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SUMMARY

This study was conducted to provide a database from which to draw con-
clusive results on the efficiencies of seismic wave propagation in natural
terrain and the resolution and fidelity of multiple frequency signals, and to
supplement data for validation of theoretical models of seismic wave propaga-
tion. An extensive test program was conducted at White Sands Missile
Range, New Mexico, using an electrohydraulic vibrator, an impulse loader, and
a vehicle as sources of seismic waves over a 5-m to l-km range and using
explosive seismic sources over a l- to 10-km range.

The results are presented for discrete frequency vibration tests
(1-120 Hz), tone burst tests (1-120 Hz), random noise vibration tests, and
background noise tests as well for vehicle, impulse, and explosive tests.
Analysis of data has been performed to correlate frequency, amplitude, range,
and other signal characteristics with model predictions and to modify model
coefficients to produce better predictions for future tests.

The main conclusions of this study are:

a. Seismic signals are dispersed and selectively attenuated such that
very low (2- to 3-Hz) signals predominate in the 4- to 10-km range,
while at nearer ranges (less than 4 km) signal frequencies to above
100 Hz are measurable.

b. The frequency resolution of seismic signals measured out to 10 km is
below 0.5 Hz, but is dependent on the length of the record and the
stability of the source.

c. Wind noise creates problems in making accurate seismic measurements
over long ranges (up to 10 km) for wind speeds above 8 m/sec.

d. Electrical noise can cause distortions in measured data even when
attempts are made to remove this noise with filters.

e. The WES seismic model is shown to be accurate in concept for
defining surface wave propagation characteristics and for making
predictions of time and frequency domain signal amplitudes.

f. Rayleigh waves at low frequency travel much faster than at high fre-
quency (i.e., dispersion); the 2- to 3-Hz component is controlled
primarily by the characteristics of deep, high-velocity layers and
the 100- to 200-Hz components are controlled primarily by the char-
acteristics of the slower velocity near surface layers.

g. Signals measured in a rock outcrop indicate that the layers of soil
above bedrock attenuate the seismic wave and do not cause a focusing
effect.
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AN ANALYSIS OF SHORT- TO MEDIUM-RANGE SEISMIC ATTENUATION TESTS
USING A MULTILAYERED VISCOELASTIC SEISMIC PROPAGATION MODEL

PART I: INTRODUCTION

Background

1. The components of Rayleigh waves are commonly used as the energy
conveyance which activates seismic sensors. The amount of energy generated by
a target of military interest such as a vehicle, military equipment, or a spe-
cific military operation or activity is site dependent, and the effect of ter-
rain on Rayleigh wave propagation is known to be substantial. However, little
is known about the relative quantitative effects of specific terrain parame-
ters on this phenomenon. 1In addition, little is known about the propagation/
attenuation of Rayleigh waves over long ranges, even if the terrain is rela-
tively homogeneous (Williams 1981). 1In an effort to characterize Rayleigh
wave propagation and attenuation under such conditions, the US Army Engi-
neer Waterways Experiment Station (WES) was requested to participate in an
extensive seismic test program. This program coupled model calculations with
field testing to enable both mathematical and empirical analyses of wave
propagation and attenuation over large areas.

2. A mathematical model developed at WES predicts microseismic signals
in various terrain materials (Lundien and Nikodem 1973). The model has been
adapted to run on an IBM 4331 computer recently installed in the Environmental
Systems Division, Environmental Laboratory, WES, and the model was used for
modeling and predicting the seismic test site. Predictions are made rapidly
and efficiently with the computer model and, as field data are processed, the
model is tuned to refine its calculations. When the model is refined by com-
parison with measured data, the model can be used to study the effects of
other terrain parameters on the individual facets of Rayleigh wave generation
and propagation phenomena and the most sensitive parameters can be identified.
This flexible tool can provide an effective means of predicting seismic

signals in areas where few data have been measured.



Objectives

3. The objectives of this study were to:

a. Determine the relative efficiencies with which seismic signals
propagate from impulsive and continuous wave sources in natural
terrain.

b. Determine the resolution and fidelity of multiple frequency sig-
nals propagating in natural terrain.

c. Supplement an existing database that in turn will be used to
validate theoretical models of seismic wave propagation in
natural terrain.

d. Provide a database in a form that can be related to various
military programs concerned with the correlation of seismic
information for detection, classification, and deception
purposes.

ScoEe

4, 1In this study an extensive amount of seismic data were collected,
processed, and compared to model calculations. Analysis is limited to cal-
culation of transfer functions and spectral densities and comparison of the
same parameters used in the model. Many other calculations and algorithms
were not applied because of limitations in the scope of work, but can be done
in the future when other applications warrant. In no way is the analysis of
the data set presented in this report complete. Many of the wide-ranging
analytical techniques appropriate for use with these data are still under

development.



PART II: DESCRIPTION OF EQUIPMENT

Mechanical-Source Specifications

Vibrator

5. The WES electrohydraulic vibrator is a portable self-contained,
trailer-mounted unit (Figure 1). It has a 680-kg inertial mass that is
excited by an electrohydraulic ram. The system is capable of *#0.91 metric ton
peak force output in the frequency range from 15 to 150 Hz. A variety of
forcing functions may be used, including steady-state sine, swept sine, tone

burst, and random excitation.

Figure 1. WES electrohydraulic vibrator

6. The vibrator hydraulic power supply is driven by a 30-hp, four-
cylinder gasoline engine, and the hydraulic pump can provide up to 1.58 %/sec
at a service pressure of 2,109 kPa. Intercoolers are included in the
hydraulic system so that the vibrator can be operated continuously in ambient
temperatures between -4° and +52° C.

7. In order to provide a clean wave form and to balance loads on the
electrohydraulic ram, the inertial mass is supported by two 5.9-cm-diam air
bags. Approximately 4.2-Pa air bag pressure is required to suspend the iner-
tial mass. The air bag system is quite compliant within the *0.8-cm stroke of

the ram, so there is minimal variation in peak force output during shaking.



The electrohydraulic ram is equipped with a linear variable differential
transformer for static positioning of the inertial mass and for positive feed-
back control during shaking. The electronic vibrator control unit compares
the command signal to the vibrator with the feedback position signal and
automatically regulates the ram servovalve to produce the desired wave form.
With this system it is possible to produce virtually constant force output
from 15 to 150 Hz; however, the soil on which it is emplaced affects the
actual field output, as can be seen in Figure 2. The vibrator base plate is
11.8 cm in diameter, so that the maximum peak dynamic pressure applied to the

soil at 0.91 metric ton-force output is on the order of 2.0 Pa.*

VIBRATOR QUTPUT

1000 -
/
800 -
(72]
wl
=
= 600 -
=
ud — WES HARD SOIL
= < 100 STATION
o 444 - —— 500M STATION
--- 1KM STATION
200 A
9 T - T | | ]
9 1 2
18 1 19

FREQUENCY, HZ

Figure 2. WES electrohydraulic vibrator output for calibration tests at
WES and at each test site

Impactor
8. The impactor, or impulse loader, is a Dyna Source portable seismic

energy source made by EG&G Geometrics. The system uses ambient air pressure

* Internal Memorandum, 1983, S. S. Cooper, Geotechnical Laboratory, US Army
Engineer Waterways Experiment Station, Vicksburg, Miss.



to increase the downward velocity of a falling mass (39-kg solid steel
piston). The system uses a small gasoline engine to power the vacuum pump/air
compressor which both pressurizes and evacuates air from the cylinder. In
operating the impactor, the piston is first forced to the top of the cylinder
where it is automatically latched into position. The air below the piston is
then evacuated. When ready, the operator pushes a firing knob which allows
the piston to fall 1.8 m (accelerated by gravity and air pressure). The
piston strikes an anvil at the base of the cylinder, and energy is transferred
into the ground. The vacuum in the cylinder prevents the piston from rebound-
ing and produces a single-cycle impulsive load. The impactor is shown in

Figure 3.

Figure 3. Photograph of impactor

Vehicle

9. The M-35 truck used in these tests was a standard M-35 base with a
shop van shell mounted on it (Figure 4). The M-35 has tandem axles, each with
dual wheels (total of 10 wheels on the ground, counting front) and weighs
7 metric tons in the van configuration (Field Manual 55-15) (Headquarters,

Department of the Army 1968). This vehicle can be seen in Figure 4.



Figure 4. M-35 truck with van body

Explosive-Source Specifications

10. The explosive used in the seismic attenuation tests (SAT) at White
Sands Missile Range, New Mexico, was ammonium nitrate/fuel oil (ANFO), which
is a combination of prilled ammonium nitrate with about 6 percent by weight of
fuel 0il (diesel fuel) as a sensitizer. The ANFO explosion makes a good
seismic source with characteristics similar to those of TNT. It is safe and
easy to use because of its relative insensitivity to temperature and shock.
Explosive charges are described further in the subsection "Explosive-source

tests,'" Part III.

Sensor Specifications

11. The seismic refraction geophones used in the test program were Mark
Products Model L-10, a standard vertical geophone used for seismic refraction.
The Model L-10 has a natural frequency of 8.0 Hz.

12. The geophones used in the seismic tests are Geospace HS-10-1 cali-
brated vertical geophones with a natural frequency of 1 Hz, a response of
1-200 Hz, damped at 70 percent of critical, and a sensitivity of 2.95 V/cm/
sec. The triaxial (three mutually perpendicular velocities) geophone was a
Mark Products Model L-4C-3D with a natural frequency of 1 Hz, damped 70 per-
cent of critical, a response of 1-200 Hz and greater, and a sensitivity of
2.35 V/cm/sec.

13. The microphone used in the tests was a Bruel and Kjaer (B&K)

Model 4921 outdoor microphone unit with a frequency range of 10-20,000 Hz and

10



a dynamic range of 140 db. This unit has a built-in electrostatic calibrator

giving 90-db sound pressure level at 1000 Hz.

Instrumentation Specifications

sttems

14. The array instrumentation system operates from a commercial
120-V AC power source that could not be provided by a portable generator be-
cause of the noise it would produce in the array area. The portable source
instrumentation system was moved to each new source location and was posi-
tioned with the same orientation to the source at each location. The source
instrumentation system, which was housed in the van seen in Figure 5a, is
shown in Figure 5b. This system was generator powered for convenience. A
schematic of the basic analog instrumentation system is shown in Figure 6.
Both systems described above were similar to the schematic, except the array
system included a microphone added to the input as well as a low-pass filter
between the amplifier and the recorder. The lateral geophone system was
battery powered and had only three channels. It was a completely self-
contained system with amplifier and analog tape recorder. Its geophone
frequency response is 1-200 Hz; its natural frequency was 1 Hz with a
sensitivity of 2.35 V/cm/sec.
Recorders

15. Signals from the array geophone system were recorded on a Sangamo
Model 3500 l4-track analog tape recorder, recording at 3-3/4 in. (9.5 cm)/sec,
FM mode, which gives a frequency response of DC to 1250 Hz. This recorder
requires 120 V AC power. The source geophone recorder was a Racal Model
STORE 7DS seven-channel analog tape recorder operated in FM mode at 3-3/4 in./
sec (DC to 1250-Hz frequency response). This recorder was powered by a port-
able generator operating on 115 V AC.
Amplifiers

16. The array system employed Ithaca Model 456 amplifiers with a band-
width of 1-100,000 Hz and 100-db gain range in 1-db steps, operated from a
120-V AC power source. The source system amplifiers were WES-made units, with
a bandwidth of DC to 5000 Hz and a continuous gain range from O to 60 db, and

require 12-V DC power.

11



a. View of l-km site showing vibrator, impactor, and
instrumentation van

b. View of the source instrumentation system

Figure 5. Photographs of seismic sources and instrumentation

12
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Figure 6. Schematic of typical analog recording system

Filters

17. The array system used Krohn-Hite Model 3323 filters which have the
options for low-pass or band-pass operation. These filters have a frequency
range of 0.01 to 100,000 Hz and an attenuation rate of 24 db per octave out-
side the pass-band. The source geophones were not filtered since the signals
were quite strong at the source compared to background noise. The filters
were, as a rule of thumb, set (low-pass) at a frequency 10 Hz above the high-
est frequency of interest. This kept the filters from affecting data of in-
terest, since a point of 5 Hz below the filter setting will lose approximately
2 db of gain. (Actual filter values used for each test are listed in Table 3.)
Calibration

18. Substitution sine-wave calibrations were used as an alternate input
to the amplifiers during system calibration. The sine-wave calibration signal
was monitored with a precision voltmeter and frequency counter. The sine-wave
calibration voltage was compared to the known geophone sensitivities to cal-

culate the recording system sensitivity in velocity units. A time standard,

13



IRIG B, was recorded on both tape recorders for time of day and common timing
on both tape recorders.

19. Calibration of all geophone channels was accomplished with a sub-
stitution sine-wave signal input to the amplifier. The sine wave was measured
with an accurate voltmeter and proportioned to a velocity value by knowing the
sensitivity of each geophone. The amplifier output was connected to the
Krohn-Hite filters, which were connected to the tape recorder. A 30-Hz sine
wave was selected as the calibration frequency.

20. During calibration, the smallest setting was selected on each
amplifier, approximately 15 db, with the remote gain control. An input signal
of 125 mV root mean square (RMS) amplitude was applied to each amplifier
simultaneously, through the Krohn-Hite filter, set at 140-Hz low pass and on
to the tape recorder. The 125-mV RMS signal amplified with a net gain of
+12 db gives 0.5-V RMS on the tape recorder. One minute of 30-Hz signal was
recorded. On several calibrations, a sine-wave sweep from 1 Hz to 200 Hz was
also recorded.

21. Each geophone channel was filtered before being recorded by the
Krohn-Hite filters. Each unit held two separate filter circuits, and two cas-
caded low-pass filters were used on each geophone channel. This gave an
attenuation above the corner frequency of 48 db per octave. The corner fre-
quency was adjusted for each test, with a rule of thumb that the corner fre-
quency be above the vibrator driver frequency by 10 Hz.

22. The amplifier gain was adjusted for each test such that the input
to the tape recorder during a test would be less than 1 V RMS. All geophone
amplifiers were set to provide the 1-V RMS maximum input for each test with
the use of the remote gain control.

23. The B&K microphone channel was calibrated using a built-in signal
and electrostatic calibrator mounted directly on the microphone. The calibra-
tion frequency was 1000 Hz, and the signal was 90-db sound pressure level. No
filtering was used on the B&K microphone signal.

Spectrum analyzer

24. The spectrum analyzer was used with the array instrumentation sys-—
tem to make field determinations as to what and how background noise data
could be filtered from actual test signals. It was also used to determine
during testing if various input frequencies were present in the signals, and

what frequencies were dominant in impulse and explosive tests. The spectrum

14



analyzer used was a Hewlett-Packard 3582, which has a frequency response of DC

to 20,000 Hz and a dynamic range of 70 db.

15



PART III: DESCRIPTION OF TEST PROGRAM

25. Upon identification of objectives and scope by the sponsor, an
extensive test plan was devised which included proper and sufficient tests to
accomplish the objectives; the test plan is presented in its entirety in Ap-
pendix A. The first activity was to select a site and conduct a preliminary
site characterization. The basic site requirements were: reasonable uniform-
ity in subsurface conditions over 10 km, flat to rolling topography, depth to
water table at least 42 m, and seismic profile beginning at 427 m/sec down to
6 m, 900-1370 m/sec between 6 m and 42 m, and *1500 m/sec below 42 m. The
site requirements are described further in Appendixes A and B. After consid-
eration of numerous sites within the continental United States, two potential
sites were selected, based on available data. One was near the Oscuro gate in
the northeast area of the US Army White Sands Missile Range (WSMR), New
Mexico. The second was near the Trinity site in the northwest area of WSMR.
The Oscuro site was the most desirable because of low background noise. Dur-
ing preliminary site characterization tests, however, a layer of rock with
compression wave velocity on the order of 3000 m/sec was found within 10 m of
the surface, and the site was deemed unusable for the tests because the shal-
low rock layer did not meet the requirements. The second site was verified as
being usable, with several seismic refraction lines (included in Appendix B)
in correlation with previous data taken in the same area.* The site, although
seismically compatible with test requirements (see Appendix B), did pose some
operational problems with periodic increases in background noise from con-
struction activity in the area for DIRECT COURSE, a major weapons test.

26. The second preliminary activity for this test program was to cali-
brate and check the seismic sources at the WES. The vibrator and the impactor
were both tested at the WES in preliminary tests to determine operating char-
acteristics in the planned modes of use. The vibrator was tested over the

expected frequency range; these preliminary data are shown in Figure 2. The

* Internal Memorandum, "Operation DICETHROW," 1975, S. S. Cooper, Geotechni-
cal Laboratory, US Army Engineer Waterways Experiment Station, Vicksburg,
Miss.
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impactor was also tested and showed a clean impulse load. Preliminary results
were used in developing plans and procedures for extracting needed data from

the field tests.

Test Site

27. The SAT program was conducted near the Trinity site at the WSMR.
The test course layout began near WSMR Route 13 and went north, passing just
west of Trinity and ending near Beck (see site location map, Figure 7). The
test line passed about 1.0 km west of the Trinity center. Calculations from
weapons test data reveal that the Trinity event, a 19-kiloton nuclear weapon
detonated on a 30-m tower (Rooke, Carnes, and Davis 1974), would produce per-
manent displacement or damage to the substrate out to a maximum distance of
300 m (Carnes 1974). Thus, the test line was located a sufficient distance to
be in undisturbed material.

28. The general surface conditions at the SAT site were relatively flat
to rolling, covered by sparse vegetation consisting of creosote brush, desert
grass, cactus, and yucca which varied from 10 to 35 percent (average) over the
test site. The site soil was a silty sand near the surface that gradually
graded coarser with depth. It was difficult to travel cross-country over the
site because the sand was loose in some areas and accumulated around the veg-
etation in others. Photographs of the site are shown in Figure 8. The test
site lies in the Jornada del Muerto Basin of the Mexican Highland Section of
the Basin and Range Province, which is characterized by a series of fault
blocks forming asymmetric ridges or mountains and broad intervening basins.
This basin has an overburden of alluvial material containing sand and rock

fragments, generally grading coarser with depth.#*

Site Documentation

Seismic refraction tests

29. The seismic refraction data from both the preliminary and the site

characterization tests were obtained using a portable 24-channel seismograph.

* Internal Memorandum, 1983, S. S. Cooper, Geotechnical Laboratory,
US Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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a. View of array, looking east, showing B&K microphone

b. View of 10-km location looking north

Figure 8. Photographs of site
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This seismograph produces a permanent record on oscillograph paper. A total
of 23 vertical, velocity-type geophones were used in the conduct of the tests.
The geophones were emplaced in a straight line along the surface of the ground
at 50-m intervals. The seismic source was a 2-kg explosive charge detonated
50 m from one end geophone and repeated at the opposite end. This resulted in
two seismic traverses (forward and reverse), 366 m in length, and delineation
of substrate down to a minimum depth of 90 m, in accordance with Engineer
Manual (EM) 1110-1-1802 (Headquarters, Department of the Army 1979).

30. Data obtained from the surface refraction seismic tests consist of
the time required for a compression wave to travel from a seismic source to
points of measurement. The data are plotted as time versus distance from
which compression wave velocities and depths to interfaces can be computed by
using conventional seismology equations (EM 1110-1-1802). These data and
techniques are discussed in detail in Appendix B. Shear wave velocities were
not determined for these tests. Since the refraction test lines were too
short to determine shear wave velocities from explosions while using vertical
geophones, empirical relationships derived from previous test programs were
used to estimate the shear wave velocities for input to the theoretical model.

Environmental data

31. Quantitative environmental data describing the surface and sub-
strate conditions included soil wet density, soil moisture content, ground
cone index, soil type, soil grain size, distribution, surface topography,
vegetation type and density, surface load-response characteristics, and
meteorological conditions. The data listed below for the site are summarized
in Table 1.

32, Soils. Soil samples representative of the surface were obtained
for laboratory analysis by digging to a 30-cm depth. These samples were
tested in the WES soil laboratory for moisture content and grain size
distribution.

33. Cone index. Cone index is a measure of soil strength measured with
a 1.25-sq-cm cone and expressed herein in kilopascals. It is determined by
measuring the force needed to move a cone penetrometer vertically into the
ground at a constant rate (the maximum reading available on the hand cone
penetrometer is 750). Cone index data were taken at the array and at the
0.1-km, 4.0-km, and 10.0-km test locations, near the sources and the vehicle
path.
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34. Topography. The topography of the site is shown on US Geologi-
cal Survey topographic map no. N13-7 (Tularosa), Series V502, scale 1:250,000.
However, for purposes of this program, the most important topographic data
come from an engineering survey along the test line. This was accomplished
using a laser-type electronic distance measuring (EDM) system that measures
both horizontal and vertical distance between points. In addition to the site
profile, profiles of each vertical track were measured upon completion of the
tests. It should be noted that these track profiles represent an instantan-
eous example of the degree of roughness that prevails on a particular vehicle
run.

35. Meteorological conditions. A meteorological station was estab-

lished at the site for the duration of the tests. Measurements of air and
ground temperature, wind speed and direction, solar insolation, relative
humidity, and precipitation were made continuously and recorded automatically
every 30 min. The data were recorded on a cassette and then transferred to a

computer for reduction and processing.

Seismic Wave Attenuation Tests

Mechanical-source tests

36. Seismic wave attenuation tests were conducted using several mechan-
ical seismic sources, including a vibrator, an impact source, and an M-35
truck. The tests were conducted in the layout shown in Figure 9. An array of
calibrated sensors, including one three-dimensional geophone, five vertical
geophones, and one outdoor microphone unit, were emplaced at the beginning
point of the test line to comprise the array sensor system. The three sources
were employed individually at 0.1 km, 0.5 km, and 1.0 km, but no data were
collected at ranges longer than 1l km with these sources since measurable
signals were at the level of background noise or less for ranges of 2 km and
beyond. Emplaced at each source location were four vertical geophones and one
outdoor microphone unit to measure close-in attenuation, signal variation
between locations, and background noise. In addition, a load cell was used to
measure force applied to the ground by the vibrator, and an accelerometer was
used to measure impactor acceleration, from which ground loading was

calculated.
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37. Vibration tests. The vibrator was run at discrete frequencies

between 1 and 120 Hz, as listed in Table 2, for periods of approximately

60 sec while data were recorded at the source and at the array. The vibrator
was also run at a 10-percent offset frequency (i.e., for nominal frequency,
f=50 Hz, offset frequency f=55 Hz) for five separate frequencies. 1In
addition, tone bursts were run at each discrete frequency with the vibrator on
for 8 to 32 cycles and off for 8 to 128 cycles (to give a reasonable cycle of
signal and quiet) and repeated for about 60 sec. The last tests were run with
the vibrator set with random noise input for approximately 60 sec and then
repeated. All tests conducted with the vibrator are listed in Table 2.

38. Impulse tests. The impactor was placed into position and released

five times to seat the plate and establish proper gains for the instrumenta-
tion systems. It was then released five times for recording of the seismic
signal with a definite break (60 sec) between impacts. The impulse tests
conducted are also listed in Table 2.

39. Vehicle tests. The vehicle tests were conducted with an Army 2.5-

ton truck, M-35, as the source of seismic and acoustic signals. The M-35
truck provides a complex forcing function composed of both impulsive and
multiple frequency components (Engdahl and West 1974). The terrain was so
rough that the vehicle could safely be driven to speeds of only 16 km/hr
(greater speeds produced excessive driver motion). The vehicle was driven at
both 8 km/hr and 16 km/hr perpendicular to the test line for a distance of
about 50 m on each side of the line, allowing approximately 5 m for accelera-
tion and deceleration at either end. The vehicle was used unloaded, and since
the path was rough, the vehicle motion and vibration at both speeds produced a
forcing function for seismic wave excitation. This vehicle response can be
used to relate response of both smaller and larger vehicles by relating the
forcing function and measured signal with model calculations for the larger or
smaller forcing functions.

Explosive-source tests

40. Since the nondestructive attenuation tests did not produce data
beyond 1.0 km, explosive sources were used to extend the data to longer
ranges. Explosive-source tests were run at ranges of 1, 2, 4, 8, and 10 km
(Table 3). The test at 1 km was run to obtain data to relate the explosive-
source response with that of the mechanical sources. Preliminary tests were

designed to define a specific explosive charge that could propagate a
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measurable signal to the array from 10 km. The first explosive shot, which
weighed 12.25 kg, produced a good signal at the array (this shot size was
selected on the basis of pretest predictions during the planning cycle).

Thus, the same size charge was used at each site thereafter, except the last
shot (number 136), where excess explosives weighing 63.5 kg were detonated
when the program was completed. (This also provided a check of seismic signal
for two different strength energy sources at one range.) The explosive used
in all the tests was an ANFO mixture buried 3 m for good energy coupling.

41. For the explosive tests, the source geophones were emplaced in a
different pattern, since signal levels were expected to be much higher than
with the mechanical-source tests. Two vertical geophones were emplaced 300 m
from the shot, and one vertical geophone was emplaced 100 m from the shot
(except for shot number 130, for which it was emplaced at 200 m). In all but
the 8-km shot (number 135), the geophones were emplaced between the shot loca-
tion and the array. However, in this case the geophones were left in the same
emplacement as for the 10-km shots (numbers 134 and 136), leaving the geo-
phones located 1700 m and 1900 m from the 8-km shot.

42. Since the explosive tests were expected to propagate a measurable
signal to the array over long distances, an add-on test was designed to mea-
sure the signal in an outcrop of the substrate. One triaxial geophone was
emplaced in an outcrop lying about 11 km to the east of the 10-km station.
This lateral system was used to determine signal characteristics at a high-
contrast interface. The geophone was monitored with a battery-powered seismo-

graph that produced oscillograph records of the measured signals.
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PART IV: RESULTS

Physical Site Data Obtained

Subsurface properties

43. The test site overburden typically consists of fine material inter-
bedded with occasional layers of coarse sand. The material grades coarser
with depth and can be expected to have some patches of caliche and conglomer-
ate. However, the seismic refraction tests showed a reasonable uniformity in
subsurface conditions over the 10-km test line. The average seismic P-wave
velocities are listed in Table 1. An approximate cross section of subsurface
properties is shown in Figure 10. It should be noted that this cross section
is a generalized view of the site based on the seismic refraction data and

available information, coupled with the experience of the seismologist.
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Figure 10. Seismic profile of SAT site

Surface soil properties

44. The surface soil is a silty sand, classified SM by the Unified Soil
Classification System (Lambe and Whitman 1969). It had a moisture content of

about 6 percent on the surface and about 8.8 percent at a depth of 30 cm. The
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soil had a cone index of 100 to 220 on the surface and increased to approxi-
mately 300 at a depth of 37.5 cm. All measured properties are listed in
Table 1.

ToEograEhz

45, The site topography is summarized in Figure 11, which shows a maxi-

mum site elevation difference of about 32 m, gradually increasing in elevation
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Figure 11. General site profile

from the array to the 10-km station. There were a few localized anomalies,
usually in a wash location.

Meteorological conditions

46. Air temperature and wind speed taken at the meteorological station
for each test are listed in the last two columns of Tables 4-6. Wind veloci-
ties on several days were quite strong. These conditions are contrasted with
those on calmer days in Figure 12. Similarly, ground and air temperatures
varied considerably over the test period, as shown in Figure 13. Although
some light precipitation occurred during the preparation period, no sig-
nificant precipitation was experienced during the tests. Ground temperatures
remained above freezing during the test period. Measured weather data are

summarized in Table 7.
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Seismic Wave Attenuation Data

Mechanical sources

47. Vibration data. The result of the vibration tests was a great vol-

ume of data involving about 1500 channels of analog records. These data are
presented in Plates 1-84, as both time and frequency domain plots; peak values
are listed in Table 4. The discrete frequency vibration tests are presented
in Plates 1-43. Each plate presents the results of one test with the input
load shown at the top; next the signal measured at 50 m; and, continuing down
the page, the vertical, radial, and transverse signals measured by the
triaxial geophone at the main array. Plots of time and frequency domain for
each signal are presented side-by-side on the plates for a quick look at the
frequency content of the signal.

48. The signals show that measured frequency is within the margin of
measurement error of the nominal input frequency. In the l10-percent offset
frequency tests, measured frequency is distinguishable from the base fre-

quency, even down to 3.3 Hz and 3.0 Hz. However, because of the digitizing
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sampling rate of 1000 points per second and a total 2048 points sampled, there
is a minimum frequency resolution of 0.488 Hz in the "fast" Fourier Trans-
form (FFT). In this case the FFT reads 2.928 Hz for the 3.0-Hz signal and
3.416 Hz for the 3.3-Hz signal, which are reasonable values. However, to
check frequency differences below 0.25 Hz, a different sampling rate would be
required. There appears to be little difference in amplitude between the
discrete and offset frequency.

49. The tone burst test data presented in Plates 44-77 are in a form
similar to the discrete frequency tests with time and frequency domain plots
of input load, 50-m source geophone, and triaxial array geophone records. The
tone bursts give an opportunity to describe the accuracy of the measurements
at each recording station by comparing amplitude and frequency results with
corresponding discrete frequency test results. The measured amplitudes on the
tone burst tests compare favorably with the discrete frequency results. There
are some differences in the peak velocities as measured in the FFT plots,
probably caused by a '"rounding" of the input load and by the introduction of
harmonics by the vibrator in a tone burst mode. The difference does not nec-—
essarily seem to be dependent on frequency or the number of cycles, but rather
on whether the sinusoidal input is '"clean." There are some other inherent
problems in running the vibrator in a tone burst mode. At frequencies below
5 Hz, the vibrator turns on and off with a much larger load than during the
"on" cycles of the tone burst. The result is a "framed" tone burst, as seen
in Plates 55, 56, and 57. It should be noted that the FFT was selectively
run, omitting these peak load sections of the signal.

50. The frequency sweep tests are presented in Plates 78-81. The time
domain plot presented in Plate 78 for the l-km sweep test shows the response
of the site at the 5-, 20-, 50-, 100-, and 1000-m ranges to the vibrator fre-
quency sweep. The time domain plot for the l-km site is presented as repre-
sentative of the sweep tests since the tests, which took about 4 min to com-
plete, are difficult to display. The FFT plots of Plates 79-81 (for all
locations) show amplitude versus frequency. The plot in Figure 14 is a com-
posite of the average peak FFT for each range (taken from Plates 80 and 81),
showing the variation of signal with both frequency and range.

51. Results of the random noise tests are presented in Plates 82-84.
The data from the source geophones are good. However, the data from the array

sensors are affected by the 60-Hz electrical noise, and even with a 40-Hz
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low-pass filter, there is a large 60-Hz component in the signal. The data
from the 500-m and l-km ranges probably are not affected by the 40-Hz filter,
but the 100-m data are affected somewhat since some 40- to 120-Hz data are
present in the signal at 100 m. Thus, the 100-m source geophone data are
substituted for the 100-m vertical data from the array.

52. Impulse data. The impulse test data are presented in Plates 85-87

and peak values are listed in Table 5. Each plate represents one test, with
the impulsive acceleration converted to an approximation of load, at the top;
the signal measured at 50 m, next; and then the vertical, radial, and trans-
verse signals measured by the triaxial geophone at the main array. Both time
and frequency domain plots are shown for each signal. These data show the
effect of the site on frequency content of the signal, as the dominant fre-
quency decreases with increasing range.

53. Vehicle data. The vehicle data are presented in Plates 88-93.

Each plate represents one test, with the 5-m geophone data at the top; fol-
lowed by the 50-m geophone data; and then the vertical, radial, and transverse
components of the triaxial geophone at the main array. Both slow and fast
vehicle speed tests are presented, and both time and frequency domain plots
are shown for each signal.

Explosive sources

54. Data from the explosive-source seismic attenuation tests are pre-
sented in Plates 94-99 and peak values are listed in Table 6. Each plate
represents one test with the close-in data for 100 m at the top; followed by
the 300-m data; and then the vertical, radial, and transverse components of
data measured by the triaxial geophone at the main array. Time and frequency
domain plots of each signal are shown side-by-side. The data are generally
good, although there is some wind noise interference at the main array on some
of the tests, as can be seen in Plates 97 and 98 (Tests 135 and 134). The
8-km test data, in particular, illustrate how wind noise obscures the signal
(signal is the same before and during the active test period), and since fre-
quency contents are similar between the two types of signal, the data cannot
be easily filtered to remove the noise.
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