment Station, Vicksburg, Miss.
Technical report ; M-78-1,

TA7 .W34 no.M-78-1
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