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FOREYWORD

Tne model develomzent work reported nerein is in support of Tesk
11840040006 of the Geogravnic Sciences Division, U. S. Army Engineer
Topographic Laboratories (ETL), project entitled "Military Ceographic
Tre objective of the project is %o design a2 family of protoitypve military

geographic intelligence products to support planning for the use and

r.Y

operational placement of ground-coniact sensors on a2 battlefield to
detect the presence of enemy troops and equipment.

The U. S. &rmy Engineer Waterways Experiment Station (WES) con-
tribution tc the MGI project depended heavily on data coliecied in a
mmber of seismic sensor programs. Aclkmowledgment is given for dakta
furnished by Project MASSTER, Defense Special Projects Group (DSEG),
the U, S. Army Test and Evaluation Command, and the Office, Chiaf of
Engineers.

The work reported herein is the resulit of a coordinated effort
during the period 1 Januery-30 June 1971 by members of the Terrain
fnalysis Branch, Mobility and Environmental (M&E) Division; the Soil

Dynamics and Gedlogy Branches, Soils Division; and the Operations
Branch, Instrumentation Services Division. Key participants in the
study were Messrs. Bob 0. Benn and L. E. Link of the Terrain Analysis
Branch and Mr. Robert F. Ballard and Dr. William F. Marcuson of the
Soil Dynamics Branch. The report was prepared by Messrs. Benn and Link.
The study was under the direct supervision of Mr. Benn, the Pro-
gram Manager, and under the general supervision of Mr. W. E. Grabau,
Chief, TAB, and Messrs. W. G. Shockley and S. J. Knight, Chief and
Assistant Chief, respectively, of the MXE Division: The Director of
the WES during the study period was COL Ernest D. Peixotto, CE. The

Technical Director was Mr. F. R. Brown.
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SUMMARY

r Sil Improved guidance manuals for planning the deployment and emplace-

ment of seismic intrusion detectors (SID's) are needed %o optimize the
use of these devices for battlefield surveillance. The development of
these Military Geographic Intelligence (MGI) products requirss a de-
tailed understanding of the -opérating principles of the detertor coupled
) with an equally detailed understanéing of the interactions of the sensor
propagation mode with the operational environment. This report presents
the results of a2 preliminafy analysis of data collected in a wide range
of environments at 22 sites in Panama, 10 sites in Puerto Rico, 6 sites
near Yuma Proving Ground Arizona, and 9 sites near Fi. Hhachuca,
Arizona...- .

4 4

. Multiple regression techniques were used to determine the terrain
) factors that could be correlated with the seismic responses resulting
: : from a man walking or a controlled source (drop hemmer) that simulated

the signature resulting from a footstep,~ The measure of seismic re-

sponse was peak particle velocity as a function of distance from the -

source. Thé.terrain factors that correlated best with peak particle

velocity were the thicknéss of the first refraction layer, cone index
. of the 0z to 15-cm soil layer, dry density of surface soil and first soil

layer, water content of surface soil and first soil layer, compression
wave Veloc1ty, Rayleigh wave velocity, and grain-size distribution. An 1
empiricdl equation was .developed to predict peak particle velocity ver-
sus distance as a function of the terrain, factors.  The particle veloc-
isties required to trigger the logic of the Phase IIX\SID's were super-
' . imposed on the predicted- peak particle velocity curvel to atrive at a
prediction of sensor performance. These computation pXpcedures were
computerized to make a prediction model for relative S erformance as
a function of terrain factor values.

-

“r

The empirical prediction equation adequately predicted ‘%he peak 4
particle velocity-distance relation; however, the predictions oR sensor
performance were inadequate. The errors in the predictions of sensor

Al performance were attributed to the inadequacy of the peak particle

7 velocity-distance relation to represent the complex interaction of the

if entire seismic signal and the sensor. Frequency characteristics of the ‘ J
; /;f{ seismic signal and the frequency response characteristics of the sensors

e also must be considered. : ‘
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EFFECTS OF ENVIROIMENT ON SEISMIC INTRUSION
DETECTOR PERFORMANCE A

1
PART I: INTRODUCTION 1
Ba ound . L

1. The urgent need for battlefield surveillance devices has

prompted the rapid development Of seismic and other sensor hardware that ¢

have proven useful in a number of combat situations in South Vietnam.

ment attempts. A mejor factor recognized as responsible for the less

than outstanding performance of the devices (Military Geographic Intel-

Unfortunately, success stories cannot be writiten for all sensor deploy- ‘*
ligence (MGI) products) is the lack of adequate guidance manuals for

planning their deployment and emplacement. Attempts to £ill this gap

have not been successful because the production of such manuals requires

a detailed understanding of the operating principles of the detectors

coupled with an equally detailed understanding of the interactions of g

the sensor propagation mode with the operational environment. Consid-
~'erab1e development work is known to be needed béfore rational procedures
for producing MGI products for all types of sensor systems can be formu-
lated. For example, although this effort has beeﬁ restricted to seismic
intfusion detectors (S;D'sjj the results have to be considered interim
solutions until more definitive work can be completed.
2. The operating principles: of SID's are reasonably well known;
- however, the manner in which the seismic energy is transferred from the
i source (vehicle or persons) to the ground, the way the substrate con-
] ditions affect the energy propagation; and the manner in which the en-
ergy is transferred from the ground to the sensor geophone are not un-
derstood. Theoretical solutions to these problems are and have been the
partial -objectives of considerable research sponsored by the Department
of Defense. The results of current research in this a‘’ea being con-
ducted at the U. S. Army Engineer Waterways Experimentc Station (WES) for
the Office, Chief of Engineers (OCE), and the Defense Special Projects
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. Group (DSPG) are encouraging; nevertheless, a practical theoretical

solution will reguire sdditional research.

‘ 3. Work-on the projects mentioned above .and other related efforts
have resulted in the collec¢tion of considé'rable data that are available
Tor empirical ar’ialysis. Some analysis has been accomplished and an equa-
tion has been formed that aliows prediction of seismic signal levels as a
function of distance from a source. This equation has been coupled with
seismic sensor performance specifications to formulate an interim sensor
performance prediction model.

L., ‘Specific and quantitatively defined terrain factors are the
inputs to the interim model. To obtain these inputs easily from conven-
tional terrain intelligence gathering techniques would be -desirable; but
not all the present terrdin inputs can be so obtained, and transforms
must be found. (

5. . The equation used: in the interim prediction modél has been
derived from the analysis of data collected in a wide tange of environ-
ments, i.e. Puerto Rico, -Panéma, and Arizona. Additional data will be
collected a:ﬁii the prediction model improved as the dater are analyzed.

The interim model has been designed so that modifications.-can be made
easily as new data 6r theoretical information becomes available.

Purpose and Scope

-

6. The purpose of the study reported herein was to provide techni-
cal assistance to the U. S. Army Engineer Topographic Laboratories (EIL)
seismic sensor ‘»MGfproduc;t projéct by developing theoretical relations
of seismic wave propagation in earth media and empiri’qé.l relations based
on: the analysis of existing fberra.in/serisozt data.

7. The report. inéludes a brisf discussion of the seismic and en-
vironmental field .data -collgq:l;ion programs;, and data reduction and anal-
ysis ﬁrocedﬂl:es ‘*féll‘owed;ih"theﬁ development éi‘ & seilsmic sensor perfor-
mance model. Techniques for :mea‘surgng‘ or "estimating the terrain factor
inputs to the modél are also discussed.

8. Epéisting theoréticdl solutions were found to be in a ‘form not

2
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directly compatible with the project objective. They were used exten-
sively, however, in the design of the data collection, reduction, and

analysis procedures used in the develoiifrxent of the model.
Definitions

9. Certain terms pertinent to th;is study and having restricted
méaning are defined belcw.

Cone ind‘ex—.l An index of the shearing resistance of a medium ob-
tained with t;IG: cone penetrometer. The value represents the resistance
of the medium to penetration of a 30-deg cone -of 0.5-sg-in. (6.h5-cm2)
base or projected area. The nimber, although usually considered dimen-
sionless in trafficability studies, actually denotes pounds of force on

the handle divided by the area of the cone base in square inches. The

‘cone index of the soil surface and the average cone index of the O- to

15-cm layer are used in this report.
Dry density (74 ),,l Dry unit weight; the weight of oven=dried soil

solids (WS) from a sample per unit of total volume (Vp) of the soil sam-
ple., Symbolicalliy this is

s

7y = y-lin g/en)

Particle velocity. The time rate qf change of the motion of a

particle of the medium with respect to a specified reference frame. The
particle velocéity was measured by the geophones used in this study.
Water- content (w)'.l The ratio of the weight of water (WW“) in a

sample of soil to the weight -of soil (solids ofily) (WS) in the same sam-

ple expressed as a decimal. It may be written as

¥

‘Compression wave velocity (Vp)e The speed of a compression wave

through a mediuin.l Compressién waves have the greatest velocity of any

elastic wave in the same medium, The motion of the particles is

TR v Jor-c o vug i e - ”;&“j\\»—mm“
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parallel to the direction of propagation. VP is defined mathematically

~

as.

where

»VP = compression wave velocity, LT
A = Lame's constant, M Y2
G = shear modulus, FL 2

mass -density, GL"hi‘2

1

0
) Rayleigh wave velocity (Vg). The speed of a Rayleigh wave (par-
‘ticle motion is elliptically retrograde and parallel to the direction of
propagation) along the free surface of a medium; depends- on Poisson's

ratio (v) of the médium. For values of Poisson's ratio 0<y<0.5, the
Rayleigh wave vélocity has the range 0.875Vy <v_ <0.955V, where Vg
= shear wave velocity.

Shear wave velocity (Vg). The speed of a shear wave (particle
motion of the medium is perpendicular to the direction of propagation)
through a medium, defined mathematically by the equation

where
Vg = shear wave velocit;ag, 17l
G = shear modulus, FL
p = mass density, (?:L"I‘T2

Thickness of the first soil layer (Hj). The vertical depth (i.e.
perpendicular to the surface) to the interface between thé surface layer
and the next shallowest layer -as distinguished by théir differing pri-
mary wave velocities. The primary wave velocities of these two layers
are determined by techniques of rgfré.,cti‘on* seismology. (Note: The

gbove-defined. layers often, but not necessarily, correspond to soil

layers as -defined by nonseismi¢ parametérs (e.g. grain size, density,
etc.:) a‘:): i ot
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PART II: DERIVATION OF TERRAIN/SENSOR INTERACTIONS

Field Data Collection Program

W

10. The ETL seismic sensor study utilized data collected in the con-

duct of related seismic sensor research. The field data collection pro-

gram was designed- to provide information for development of empirical '
térraiﬁ/seismic response relations and to verify theoréetically developed :
relations. The approach used was to perform special seismic tests in " 4
various environmental: conditions, collect environmental data concur-
rently with, the seismic tests, and thén study these data to determine { ‘1
empiricdlly the effects of environment on seismic response. This part }
of the report discusses the field data collection program, derivation of
particle velocity/énVirbnment/ﬁistance,relations and the mammer in which ‘

the relations were coupled with Phase III sensor logic2 to provide a

capability for predicting an indicator of sensor performance. Phase
III sensors are the most recently developed SID's; the sensor develop-
ment program be-an with the Phase I sensors and has since moved through
the Phase 1II sensors into the development of improved devices that are - ) *

designated Phase III sensors.

Site selection

11. To ensure that tests were conducted in a wide range of en-
vironmental .conditions, care was taken in selecting sites within pre-
determined study areas. Field work was accomplished at 22 sites in
Panama, lO,siﬁes'in Puerto Rico, and 15 sites in Arizona. The sites
were tentatively selected in the office by utilization of available
published data, topographic maps, and air photos. The published data
and maps were tsed t6 supplement a photo interpretation study that
involved a stereoscopic examination of the photos of the study area.
Photo patterns were isolated on the basis .of their tone, texture, and
shape; and the assumption was made that. each discrete pattern repre-
sented a certain combination of environmental conditions. Sites were
tentatively selected to encompass as many of the terrain conditions as

possible within :a .study area; however, accessibility to a site

' A\
&
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was also taken into consideration.

12, The final selection of sites was not made until after a
ground reconnaissance was performed to detérmine the validity of the
assumptions made during the office study. Soil, surface geometry, and
vegetation conditions were observed at the tentative sites. Other
areas were also visited to see if different conditions existed that were
not recognized during the photo interpretation study. Upon completion
of the ground reconnaissance, the final site selections were made.

Site layout

13.‘ T6 perféorm the seismic tests, each site was prepared in a
specific manner. A walk path was laid out 60 m long, with the O- sta-
tion located in the middle and stakes at S5-m intervals along the
entire length of the path. Another line of the same length was laid
out perpendicular to the first and intersecting it 2 m from the O-
station. Stakes also-were placed at 5+«m intervals along the second line.
Fig. 1 shows a typical site layout.

Environmental data

ih¢ All of the envirommental factors that were hypothesized to
affect the seismic response: of the area were considered. The fol-
lowing éenvironmental descriptors were believed to be important, and
information was collected on each either by direct measurément, labora-
tory analysis, or computation.

a. Soil characteristics

(1) Layer thickness (refraction seismic technique)
(2) Moisture -content

(3) Dry density

(¥) Void ratio

0 (5) Degree of saturation

(€) Liguid limit-
(7) Plastic limit
(8): Cotie index
(9) Grain-size distribution
b. Vegéetation characteristics
{l) Stem aiametér» ’ -

A SRR OB b

44‘
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| (2) Stem height

; (3) Stem spacing

/ (4) Crown volume

c. Surface geometry: surface profiles

S ' d. Meteorological conditions
‘ (1) Wind speed
(2) Wind direction
(3) Rainfall
(4) Air temperature

(5) Soil temperature
+ 15. The soils data were obtained by measuring the basic soil 4
p parameters in the field with such devices as a nuclear moisture-density
meter, and by using conventional soil sampling procedures and obtaining
values through laboratory analysis of the samples. The vegetation and i
surface geometry data were collected according to standard WES pro- Q
l cedures. Meteorological data were obtained with instrumentation avail-

. able at the test sites or with a portable field unit designed at the
' _ WES. ' '

factor values have been extensively documented in the references listed

16. Techniques for measurement or calculation of the terrain ’ i

at the end of the text of this report. Up-to-date instrumentation and

techniques were used, and the data were recorded in formats compatible {
with automatic data processing that allowed their efficient analysis.
Complete documentation of the field data collection program will be

published as part of a-report3 dealing with a related seismic sensor

program.
‘ Seismic response data
r l 17. The seismic response data were collected at the various loca- )

tions by measuring the particle velocity resulting from (a) a man walk-

g ing and (b) a controlled energy source (hammer drop). The seismic re-

: sponses were measured with two, three-directional geophones and recorded
on magnetic tape with a wide-band -amplifier-recorder system. The
geophonés, moving-coil type with a usable flat frequency response from

. |
1.5 to 200 Hz, were buried flush with the ground surface and 5 m apart, '

.
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= positioned as shown in fig. 1. The drop-hammer energy source was de-
signed with the hope that its response would be comparable in magnitude
and signature to the response produced by a footstep. Since footsteps
are very variable in character, the particle velocity resulting from
the hammer drop would hopefully allow a more accurate comparison of
seismic responses in various environmental conditions.

18. In the man-walking tests a man walked at a constant rate
along both prescribed paths. He started 30 m from the centermost geo-
phone array, and continued on the same line until he was 30 m past the
centermost array, which brought him to within 2 m of the centermost

array on each path. The controlled-source (drop-hammer) tests were

rd 4 —

conducted by dropping the calibrated weight of the hammer at 5-m
intervals along the same paths used for the walk tests.
19. The peak particle velocity, or maximum signal amplitude, re-

! sulting from each footstep or hammer drop was obtained from the magnetic

tape recordings by machine processing at the WES. These data were used
to develop peak particle velocity-distance relations. (The data col-
lected in Puerto Rico were recorded on oscillographs and were reduced
manually to obtain the peak particle velocity values for the Puerto

Rico sites.)

Derivation of Equations

Regression technigue
20. The data collected in the field in Panama, Puerto Rico, and

Arizona were used as a base for generating an empirical equation des-
cribing the seismic response. The dependent variable selected for this
study was the peak particle velocity resulting from the calibrated
(drop-hammer) source. The independent variables consisted of the
various descriptors of the soil characteristics (paragraph 1), com-
binations of soil descriptors, functions relating the soil descriptors,
and various combinations of all of the above.

21. To formqlate a peak particle velocity-distance prediction

capability, a basic format had to be selected for use in developing

AL
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the empirical equation. The best results were believed to be obtainable
if the empirical equation format conformed closely to theoretical con-
siderations of seismic energy decaj with distance. Two types of decay
were considered, geometric damping and equivalent viscous damping. Geo-
metric damping, the decay of energy due to the spreading of the wove
front over a larger and larger volume, for a Rayleigh wave can be
described by 1/¥T , where r is the distance from the source.h
Equivalent viscous damping can be approximated by an exponential decay

function and has been described by the expression 2

.. _k_'vz}r
ats
21.1.R/

where
e = base of natural logarithm
k' = damping coefficient
W = mean circular frequency
VR = Rayleigh wave velocity
r = radial distance from source

22. A similar expression was chosen for the empirical analysis:

Ae-Qr
VYT

where l/VT' describes the geometric damping of the Rayleigh wave, and
e ¥  conforms to the equivalent viscous damping of the wave, with

o replacing (k'W)/(2nVR) used in the theoretical- expression. The

A term represents an initial particle velocity amplitude that is
attenuated by the e-QT/VF expression. [In theoretical work, the A
term comprises a number of functions that theoretically describe an
unattenuated Rayleigh wave. In this case, o 1is somevhat similar to
the equivalent viscous damping coefficient, although it includes the
other terms in the total coefficient of the theoretical equation. For
the purpose of this study, o was considered to be a constant over the

frequency range of the data since a large range in frequencies did not

occur.
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Description of computer software

23. A multiple regression computer program written by Mr. J. H
Goodnight of North Carolina State University, Raleigh, North Carolina,

b ) was utilized to correlate the independent variables and combinations
thereof with the dependent variable. In general, use of the computer f
b ’ program entails four basic steps:
a. Values for the basic variables are fed in, and values for

1 A the combined variables are generated. )
% - b. The simple statistics (i.e. sum, mean, sum of squares, 4

variance, and standard deviation) of each variable are

computed; and a bivariant analysis is conducted, i.e. 4

each variable is correlated with every other variable, d
3 one at a time. This indicates the variables that are
) ' interrelated.

c. A model is built for each specified dependent variable.
The computer searches the independent variables (first
taking one at a time, then two at a time, and so on) and
' - lists the individual variables that correlate best with
the dependent variable. These lists of variables are
termed models.

' . 3 d. Based on the models generated, the independent and depen-
. dent variables are specified, and the computer uses a
- Doolittle matrix inversion technique to generate the re- : ) 4
gression equation of best fit through the data. This
equation is in the form

Y = Bo + Bi.xi + B2X2...+ BNXN 1
where
[ Y = dependent variable
X. = independent variables

7
%
1]

B,
i
| 2h. The correlation coefficient R is defined and used as a mea-
‘ sure of "goodness to fit." R = 1 is a perfect correlation; whereas
R = 0 indicates no correlation at all., An analysis of variance table

also is printed out for determining the significance of the equations. A

regression coefficients

Use of computer program

3 - 25. The relations between seismic response and environmental

i factors have been shown to be very complex. To use the strength of the
11 !

S . .
A .
ol

Bbs
«%é{g;:ﬁ ,\“&'}

Y
- e iand A .

l o T S
» : . - - o R i ® SNSRI T T
R L ARG R AP IR Rl ) AR el e T L . 2 -




[ Shmassn ————

>

. e e e

sy e o imn s i n e o

PR

multiple regression technique to best advantage. a step-by-step proce-
dure for building the desired relations from the basic parameters had to

be followed:

2. The basic environmental parameters and simple combinations
thereof were correlated with a given seismic response de-
pendent variable to determine the parameters that cor-
related best with the dependent variable.

b. Equations were written for the best models developed.

c. The equations were used to determine whether the
variables were positive or negative with respect to the
value of the dependent variable. If the independent
variable appeared in a negative term of the equation, it
was considered negative; if the independent variable
appeared in a positive term in the equabtion, it was
considered positive.

d. The negative and positive variables were then condensed
to generate new combined variables. Negative variables
were always in the denominator of the new variables, or
as negative terms; whereas the positive variables were

always placed in the numerator of the new variables,

or as positive temms.

The basic parameters and the newly generated combined
variables were again correlated with the dependent
variable to improve the correlation.

@

f. Equations were written for the best models, and the sta-
tisties of the equations were evaluated to determine
whether rurther development was required.

g. If further development was required, a third group of
combined variables were derived from the newly written
equations, and the cycle was continued until no addi-
tional improvements could be made.

Peak particle velocity relation
26. The relation between peak particle velocity and the envirén-

mental factors was developed in two major phases, both of which followed
the steps in the procedure outlined above. The first phase was con-
cerned with the development of relations for A and ¢ . Once these
relations were determined, the total relation for peak particle veloc-
ity, Ae-aT/VF , was developed:

. Ae”¥
U peak = 0.11 + v

where
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F Hi
k A=8.31- 6’027ds + 17.65 >
) v
Pl
- 3 by
H 7. W /(1.0 - 7, /2.65)|H
- 1.118 1. - 4.76 [ds s/ ds/ ] 1
» Vo cI v
P17 T0-15 pl
be
N 0.0125 ;
L (1.0 - VR/Vpl)[ydsWJ(I.O - 7&9/2'651
s
¢ = - . + 0., +
‘ ’ a=-0.169 + O 000157H; + O 026(1 Ws)7as
F o.ooooooolu{lvR
‘ +0.092(1 + W].)"'dl B (A fines) W)
)
[ras/(1-0 - 74/2.65)]H,
- 0.0062 on
v
pl
P ' U = particle velocity resulting from the hammer drop,
peak  p/sec x 10-3
r = radial distance of source from the geophone, m
Hl = thickness of first soil layer, m
Ws = moisture content of the surface soil, percent
Wl = moisture content of the first soil layer,* percent
74, = dry density of the first soil layer,* g/cwd
7gs = 4ry density of surface soil, g/cm3
CIO 15 = cone index for the O0- to 15-cm surface soil layer,¥ psi
ﬁ, , e = base of natural logarithm
(% af‘ines)l = grains finer than 0.0T4 mm by weight for first soil
] layer ,¥ percent
Vpl = compression wave velocity of first soil layer, m/sec
V; = Rayleigh wave velocity, n/sec
27. A number of standard statistical tests were used to evaluate
#k the empirical equation. An analysis of variance was performed for the
* Average for the lsyer.
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dependent variable, U peak, of the equation and the resulting variance
ratio F was tested at the 0.01l- and 0.05-levels of significance. The
F test showed the equation to be significant at the 0.0l level. A
student's t-test, associated with the hypothesis that the reéression
coefficients are equal to.zero, was applied to the coefficients of the
regression equation. The results of the t-test showed the coefficients
to be nonzerc and therefore statistically valid at the 0.0l-significance
level. .

28. The correlation coefficient - R of the equation is 0.83.
This indicates that the regression equation can be used to predict the
peak amplitude of a seismic signal with some degree of precision. The
standard deviation o of the equation is 0.77.x 1073 cm/sec, which is
very significant with respect to the measured values of peak particle
velocity at distances greater than 30 m. This indicates that the de-

veloped equations will yield predictions that will exhibit ccnsiderable
scatter.

Prediction of Sensor Performance

Seismic sensor characteristics

29. A schematic drawing of the major components of a seismic
sensor is shown in fig. 2. The ground motion resulting from a seismic
wave is measured by the geophone and converted into an analog electrical
signal. The frequéncy and amplitude of the electrical signal are pro-
portional to the particle velocity. The electrical signal from the
geophone is then fed through a band-pass amplifier, where the signal
is filtered and amplifiéd. From the amplifier the signal goes to the
sensor logic. If the signal has an amplitude above a certain threshold
value, the logic will be activateé, The logic‘wiil then integrate suc--
ceeding signals from succeeding footsteps until encugh -energy is com-
piled to reach. a second threshold, which -causes the sensor to transmit
a coded RF signal to a receiving station, indicating that a source of
seismic signal., such as a man walking, is nearby.

20. It mﬁéf be emphasized at this point that the signal reaching
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the logic is very dependent on frequency. Theé response of the sensor
geophone is not constant for all freguencies, and the band-pass ampli-
fier attenuates signals above and below 40 and O Hz, respectively. Thus
the characteristics of the signal reaching the sensor logic may or may
not be directly analogous to the frequency and amplitude of the ground
motion.

31. For this preliminary study the effects of signal frequency
have been ignored completely, and the sigral amplitude reaching the sen-
sor logic has been assumed to be equivalent to the peak particle
velocity. The values used for sensor logic thresholds are nominal
values based on design specifications. The actual threshold values in
the field sensors may vary considerably from one sensor to another be-
cause of the wide tolerance in the manufacturing specifications imposed
to 1imit unit costs.

Technique for prediction
of sensor performance
32. The empirical equation derived by the mulitiple regression

technigue has been combined with nominal values of sensor logic thresh-
olds to provide the capability for predicting sensor performance, as

shown in fig. 3. The equation is used to predict the curve of peak

NOTE: SENSOR PERFORMANCE =D FOR
MEDIUM GAIN SETTING.

AT DISTANCE (D)

)_

E

)

(e}

o

S PEAK PARTICLE VELOCITY/DISTANCE

w CURVE PREDICTED AS A FUNCTION OF

d ENVIRONMENT

s

(4 SENSOR THRESHOLD
& VALUES

< P Y
u

0.

MED GAIN

— e g A vy G oo S

_HIGH GAIN_

DISTANCE
Fig. 3. Generalized relations showing how sensor
performance can be predicted

16

:.i

T SRR s o st g o et i 2 ot e

ot " It T RS AP e S
MR RN WA P ARSI ey Vi AL L aa Dy v AL

& .




4 4

particle velocity versus distance for a given set of environmental con-
ditions. Nominal sensor logic threshold values for high, medium, and

low gain are superimposed on the predicted curve; the distance D , where
the threshold value for any particular gain intersects the pezk particle
velocity curve, is the measure of seismic sensor performance fer that

gain. This techniqgue has been computerized to provide an auntomated per-
formance prediction capability. The computer program is presented and

discussed in detail in Appendix A.

Evaluation of Prediction Capability

33. The primary factor affecting the sensor performence predic-
tions is the accuracy of the predicted particle velocity-distance data,
i.e. the adequacy of the regression equation discussed previously.

Adequacy of regression equation

3. The accuracy of the regression equation depends on the close-
ness of fit of the regression equation to the actual particle velocity-
distance data measured in the drop-hammer tests. Predicted and measured
peak particle velocity data for selected sites in Panama and Yuma
Proving Grounds are compared in plates 1-3. In a majority of cases the
predicted values compare closely with the measured data. Much more
error occurs in the near-field portion of the plot than in the far-field
portion (i.e. at distances greater than 10 m). These plots demonstrate
that the multiple regression prediction equation is a fairly good pre-
dictor of peak particle velocity for distances greater than 10 m.

Significance of predictions

35. The computer program in Appendix A was used to obtain pre-
diction for medium- and low-gain detection ranges for 19 sites in
Panama and Yuma Proving Grounds. To evaluate the adequacy of these
predictions for representing the detection distance for a men walking,

a body of reference data from which comparisons could be made was
necessary. A portion of the necessary reference data was available in
the form of one man walking in the detection ranges for a DSID Phase III

sensor at low gain for each test site in Panama. A total of five tests

17

w
|
|

’
|
|




were made at each site. The data were collected concurrently with the
field data coilection program in Panama; however, they were not con-
sidered adequate since they contained a large amount of scatter that
could not be explained. To complete the necessary body of reference
data, detection distances were determined with an analog computer.

36. A model of a Phase III seismic intrusion detector2 with PID
logic was programmed on an analog computer to form a synthetic sensor,
and +he measured analog records from the man-walking tests were used as
inputs to the model. Detection ranges for one man walking were obtained
for both medium and low gains. No attempt was made to predict detection
ranges associated with the high-gain setting because background seismic
noise levels at every site thus far visited in this program have ex-
ceeded the threshold value for high gain. In many cases the background
noise level also exceeded the medium-gain threshold.

37. The assumption was that the detection ranges predicted with

the analog computer would have higher values and exhibit less scatter
than those measured in.the field. The measured analog records were
obtained with carefully controlled experimentsel procedures designed to
minimize the effects of variation in individual footsteps and walking
speeds as well as the energy loss from the soil to the geophone. The
detection range measured with the DSID more closely simulated field
deployment conditions. Therefore, only occasionally would the DSID-
messured detection range be as great as those predicted with the analog
computer. The detection ranges obtained from the computer were plotted
versus measured detection distance for low gain (fig. %). In most
cases the computer-predicted detection ranges compared well with the :
maximum measured detection ranges and, with one exception, were greater '
than the average detection range. In 12 of 16 comparisons the com-

puter predictions were within 5 m of the maximum of the measured data.

38. Perhaps more significant than the approximate one-to-one

correspondence of the predicted and maximum measured data is the fact

ot B N e mmme 4 v v

that the range of distance cbtained by both methods coriespond, i.e,
5-30 m: for the predicted and 4-27 m for the measured. This suggests

that both procedures are abtout equal in sensitivity to variations in
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Fig. 4. Predicted analog vs measured detection ranges

site conditions. On the basis of this analysis, it was assumed that
the analog computer predictions could be used to estimate the quality
of predictions obtained from the digital computer program.

39. The detection ranges determined with the analog computer
were used as a reference for evaluating the digital computer program
for predicting seismic sensor performance. The detection range values
for medium and low gain obtained with the analog computer were plotted

against the low- and medium-gain detection ranges predicted by the

19
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digital program for the selected test sites in- Panama and Arizons

(figs. 5 and 6, respectively).
40. The curves in figs. 5 and 6 show that the techniques used for
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predicting sensor performence are not adequate; the digital computer J
. program predicted values that were in general much higher than the 4
values obtained with the analog computer. The inadequacy of the j
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predictions ray be due to several facteors. First, the sensor electironic
r , coxponents look at the entire seisric signai. Thus, the peak perticle
velocity a2ione does not convey encugh irforzation regardirg the charac-
} ; teristics of the seismic signal. Second, the freguency response of

? the sensor and the freguency characiezistics cof the seismic signzl have
, baen ignorsd, and these factors are delieved To be very éigzli‘ican‘&: in

q predicting sensor performance.




PART TIT. TERRAIN FACTOR INPUTS

41. The majority of the terrain factors measured during the field
data collection were analyzed to determine the highest correlation with
3 the peak particle velocity. For the terrain analyst, however, the best
F model may be of little value if the input requirements are so stringent
that they are virtually unattainable. The equation used for the digital

computer sensor performance model was selected on the basis of the rela-

L tive ease of acquisition of the input values.

P 42. A total of nine terrain factors are required for the present )
k version of the model. These terrain factors are listed in paragraph 26. '
p The ideal way to obtain the input values is by direct measurement or

calculation. Often access to the ground is denied and the terrain fac-
tor inputs will have to be estimated. This estimation will often have

to be made from serial photographs; various soils, geologic, physio-

graphic, or land use maps; and other literature. This part of the re-

port presents data that can be used as an aid in estimating the terrain

factor value. This information is not complete, and the terrain analyst

should supplement it with information from other sources.

Estimating Cone Index, Soil Type,
and Water Content Values

43, The cone index value of a soil is a function of soil type ‘
(Unified Soil Classification System (USCS)) and soil moisture content.
The type of the surface soil can often be estimated reliably from aerial
photographs or soil maps (see reference 6). In general, the water con-
tent of a soil cannot be readily estimated from remote sensing imagery,
visible photography, or most soils maps since it is a function of rain-
fall, topographic position, soil type, and other factors related in a 1
complex manner. Automation of a soil moisture prediction model being

developed at the WES is scheduled for completion in June 1972, thus pro-
viding a means for estimating average daily soil moisture content. If

soil type and water content are known, cone index values for the O- to

15-cm layer can be estimated from the generalized relations among soil

23
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type, moisture content, and cone index shown in fig. 7.7 Additional
data on the relation of cone index, soil type, and water content are

given in reference 8.

CONE INDEX

20 30 40 sO 60 70 80 90100 150 200
s g 1 1 | 1 2 [T S | '
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60

70 4

MOISTURE CONTENT IN PERCENT

80

90 -

MH . RELATIONS FOR 0- TO 15-CM LAYER ONLY

100~

Fig. 7. Generalized relations among soil type (after reference 7),
soil moisture content, and cone index '

L. Aids for estimating surface cone index are not readily avail-
able, but probably could be developed from existing data at the WES.
Surface cone index values are -often 30 to 50% of the average cone index
of the O~ tu 15-cm layer, but vélues 10% of the cone index of the 0O- tc

15-cm layer are common.
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Estimating Dry Density and Layer Thickness Values

Dry density
45. Values of mean dry density for USCS soil types8 are listed )
below.
Mean Dry !
USCS Density
Type g/cm3
SM-SC 1.62 4
sC 1.60 4
SP-SM 1.57
SM 1.50
: CL-ML 1.49 {‘
: CL 1.4
ML 1.37
CH 1.36 ‘
oL 1.32 3
MH 1.11
OH 1.00
These density values were derived from analysis of approximately 1300
samples taken from the 15- to 30-cm layer in the temperate zone. Nor-
mally the O- to 15-cm layer contains more organic matter and will ex- - ©
hibit slightly less dry density, i.e. values from 10 to 15% less than
those shown. Fig. 8 is presented to allow estimation of dry density
9

from known in situ moisture content.

Thickness of the first soil layer

46. This terrain factor value is probably the most difficult to
obtain by noncontact means. Estimates of soil thickness can often be
- made by photo intevrpretation and study of the geologic land use, soil
maps, and related literature of the area. As previously mentioned,
d however, these estimates may not be valid for seismic layers that are

L based on physical soil properties.

Estimating Compression Wave Velccity

47. The terrain analyst, having determined soil or rock type, can
obtain estimates of compression wave velocities from the following

tabulation.

a5
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Estimated Compres-
sion Wave Velocity

F :: ) Soil or Rock Types . m/sec
s Dry, loose topsoils and silts 180 to 365
; Dry sands, loams, and slightly sandy or gravelly 300 to U485
: soft clays
' Dry gravels; moist sandy and gravelly soils 450 to 910
Dry, heavy gravelly clay; moist heavy clays; 910 to 1450

cobbly materials with considerable sands and
fines; soft shales; soft or weak sandstones

5 Water; sabturated silts or clays; wet gravels

N Compacted moist clays; saturated sands and

: gravels; soils below the water table; dry medium
shalés; moderately soft sandstones; weathered
moist shales and schists

1460 to 152k
1460 to 1829

Hardpan; cemented gravels; hard clay; boulder
3 till; compact cobbly and bouldery materials;
( medium to moderately hard shales and sand-

stones; partially decomposed granites; jointed
and fractured hard rocks

Hard shales and sandstones; interbedded shales

and sandstones; slightly fractured limestones
and crystalline rocks

1676 to 2438

P

238 to 3657

Unweathered limestones, granites, gneiss, and
other dense rocks

3657 to 6100

- Rayleigh Wave Velocity

48. Rayleigh wave velocity is equivalent to shear wave velocity.
For very rough estimates, Rayleigh wave velocity can be assumed to be
40 percent of the compression wave velocity.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

49. Results to date in the WES seismic sensor programs indicate
that terrain factors can be‘correlated with the seismic response charac-
teristics of an area. These correlations can then be used to predict
the peak amplitude of a seismic Sighai with distance; however, predic-
tion of‘seismic sensor performance by this method is by no means ade-
quate. Although the pfesent version of the computer program is inade-
guate for predicting SID performance, it can be easily updated, and an
improved prediction capability can be expected as additional information
becomes available and additional analyses are combleted.

50. Although the predicted peak particle velocity-distance curves
are not adequate to allow accurate determinations of sensor performance,
they may be used with confidence (within the Fange of -experimental data
upon vhich théy are based) to obtain a relative comparison of the seis-
mic response characteristics of difference areas.

51. Tﬂe'terrain factor values required as inputs to the computer-
ized model are those that are common to the earth sciences. Consider-
able data in various parts of the worid have been collected on these
terrain factors, and reasonable estimates of their values can be made
on the basis of literature and other information Sources, such as re-

mote sensing products and the WES soil moisture prediction system.

Recommendations

52. Continued work on the developmént of an analytical procedure
for predicting SID performance is recommended. Baphasis should be
placed on developing theoretical equations for predicting the complete
particle 'velocity wave tr&in as a function of distance. Computer
routines céapable of interyreting the particle velocity wave train in
a. mahner analogous to that 6ir£he sensor should be .developed. These
sensor simulation routines stould be combined with the theoretical wave

28
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propagation equations to provide a theoretically based SID performance

model.
53. Additional research should be conducted to develop improved

techniques for obtaining the terrain factor input values.
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APPENDIX A: COMPUTER PROGRAM TO PREDICT SID DETECTION DISTANCEA

Description of Function and Method

T “v-'v—"'v —

1. A computer program has been developed to estimate detection dis- ;

tance (in the program detection distance is termed detection radii) from

b ( one man walking to a seismic sensor as a function of scil parameters., The ' o

! program is intended to be self-instructive, easy to learn to use, and, since

L : it operates in the conversational mode, suited to processing of relatively

{ f small quantities of data input from a teletype. The peak particle velocity-
distance equation, described in the main text, is computed in a subroutine
so that it can be revised with little change in the main program.

} ) 2. The values of the peak particle velocity (resulting from a hammer
’ drop¥**) are computed for radii of 2, 5, 10, 15, 20, 30, and 40 m. If the

computed peak particle velocity becomes zero or negative at a radius of T

T

- S

. less than 40 m, velocity values corresponding with greater radii are ig- J

nored. The srray of values for radius vs peak particle velocity is entered

into a spline curve-fitting routine (subroutine SPL), which generates a peak

particle velocity for each meter of radius from 2 to 40 m. These values are

‘ written into a disc file (fig. Al). . .

3. After the spline routine is completed, the resulting array enters |

a subroutine cailed PRED, in which the peak particle velocities required to
open the sensor logic at medium- and low~gain settings are found. The ra- j q
dius associated with the selected peak particle velocity becomes the pre-
dicted detection radius. If the associated radius exceeds 40 m, the solu-

b tion is not valid, and the value of the associated radius is set to zero.

L * This program is furnished by the Government and is accepted and used by

, the recipient with the express understanding that the United States

) Government makes no warranties, expressed or implied, concerning the ac-

curacy, completeness, reliability, usability, or suitability for any

particular purpose of the information and data contained in this program

or furnished in connection therewith, and the United States shall be

under no liability whatsoever to any person by reason of any use made )

thereof. The program belongs to the Government. Therefore, the re- i

h cipient further agrees not to assert any proprietary rights therein or ‘
. to represent this program to anyone as other than a Government program.

¥*% Equivalent to a footstep.




Description of Input and Qutput

Cutput

above.

Operating Instructions

5. Save the names of the output triles.

A2

Input variables
Vari-
able
Record Name Column(s) . Mode Units Description
i 1 Cll5 Free-i{ield Floating Dimensionless Cone index
i , (0- to 15-cm layer)
d WC Free-field Floating Dimensionless Water content of
; surface
WC1l Free-field Floating Dimensionless Water content of
first layer
VP Free-field Floating m/%ec Compression wave
velocity
VR Free-field TFloating m/éec Rayleigh wave
; . velocity
: H TFree-field Floating m . Thickness of first
seismic layer
PFS Free-field Floating Dimensionless Percent fines
: ’ decimal
| GAMD TFree-field Floating gm/cc Dry density of
: surface
GAMD1l Free-field Floating gm/ce Dry density of
first layer
i 2 ANAM 1-6 A -- Site identification
f alphanumeric
i ‘ characters
! 3 NAME 1-6 A -- Name of saved
; file into which
! to write results
i of equation
! 4 X0 Free-field Floating m Initial radius
{ XMAX Free-field Floating m Meximum radius
DELX Free~field Floating m Spline fit increment

desired

4. An example of the oufput from program KLNO12 with teletype
input of soil parameters. is shown in fig. A2, Cirecled numbers in the

left margin correspond to the input record order in the input description

If no plots of radius

-y - aireaprnE P SRR IEEP RS

P, R,




- | am

versus peak particle velocity are desired, the same name may be used for

several sites.
6. Run the program. Data must be entered from the keyboard as

shown in fig. A2 when it is requested by the program.

Program Listings

T. The program listing is shown in fig. A3. The language used is
FORTRAN IV adapted for use on a G-437 (Honeywell) time-sharing computer.

Flow Cherts

8. The flow charts of the main program and necessary subroutines

are presented in plates Al and A2.

A3
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PEAK

'
!
|
§
}
+
t
¥
!
§

PARTICLE
NAM1 DISTANCE VELOCITY
INCREMENT ) (CM/SEC x 1073)
L 66091 TEST :
§ 0032 . 2,000 - 12,743
t 95603 3,000 10,438
S 60004 4,000 8,307
b 03535 5.009 §.522
; 0098 - 6.000 5,268
f 90307 7.000 4,424 :
; 00003 8,000 3.850
? 59005 9.000 3,526
00010 - 10,000 3,253
00011 11,000 2.979
0012 12,600 2,630
30013 13,000 24403
03514 14,000 2,130
00515 15,000 . 1.389
00015 15,000 1,637
3017 17,069 523
20013 18,000 . 1.389 -
0015~ 19,009 1.27§
g 66920 20,000 1,178 :
| 90021 - 21,000 1,037
! cooge 22,000 1.003
f 00023 23,000 0.925
20024 24,000 0,852
, 00025 25,000 0,735
i 00025 26,090 0.724
| 00027 27,000 0.668
i " 00028 28,000 0.617
| 00029 29,000 0,570
J 0039 30,0090 0,529
| 00031 31,000 0.491
| 00032 32,000 0.458
i 00033 . 33,009 0,429
80034 © 34,000 0,402
00035 35,000 0,378
00038 36,000 0,357
00037 37,000 0,337
00038 © 38,000 0.319
3039 35,0090 0,301

00049 40,000 0,284

Fig., Al. Peak particle velocity values generated by the
spline curve-fitting routine
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!
¢ \
i -
g, =
i
« '§'
3
: : RUN .
1 :
3 . KLNO12  14:23 WES  01/26/72 i
[ ]
g |
: WTER STOP'IF YOU WIS _TO STOP THE PROGRAV ]
1 i IsPUT O FIRST LIWC, SEPARATING THE VARIABLES BY COWWAS, i
, THZ FOLLOWING VARIABLLS.:C1)CONE I&IEX(0-15 Cil), ;
b : (2)WUATZR CONTENT OF SURFACE, (3)WATER-CONTENT OF FIRST LAYZR, H
: (4)COMPRESSICH WAVE VELOCITY (M7/SEC), (5)RAYLEIGH WAVE VELOCITY Gi/s:iC), I
» (6)THICKEESS OF FIRST SEISNIC LAYER(CW),(7) PERSENT FINES (2)
b i B) DRY DZESITY OF SURFACZ(G/CC),(S) DRY DENSITY OF FIRST LAYZR(Ga/CC) }
i : O SECOND LINE EMTER UP TO- SIX CHARACTERS JF IDENTIFICATION ’
3 3 -
: (:)?160.,.58,.45 3)1.,134.,488.,82.,.82 1.1
? @ ST
: ZTER F NAME TRTO WHICK TC WRITE SPLINE VALU S
é @D”l\«ﬁul ILE v £ c
g GOHPUTED VALUZS OF R VS. UDH
% SITE TEST
i "R UDH
2. 0 00 . l 20 743 l ~
5.500 ° 6,522 2
Y 10,009 3,253 3
: 154003 1889 4
3 20,000 1,178 5
i 30,000 0,529 6
, ; 40,000 0.284 .. 1
! . ENTER IMITIAL. R AND MAXIMUY R FRO® ABOVE TLBLE,AND
: IRCREVENT OF SPLINE VALULS DESIRED(USUALLY 1) ‘
g @ 12,40,1 |
\ : DETECTION R4OII FOR SITE TZ , |
: MEDIUM _LOW GAIN- .
‘ j 0, 31, '
o
| Fig. A2, Sample run of program KLN012
& ‘
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5
| %
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ik
% -
‘ -
| {
} ‘
KLiCi2 2 ﬂ
I5TTY, 120 A ) ' 1
"‘1 Ju .
1130 TH Io PROGR 2N USES Cel CF W0 =Cua TI0AS TO PRI STECTI N 2 h
125C GI' A SZNSCR AT THREZ x)IFrT.iu_t\l GAILk ul‘.TTI‘vGS Ic b JLT-ClIU“ KAJIL | 4
136 DIAELSIGL 3 (7)) ,UDH(T) ,BIH2(T) .
135 ZQUIVALERCC (UJH UdulZ)
140 l."...nL nru'i"
: 153  THISE JATA ARZ THE RADII FCR WHICH UDH VALUES ARZ COSMPUTZID | ;
: 165 JATA P/?.,,.,10.,15.,?0.,50.,40 /. |
165 DATA TZWP/ ; 4
i 133 10 COuTIHL" . . “ !
; 245 51 ‘FORY, nT( IaPGT Or FIRST LIKE, SEPARATING THZ VARIABLIS BY COMuAS, ; :
&SO&{ Z'lr. FOLLOWIiG ‘JARIAbLz_b (1)CCHNE INIZX(3~15 C) H 4
527 _ |
?55.1({2) JATER COiE":iQT Gl‘ SUnF~Cr. (3)UATZR CORTENT i ‘
333‘;3: :—I::;T L‘I‘\‘I:P, 7 r/.\rn..anucqrnt= IA\’? ‘Jn)O(‘IfY(“/Jl:C) ‘
255% (5)RAYLEIGH WAVE VLLUCITY (../S..C) "/ (6)Tr{IC-(|JESS or FIR.:T SEISsIC ’
2558%
§ ETIALAYZR(CH) ,(T) PERCERT FINES(Z), WANCIE DPY DEHSITY OF
‘ 2502 SURFAC T(&i/CC),(9) DRY DERSITY CF FIRST LAYER(&i/CC)"
i 2258//7708 "COnD LIi*r_ SNTER UP TC SIX CHARACTERS OF ID:‘.NTIFICATIGI\ “17)
% 253 rquT, *CHTER STOP IF YOU WISH 70 STOP THE PPO(‘?m'}
r)\
i 5 295 FRIFT 51
$ 320 149 RCAD ,LCI15 ‘xC,«Cl VP ,VR,H ,PFS umﬁ) GAiD1
: 35 ‘f:.n) 306 AI’AI:
36 306 FORGATC(AS) -
312 IF(Atnm.nannSTOP )CALL EXIT . ‘ .
20 320 PRIN ZRTOR FILE HAKE INTC “HICH TO WRITE SPLINE VALUZS ; T
\QU l(u.n.) 154 hﬂl,u i
240 154 FORMAT(AS) . ) ) . (
! 409 30 CALL THKZZ(CI15,%C,¥C1 VP VR K ,PFS, 44D ,5A101 ,UDH,R) i
: 420C SOLVE FOR SELZCTED VALUES CF UDH _ !
X 560 X1=d-1 - i
573 1680 3¢ 259 1=1,7 )
536 1F-(GDHR(1)) 119,179,250 i
590 178 2=l /
S60 Udi2(1)=0. ¥
513‘( 28T FORWAT(2(I5,2F10.2))
20 CCTG :.)0
650 250 CORTINUE
§40 K2:z1~-1
S/i/ .\)0 CO“‘TI\‘JUL
CGO 660 pCf\TIl‘le‘.
] 570 209 ,FOMAT( “CCrHPUTED JALUES CF R VS. UDH "/ :
fco o, "SIVz" ,2X 66//7X "R ", 6%, "UDH "/ (2F10,3,15)) 1
&30 PRInI‘ an3, ,mm. (l‘(IZ) UDI(I‘.) 12,1224 K")
7 233 CALL “PL((P,_R UBH , MIIE ANhl'i KNT2)
\3 CALL PR;.D(S HANE l‘frT«)
740 GG TO 10
Fig. A3. 'Listing of program KLNO12

PAGE t OF 5 PAGES.

:




——

AN IR CONTINUED - ‘ ﬂ

3
o~

0P 353 . ;

251
151

[2]

‘:")

04 [543 <)
= v fJ

15 3J3%chxn_ PRZ3GHILV,iAGL KNT) ¢ p
133 uc TAIS R0YTIus COSPARLS VALBES FOR LOW; REDIUd, Awd HIud GAlw

1163 TO VALUZS Ok THED B V5. USH CULRVE, ;
1119 914ExS1 G A(luO) LUdC105),FRR(3) ;
1120 DIAEWSICK DRAD(3) ’
1139 JATA FR/.1,.2,0.5/ :

1142 CALL OPEXF(NDEV LHARE) ! \
1150 R22D (LY ,825) m-Ai’l :
1160 526 FORGAT(AS :

11786 L. ,
1120 20 662 1=2,3 3
119 $82 3RA3(1)=0, i

-

LA e ek v

1250 RIAD(HDEV,329) (R A1), UD(I), 151 KBT)
1219 925 FORNAT(2F19.3)

!22!\ ’m I"’\ | -’) 1

1230 20 50 J=1 K0T

1240 1F(FR(L)-UD(J))56,100,100

1250 53 CONTINUE

1270 G0 TO 150

" 1239 109 DRI (L)I=R(J)

: 1259 150 CONTIRUE

- 1295 PRIRT 1295,AlAN

. 1256 1235 FGRWAT (10X, J“TLCTIOh RADII FOR SITE",1X,A2)

[ 1300 PRINT 1301 ,

: 1321 1331 FOmiAT (13X, mszun " 10X, LOY QAINTY | i
1318 PRIET 1311, ORAD(K),%=2,3)

1311 1311 FORWATASX,2F13, 0

1320 PRINT 1321

1321 1321 FCREAT(///7)

A vy

ety e

) 1335 CALL CLOSZIR(NIEV)
' 1340 790 RETUR®
1350 %

1380 an?OUzvaL SPL(KN X Y WDV HAME ARAM KNT)
1379C SPLIBE TEST PRO Pr\i‘l BY J CHt.r.K ADPC
1380 ILGEhSIoN X (1 50). Y10y, TGHQUL‘.(IOO)
1090)( PRINT ()56 ('DL..V tzb\uf.

1450 838 I‘CRn'u::nl(I‘j nS)

1413 CALL oPcliF (.‘u‘DEV‘,NA('iE)

% ! 1420 RiT=0 .
: 1430 10 CONTIBUE :
, 1440 CAIl _SPLINE (X, Y, ®, TORQUE) .
: 1450XPRINT, "2 ARE 0¥ I& THE SPLINE ROUTINE
! 1460 PRIST, er:R ILTIAL R AUD BAXIHUM R FRGH ABOVE TABLE,AHD
. 1485 PRINT, "1ECREAZNT CF SPLINE VALUES ESIRED (USUALLY D
; 1470, ¥RITELWDEY, 157) , ANAW,
K 1430 157 FORWAT (AS) )
' 1490 RZAD, XO,Zi4AX, NELX l
1500 100 CONTINUE §
| |
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KLRC 12 SeaTIRgED

151 CALL alLIn.( 3,77, YYR JYFE XY TquU-,n Ivd,d)
1529 ”?Ilb(dD“V '°v)X0 LYY

1532 KuT=K0T+1

144“0 18 C' fcﬁuﬂx( rlO 3)

1550 X3 = X + JCLX )

1S6¢ IF(X0,6T JmpZY GO-TC 119

1570 -G¢ T¢ 190

1530 110 CONTIHUZ

1590 CALL CLOShF(mDZV)

1639 RETURN

1610 Zuy

1620 SUBROUTINEGPLINECY Y,\, 2).

1630 DI&-ESIOA,X(!) Y(l ),528¢1)

1640 DATAZPSLI/L./ :

IS50 K} = % -}

1860 ASSI”N54TOISU

1670 DC591=] hl

1833 Y X(I+l)-Y(1)

1650 DLy= (Y (I +])- Y(I))/H

Fruo ¢ :blUlb'Jb (24 DO)

1719 53ilg eLZZz= HL+H T
1720 on(l) 2 2. % (DLY = YL) /7 H2zZ2
1739 001055

1742 54#531?“53TOI$w

1750 58HL=t =~ .

1760 YL=ZLY

1175 59CuhTI JUE

1789C

1790 s2¢1)=0,
1800 s2{g)z0,

1818 GiiZGAz~1,0717988
1829 52T4z0,

1830 ASSLGN 154 TO ISW1

1340 96 10 Iz1,N1 :

1850 R=x(1+1)=x(1)

(850 QLY=CY (1+19=Y.C1)) /K

1870 GO [0, IS¥1,C154, 153)

1880 153H22ZZ=HL+#-

1390 BI= =Sl A1 222

196G 4 (o[ * S2(I-1) + (,5 = BI) *S2(I1+1) + S2(1)
1310& 3, & (YL = DLY) / H2ZZZ) * ONEGA
1320°52¢15°% 82015 +

1930 zZ=aBS W) .

1940 154 ASSIGN 153 10 1SWL

1950 156 4L an

19§90 YLEILY

1970 "10 CONTINUE

130, IF(ZTA-EPSLII14,5,5
1950 14 cohTIﬁn

2000 RETURY
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A 8t

R B}

oo

[

4 4

PN e

2950

$983
2375
2080
2595
21¢2
2110

2123 5‘1 (Xp- 7 i)

212

2130
21490
2150
2180
217G
2135
2035
2239

2218

~ ~ —
K;..l lt. uC‘tTI“ IED
2015 ZuD
.262 Du.nuulln._SY LINT (XX rXI' f l)\,FPFXX.
25363 5 .,h oy 16)
9‘40

JI':-nqunl\(l) Y(l),se(l)

e
Y =XV

P zXX

I1=1 : ’
IF(XF~-X(1))52,17,55
52x5s=

¥P=X ()

GCTO017

)&
SSIF(XF-%(1) S
5T7I=1+1
GO0 70 56
58 iiz-1.
XP=X (i)
33 Iz
60Iz1-1
T78T 1=XF =X (1)

2210 HI2zXP-X (1 +1)

220
2239

2240

2259

2280
2275
2250
r_29 )

2800

2310
2520
230
2340
4030
4005
4‘\1!\
4020
4038
4349
4050
4050
4379
49390
4090
4109
als
4120
4125
4130

PROD =T 1T 2
DX=X (L +1)=X (1)

DELY= (Y (I-+1)-Y (1)) /DX

S3z(S2(1+1)-82{1)) /DX

FPPXX=S2(1 )+HT 1483

DELSCS: (5 21 452U+ IHFPPXX ) /6y

FXX=Y (1 )+HT L ¥DELY +PROD*DELSRS

FPXX = DELY + GHT1 + MI2) % DELSRS + PROD * S3 /' S.
IF (4,20, 0)G0TC 100

FXX=F XX+FPXY. % (XX ~XP)

100CCHTIWUE

RETURN

Zi¥D ~

SUBRUUTIUE THREZ (C1 15,C,%C 1, VP ,VR i ,PFS,GARD,LAND I, LDH ,R)
DIMZNSION UDHCD) ,RC1Y .

alz-5, O?&unm3+l7.65*&%3/(VP*VP)

£22=1, 1 135l s /CUP*UPCI15)

A 32-4, T6X(GANDNC /(1 o ~GAND/ B4 65 ) JHI %K 4/VP %44
4420,9125/(1,=VR/VP)*GANDHICY (1,~CAND/2,65)

Aza LEA2HA SFAAHE .31 . o
A12.000157H1

A22,326% (1 ,+IC ) *GAKD

A 32,0925 1 +UC 1) *CAKD |

K4z=4,L-3H¥UR /PFSHIC |

A5z~ ,0062+GAINDHYUC /(1 o ~CAD/2,65)

L& EQ/VPHH4

Alz41H: 248 3+A 4445, 169
20 4135 1=1,1
UM (1= .Il+A*'YP(-dl*R(I))/SuRT(R(I))
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4135 4135 CONTIWUE

41939 RETURY

KLu0 12 CORTINUED
4200 8D
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MAIN PROGRAM XLNO12 SUBROUTINE THREE

v

_—

.

o

G
SUBROUTINE THRIC .
P, N DIMENSION A T), (C113 WC, wCY, Vs, [--21313 4
O, VORI VR, 1, PFS, GAMD Lk
. GOl USH, &
. b
[] [} H
. s
- CONVALENCE CIMENSION A 13
1 ExP Y
' ION, UOMIT UDe, R ‘som s (R0 Q
p ¥ [} %
B :
Atsses ar CoNTIUE
2% WO e 1743+ . '
REAL NAME et W VR P s
. ) '
H
7 A2 = 3B M .
SR . AR,
! OATA 10w 04 A2 3476 # 1GAND *
, i v I
. . : s — 1© - AL3 o012
(
0 CONTINUE “VRIVP)  GAMD ¢
FORIAY (NINPUT ON s _ WE (1 = GAVO 244
' R ;
‘ % COMMAS, THE FOLLOWING. PRINT 51 «2ag=1
2t VARIABLES ol
N %! ATATSAZAAY
# YY)
o
. %
g READ, €113 W P [}
. ¢ WY, VP, VR 2,
HE muroseme
o Ut .
¥ VO UTE, 2X, Ave ooonTe
3 AG% 7K, PR, X,
~§ 206 R TR AT . T
- - FORMAT(AGI READ 308, ANAM
i A2¥ 02205 o wEY
1 “GAD
k5]
1 w”
'jx IANAME EQ 6HSTOP) Abe 0927 (1 ¥ W)
2 * GAMDY
z . 7
i T
A T TS SUSSU.
AME INTO WHICH T Atnvagagrnr |
, am"rc: g 1O VR PFS T TCY
: VALUES™
A% € = 0062 7 GAMO
. B 1% *WC ¥ = GAWD~
FORMATIARY READ 184, NAVE
= ; A) AT S AZeAY
J TALTAS = 149
P
H
i ‘
i
i
. i .
Y
%
%,
g
¥, PROGRAM KLNOI12
PLATE Al
o< -
e -
. )
L L L. 4 TR\t SO




-»v——

T

FORMAT (“OETECTION
RADIUS EXCEEDS," F3 0,
“FOR," F1.5, 13

PRINT 1261,
RIKNT),
FRL), L

. . )
e LEUVEN . T N B e - N cndin.
I3
1
‘ [
SUBROUTINE SPLINE {
SUBROUTINE PRED @ SUBROUTINE SPL
SUBRCUTINE PRED 1296 Fgmg (:‘ox “'DE- PRINT 1296, 30%%‘\’,"’7& sEm.A (NNA &( SUBRgt_l;l.N"E. g;)t.ms
INDEV, NAME, KNT: "} TECTION RAO! FOR ANAM . d " .,
P . SITE 1X, A2 KNT, X0, XMAX, OELX}
L/— ' \
] {
I omension Risoos, N . omsusngzr:lalcm, Yin,
. UD(I00), FR(3) DIMENSION X(100, .
1301 B ¥(100), TORQUE(100) i
) i ~ FORMAT (13X, "MEOIUM," PRINT 1301 '
~ 10X, *'LOW GAIN"] !
OIMENSION DRAD(3) L/(— OATA EPSLN/LL/ |
OATA FRIN, 2.8/ B
i, - - = FORMAY (5X, 2F13 0) PRINT 1381 NieN=1
——— d
1321 )
. FORMAT t// 7/} PRINY 1321 KNT 20 .
- B 0059 Ix1, NI
- 10 CONTINUVE
CALL SPLINE (X, Y, z -
— @ 'N. TORQUE) HE XU+ D) =X
826
FORMAY (A6)
) @ OLY 2 (Y1 ¢ 3) = V(1))
GO 1o
: 1SW, (54,'53)
: 662
100 CONTINUE ;
s3
- - H2ZIZENL ¢ H
- o9 (W:s‘:”, . CALL $PLINT (X0,
FORMAT (2F103) (RaY, VO, YY, YYP, YYPP, X, ¥, :: i :
3 3
1T, KNT) - TORQUE, N, IND, J) ’
$20) & 2.% (OLY = YLh
K222z
ASSIGN 53 TO ISW
KNY 2 KNT ¢ 1
YL B OLY
CONTINVE
£ X0 ¥ X0 ¢ DELX
.
: 1261 2 50

NO $2N) % 0

YES

—— " , ',;. e PSP ES e TR T
i
i‘ PSS 2 > e i
LR I P S LN




‘o
SUBROUTINE SPLINE SUBROUTINE SPLINS
. - :E;UBROJYINE SPLINT FOXX % OELY ¢ (HT1 ¢ 1
SUBROUTINE SPLINE X, FXX, EPXX, FPPXX, HT2) + DELSQS + PROD
YoM, 52 R ARAN + $3/6. d
j . .
DIMENSION X1, Y(3), OIMENSION X(1), Y(1), J
s201) s YES q
q DATA EPSLN/L/ o \
- [ o | 5
' [l
NizN=} N

M= X4 3) =X

¥

oLY Z(Y(tt )
= Y(/H

0

0059139, N§

|

H2 X4 )= XU '

)

DLY T LYl 4 §) = YIO/H

WE(BleS2=1)
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