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| INPATAEATRE

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 vaiidatior 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 vibrafion tests
(1-120 Hz), tone burst tests (1-120 Hz), random moise vibration tests, and
backgrouud noise tests ae'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 rangee (less than 4 km) signal frequenc1es 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 oum the length of the record and the
stability of the source.

c. Wwind noise creates prchlems 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 wher.
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 therlayers of soil
abcve bedrock attenuate the seismic wave and d.» not cause a focusing
effect.
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Waterways Experiment Station (ﬁES) during fisqal Year 1983.. The study was -
fuqded by the Ballistic Missile Office, Nortéﬁ Air.Force Base, California,
under MIPR No. FY?653—83-00010 the Ballietic Missile Defense System Command,
Huntsville, Alabama,‘under MIPR No. W31RPD-33-V062 and ‘the US Army Corps

. of Engineers under DA Project No. 4A762730AT42, "Terrain Operations Simula--
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AN ANALYSIS OF SHORT- TO MEDIUN-RA&GE SEISMIC ATTENUATION TESTS
USING A MULTILAYERED VISCOELASTIC SEISMIC PROPAGATION MODFL

PART-I: INTRODUCTION
Background
1. The components of Rayleigh waves are commonly used as.the energy
conveyance which activates seismic sensors. The amount of enevrgy 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. liowever, little

is known about the relative quantitative effects of specific terrain parame-~

‘ters on this phenomenon. In addition, little is known about the propagation/

attenuation of Rayleigh waves over’ long ranges, even if the terrain is rela»
tively homogeneous (Williams 1981) In 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 testiig to enable both mathematical and empirical analyses of wave
propagation and attenuation over lefge areas.

2. A mathematicalImodel'deveioped at WES predicts microseismic Signals

in various terrain materials (LundZen and Nikouem 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

r.0odeling and ptedicting the seismic test site. Fredictions are made rapidly

~and efficiently with the computer model and, as field data are processed, the

model is tuned to refine its calculaticns. When the model is refined by com-
parison with measured data, thé model can be used to study the effects of
other terrain parameters on the individual facets of Rayleigh wave_generetion
and propagation phenomena and the most sensitive parameters rén'bevidentified.
This flexible tool can provide an effective means of predicting seismic

cignﬂls in are.s where few data have been measured.




Objectives

3. The objectives of this study were to:

a.

4. 'In

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

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

Supplement an existing database that in turn will be used to
validate theoretical models of seismic wave propagation in
natural terrain. ' T

‘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. '

Scoge

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 ﬁpdél.l Man§ other calculations and algorithms

were not appliéd 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 c¢f

the data set presented in this feport complete. ' Many of the wide~ranging

develobmenc.

analytical techniques appropriate for use with these data are still under




"PART II: DESCRIPTION OF EQUIPHENT

) o S ' ' Mechanicel—Sougce Specifications

- - Vibrator |

= ‘ o s, Tﬂe WES electrohydraulic vibrator is a pertable self-contained,

3 . . trailer-mountel unit (Figure 1). It has a 680-kg inertial mass that is

- excited by an electronydféulic 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

"fbrcing functions may be'used, includiﬁg steady-state cine, swept sine, tone

P . -~ burst, and random excitation.

b
5
>
-
F : : B ) o Figure 1. WES electrohydraulic vibrator
“ ) ‘ . ‘ 6. The vibrator hydraulic power supply is driven by a 30-hp, four-
l 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 '
S . hydraulic system so that the vibrator can be opetated continuously 1n ambient
y ' : -temperatures between ~4° and +52‘ C. '
7. In order to provide a clean wave form and to balance ;Qads on the
eléctrohydraulic ram, ;hefinertlal mass is supported by two 5,9~cm-diam air
% o bégs;' Approximately 4.2-Pa air bag pressure is required to suspend the iter=
P ' .. tial mass. The air bag system is bhite'compiiant wiihin the 20.8«cm stroke of
;’ the ram, so there is minimal variation in peak force output during shaking.
:;: ' . . — [
7




The electrohydraulic ram is equipped with a linear variable differential
transformer for static positioning of the inertial mass and for positive feed-
back control duriﬁg shaking. The electronic vibrator control unit compares
the command signal to the vibrator with the feedback positiom signal and
automatically regulates the ram servovalve to ptoduce the éesireé 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 1is 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 thelmaximum peak dynamic pressure applied to che

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

. VIBRATOR OUTPUT

1000 - . 5,
L —— . /
i r";.? ______
800 - P
N ] e
w v
a £00 - 4
= o
w —— WES HARD SOIL
A Y / S 100M STATION
o 409 —~-— 500M STATION
' === 1KM STATION
200 -
,7.:'.', +
4= . T T A =T
9 R ‘ : o2

. e : 10 ' ‘ ]
' FREQUEdCY, HZ :

Fighre.z.~'WES'e1ectrohydraulic vibrator outpuc for calibration tests at
' ' WES and at each test site

Imgaétor _
&. The impactor, or impulse loader, is a Dyna Source portable seismic

energy source made by EG&G. Geom:i.rics. The sysieh'uses ambient: air pressure

Internal Memorandum, 1983, S. S. Cooper, Geotechaical Laboratory, US Army
Englneez Wate‘ways Experiment Station, Vicksburg. Miss.
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to increase the downward velocity of a falling‘mass (39-kg solid steel
piston). The system uses a small ga;oline 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 reédy; the orerator pushes a firing knob which allows
the piston tc fall 1.8 m (accelerated by gravity and air pressuré). The

piston strikes aﬁ anvil at :the base of the cylinder, and energy is transferred

~ into the ground. The vacuum in the cyiinder prevents the piston from rebound- - |

ing and pfoduces 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 wan shell mounted on it (Figure 4). The M~35 has tandem axles, each with’
dual wheels (total of 10 wheels on the ground, ¢ounting front) and weighs
7 metric tons in the van configuration (Field Manual §5—1$)(Headquattets,

‘ Departmeﬁt'of the Army 1968). This-vehicle‘caa be seen in Figure 4.




Figure 4. M=35 tiuck 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 oil (diesel fuel) as a sensitizer. The ANFO explosion makes a good
seismic source with chafacte;istics similur 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 refractien geophones ‘used in the test progfam were Mark

Products Model L-10, 'a standard veértical geophone used for seismic refraction.

The Model L-10 has a natural frequency of 8.0 Hz. ‘ _
12. "The gegpbones used in the seismic tests are Geospﬁce HS~10~1 cali~-

brated.vertical geophones with a natural freﬁuency of 1 Hz, a response of .

'1-200 Hz, dampéd at 70 percent of critical, and a sensicivity of 2.95 V/em/

sec., The triaxial (three mutually perpendicular velocities) geophone was a
Mark Producté Model L~4C~3D with élnatural freduehcy of 1 Hz, damped 70 per-
cent of critical, a: ‘response of 1-200 Hz and greater; -and a sensitxvity of
2,35 V/cm/sec.

13. ‘The micropﬁone used in the tests Qas‘a Bruel and Kjaet (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

il l4. The array ins trumentation 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

- instercntation'system was moved to each new source location and was posi-

r:i 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 powerea for convenience. A
scheflatic of the basic analog instrumentation'system is shown in Figure 6.

" Both systems described above were similar to the schematic, except the array
sjstem included a microphone added to the'input as well as a low-pass filter
between the -mplifier and the recorder. The lateral geophone system was
battery powered and had cnly three chanﬁels; It was a completely self-

contained system with amplifier and analog tape recorder. Its geophone

. ey, .
wv. R A

frequency response is 1-200 Hz; its natural frequency was 1 Hz with a

sensitivity of 2.35 V/em/sec.

e

Recorders’ : L A
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)/set,,

CaiChed -~
. S ST
P P
- o PRI

- ™ mode, which .gives a frequency response of DC to 1250 Hz. This recorder
requxtes 120 V AC power. The source geophone recorder was a Racal Hodel

STORn 7DS seven-channel analog tape recorder operated in FM mode at 3 3/6 in./

T

- sec (DC to 1250-Hz frequency response). This recorder was powered by a portf
. able generatot oﬁetating on 115 V AC.. ‘ '
Amplifiers - R R , .
' 16. The array system employedelthaca Model 456 amplifiers with a band=

i MARNEAG g
. .".'.'v.'.
- St teta e

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

0 e
PO
l. ‘v.

o
(ShO
D)
AN
..

a bandwidth of DC to 5000 Hz and a cantxnunus gain range from 0 to 60 db, and

require 1’~V DC power.




.« -

- !

a. View of l-km site showing vibrator; impactor, and-
instrumentation van
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'Figure 6. Schematic of typicai analog recording system

Filters : _ _ 4
17. The ariay system used Krohn-Hite Model 3323.filtefs which have the
options for low-pass or band~pass operation. These filtefsAhave a frequency"
range of 0.01 to 100,000 Hz and an attenuation rate of 24 db pér’bctéve out-
side the ‘pass~band. . Thelsource geophones were not filtered since the signals
were -quite gtrong at the sou;ce‘compatgd to background noise. The filters
4were,'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'affectihg data of in-
‘terest, since & point of 5 Hz belou the filter setting will lose approximately-
2 db of gain. {Actual filter values used for each test are listed,in Table 3.),
Cailibration ' - B '
18. Substitution_sine—wave.calibrations were used as an alternate input
to the amplifiefs during systeﬁ calibta:ion. The sine~wave calibration signal
- was monitored with a precision voltneter ‘and frequency counter. -The sine-wave
calibration voltage was compared to the known geophone sensitivities to cale’
culate the recording system sensitivity in velocity units. A time s:andatd.

3
/,




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

lé. Calibration of all geophone channels was accomplished with a sub-
stitution sine-wave si~nal input to the amplifier. The sine wave was measured
Qith an accurate voltmeter and proportioned to a velocity value by knowing the
sensitivity of each geophone. The amplifier output was comnected 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
ampiifier, approximately 15 db, with the remote gain control. An input signal
of 125 mV root mean square (RMS) amplitude was appiied 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 signallwas
recorded. On several calibrations, a sine-wave sweep'frpm~l Hz to 200 Hz was
also recorded. ' o v

21,.,. Each geophone channel was filtered before being recorded by the
Krohn-Eite 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 adjustedlfbr each test, with a rule cf thumb that the corner fre-
¢..ncy be above the vibrator driver freqﬁenc; by 10 Hz. |

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

23. The B&K microphone channel was calibrated using a built-in signal
and e}ee;rostaﬁic‘calibrator mounted directly on‘the microphone. The calibra-
tioﬁlfrequency was 1000 Hz, and the signal was 90-db sound ﬁtessure level."No
filtering was used on the B&K mﬁcrophbne signal.v ‘ '

Spectrum analyzer

24.' The spectrum analyzer was used ﬁith the erray instrumen:2rion sys=~
tem to maké field determinations as to what and hoe béckgroend noise data
could be filtered from actual test‘sigﬁals. If was also used to determinn
'duting t°st1ng if various input frequencies wece presenc in the signals. and

‘what frequencies vere oominant in impulse and explosive tests. The - spec;run
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analyzer used was a Hewlett-Packard 3582, which has a frequency respcnse of DC

to 20,000 Hz and a dynamic range of 70 db. =
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PART III: DESCRIFTION OF TEST PROGRAM

25. Upon identification of objectives and scope by the spcnsor, an
exfensive test plan was devised which included proper and sufficient tests tco
accompliéh 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
.wat;r table at least 42 m, and seismic profile beginﬁing at 427 m/sec down to
6 m, 900~1370 m/sec betweer 6 m and 42 m, and *1500 m/sec below 42 m. The

site requirements are described further in Appendixes A and B. After cbnsid-

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 desirablé 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 féund within 10 m of

the surfate, and the site was deemed unusable for the tests because the shal-~

low fock 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 takeu in the same area.* The site, although
seismically compatibie with test requirements (see Appendix 3), did pose some
operational problems with periodic increases in background noise from con-
strnctionvactivity in the area for DIRECT COURSE, a major weaporns test. _
26. ' The seécond preliminary activity fo; this test prograh was to cali-
brate and check the seismi¢ sources at the WES. The vibrator and the impactor
'Qere:both tested at the WES infprelimingty tests to determine operating char-
'acte;iStjcs in the planned modes of use. The vibrator was tésted over the

expected ftequency range; these preliminary déta_a}e;éhown»in Fiéu:e 2.‘ The

* Internal Memorandum, "Operation DICETHROW,". 1975, S. S. Cooper, Geotechni~

cal Laboratory, US Army Engineer Waterways Experiment Statiom, Vicksburg,
Miss. ' : '
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impactor was also tested and showed a clean impulse load. Preliminary results
were used in developing plans and pfocedures for extracting needed data from

the field tests.
Test Site

27. The SAT program was conducted near the Ttinity site at the WSMR,
The test cou}se 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. Caléulations from
weapons test data reveal ‘that the Trxnity event, a 19-kilotor 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 td

be in undisturbed material.

28. The general surface conditions at the SAT site were *elatively {lat
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 otners. Photographs of ‘the site are shown in Figure 8. The test
site iies in the Ju:nada del Muerto Basin cf the Mexican Highland Section of.
the tasin and Range Ptovince,'which is characterized by a series of fault

" blocks forming asymmetric ridges or mountains and broad intervening basins.

. This Sasin has an overburden of alluvial material coy;ainiﬁg sand and rock

fragments, generally grading coarser with depth.*

Site Dbcumentatién

Seismic refraction tests

29. The seismic fefract’on data'ftom-bo;h'the preliminary and the site

characterization tests were obtained'using»a pértable 24-channel seismograph.

*# Internal Hémoranddﬁ. 1983, S. S. Cooper, Geotechnical Laboratory,
US ‘Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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This seismograph produces a permanent-recorq 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 cf the ground ' L
at 50-m intervals. ‘The.seismic source was a 2—k§ explosive charge detonated
50 m from one end geophone and repeated at the opposite end. Tnis resulted in :
two seismic traverses (forward‘and’reverse), 366 m in length, and delineation : 'J{?;
of substrate do'm to a minimum depth of 90 m, in accordance with Engineer Q'
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 compresSidn wave to travel_ftom a'seism;c source to
points of measurement. The da;q'are plotted as time versus distance from ' e
which compression wave veiocities and depths to interfaces can be: computed by
using conventional seismology equations (EM 1110-1-1802). These data and
téchniques are discussed in detail in Appendix B. Shear wave velocities were
not determined for these tests. Since the refraétion Eest lineS'were too L
short to determine shear wave velocities from expldsions thle using verticgl
geophones, empirical relationships derived from previous test programs were
used to estimate the shear wave veloéitieé for inpﬁt to the theoretical medel.

————

Environmental data _ o L

31. Quantitative enVironmental data describing the surface and.sub-'
étrate'conditions included soil wet'density, soil moisture content, ground
cone index, soil type, soil grain size, distritution, surface topography,
vegetation type and density, surface load-response characteristics, and Te
meteorological conditions. fhe Hata listed beléw fof the site are summarized
in Tabie 1. i |

32. Soils. Soil samples;:epresenfative of the surface were obtained

for laboratory analysis by digging fo a 30-cm depth. These Sahpleg were ' V ®
tested in the WES soil laboratory for moisture.confen;"and grain size "
distribution. - | |

33. Coné index. Cone index is a measure of'soil’strength measured Qiéh _
a 1.25-sq--cm cone and expressed herein'ih kilonascals. It is determined by . . .;

measuring the force needed to move a cone penetrdmeter 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 }fﬁﬁ

0.1-km, 4.0-kn, and 10.0-km test locations, near the sources and the vehicle e

path, . - ' o g
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34. Topography. The topography of the site is shown on US Geologl—'
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 aleng the test line. .This was~accomplished
using a laser—rype electronic distance measuring (EDM) system that neasurea
both horizontal and ver:ical distance between points. 1In addition'to the 'site
profile, profiles of each vertical track were measured upon completion of the
tests, It should be noted that thase track profiles represent an instantan-
eous example of the degree of roughness that prevails on a particular vehicle
run,

35. Meteorological .cond tions. A meteorological ecation was estab-

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

computer for reduction and processing.,

Seismic Wave Atrenuation 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-357
_truck. The tests werz conducted in the layout shown in Figure 9.' An array of
calibrated sensors, including one three-dimensional geophone, five vertical
geophones, and ‘cne outdoor microphone urit, were emplaced ot 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 I km with rhese sources since measurahle
signal'; were at the level of background noise or less for ranges'of 2 km and
beyond. Emplaced at each gource location were four vert‘ :al geophones and-one
outdoor microphone unit to measure close~in. attenuation, signai variacion
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 petiods of approximately

60 sec while data were recorded at the source and at the array. The vibrator
wﬁs also run at a l0-percent offset frequénéy (i.e., for nominal ffequency,
£f=50 Hz, offset frequency f=55 Hz) for five separate frequencies. 1In
‘addition, tone bursts were run at each disérete 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'fbr about 60'sec. The last tests were run with
the vibrator set with random noise input for approximately 60 sec and then' '
repeateda‘ All tests conducted with the vibrator ére listed in Table 2.

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

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 testé were conducted with an Army 2,5~

" ton trﬁck. 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 (Engdaﬁl and West 1974). The terrain was so
rough that the vehicle could safely be driven to speeds of oniy 16 km/hr
A(greater speeds broduced 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, allowinglapproximé ely' 5. m for accelera-
tion aad deceleration at either end. The vehicle was used unloaded, and since
" the path waé’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 reéponse of both smaller and 1aréer vehic¢les by relaC1ng the
-.forcing function and measured signal with model calculations for the 1arger or.
smaller forcing functions.

Explosive»saurce tests

40, Since the nondestructive attenuation tesis did not producé'data

" beyond’ l 0 km, explosive sources were used to extend the data to longer
ranges. Explosive-source tests were ruyn at ranges of 1, 2, 4, 8, and 10 km
(Table 3). The test at 1 km was run to obtain dataf:o relate the explosivee

"soufﬁe response with that of.the méchanical sources. Freliminary tests were
'design'ed £0 def}ne a specific explesive charge that coulld propagate a

B 23
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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 or the basis of pfetest predictions during the planning cycle).

Thus, the same size charge was used at each site thereafter, except the last
shot (number 136), where excess explesives 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 erplosive used
in all the tests was an ANFO mixture buried 3 m for good emeigy coupling.

41, For the explosive tests, the source geophones were emplaced in a
different pattern, sincelsignal lévels were expected ta be much higher than
with the meéhanigal-sourcé tests. Two vertical geophones were emplaced 300 m
from the shot, and one vertical g~ophone was emplaced 100 m from the shot
(except for shot number 130, for wh;ch 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 shocs (numbers 134 and 136), leaving the geo-
phones located 1700 m and 1900 ﬁ from the 8-km shot.

42, Since the ekplosive tests were exﬁected 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 ovtcrop lying about 1l 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 oscillogréph records of.the measured signals.
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PART IV: RESULTS

1

Physical Site Data Obtained

Subsurface properties 7

43, The test site overburden typically consists of fine material inter-
bedded with occasional layers of coarse sand. The métérial grades coarser
with depth and can be expected to have soﬁe patches of caliFhe and conglomer-
ate. However, the seismicltefraction tests showed a reasonable uniformity in
subsurface conditions over the lo;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 s silty sand, classified SM by the Unified Sotl

‘Classificafion 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 10C to 220 on the surface and increased to approxi-
mately 300 a~ a depth of 37.5 cm. All measured properties are listed in
Table 1.

Topography _ _ :
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

40 ' . o /

30

- ELEVATION, M.
»
o
T
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I 1 A 1 I 1 1 Il o
% 1 2 3 3 5 s 7 3 9 70

DISTANCE, KM

Figure 11. General site profile 8

from the array to the 10—km station. Thiere were a few locélized anomalies,
usually'in a wash location° ' '

Meteorological conditions

46. Air temperature and w1nd speed taken at the meteorological station

for each test are: listed in 'the last two columns of Iables 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 aﬁd'air-temperatures

varied considerably over the test period, as shown in Figure 13. Although

some light preciﬁitation occurred during the ptepératibn ﬁe:iod,rno sig-

.nificant pxecipitation was experienced during the tests, Ground temperaturéS'

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 dlscrete 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 s;gnal_measured at 50 m; and,'continuing doqn
the page, the §ettical,.tadial; and transverse signals measured by the
triaxial geophohe_at the main array. Piots 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 measufed fﬁequeﬁcy-is within the mafgie of
measurement error of the neminal input frequency, In the lO-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 cf 1000 points per second and a totaI'2048 poiﬂts'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, a2 different sampling rate would be
required. There appears to be little difference in ampiitude between the
discrete and offset frequency. o I .

49. The tone burst test data presented in Plates 44-77 are in a form
similar to the discrete frequency tests with time and ffequency domain plots
of input lcad, 50-m source geophone, and triaxial array geoﬁhone records. The
tone burgts give an opportunity to describe the‘accuracy of the measurements
at each recording station by comparing amplitude and freq&ency results with
correqunding'discrete frequency tést 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

' Thgre are some other inherent

on whether the sinusoidal input is "clean.'
problems in running the vibrator in a tohe burst mode. A; ffequencies.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 fhesé peak load sections of the Signal._

50. The frequency'sweep tests are presented in Pléces 78~81. The time
domain plot presentéd in Plate 78 fop the l-km sweep test shows the response
of the site at the 5-, 20-, 50-,.100-, and 1000-m ranges to the vibratar fre-
' quency sweep. ' The time domain plot for the l-km éite'is presented as repre~
_ sentative of the sweep tests since the tests, which took about 4 min to com-
plete;, are difficult td'di?pléy. ‘The FFTipldts 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'SO and 81),
showing thé variatioﬁ of signal with both frequency and range.

51. Results of the random noise tests are presented in Plates 82-84.,
’~Ihe data from the sourée_geobhones are good.».Howevér, the data from the atray
'sensors are affected by the 60~Hz electrical noise, 'and even with a 40-Hz .
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low-pass filter, there ié a large 60-Hz component in the signai. The dato
from the 500-m and 14km_rangés probably are not affected by the 40-Hz fllter,
but the iG0-m data are affected éoméwhat 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 dota from the array.

52. Impulse data. - The impulse test data arefpiesented in Plates 85-87
and poak values'qre'listed_in Table 5. Each plate represernts one test, with
the impulsive.accelerationfconvertedlto 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 tho'triayial geophone at the main array. Both time
ard frequency domain plots are shown for each signal. Thése data show the
effect of the site on frequency cootent of the signal, as the dominant fre-
quency decreases with increasing rénge. -

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

Each plate represents one‘fest. with the 5-m geophone data at ihe 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, Déta'ffom 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 cr15x151 geophone at the main array. Time and frequency
domain plots of each slgnal 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 iu Plates 97 and 98- (Tests 135 and 134). The.
8-km test data, in oartlcular, illustrate how wind noise obscures the signal
(signal is the same before and during the active test pgriod), and since fre-, -
quency contents are similar between the two types of signal, the data cannot
be easily filtered to remove the noise. . ‘, .

55. The data for the lateral geophone system are limited to the exnlo-
sive tests. The system was emplaced in a position about 11 km perpendicular
.to the test linc (see site. location map. Figure 7) and was calibrated at the
same levels as the array geophones for the 10-km tests. Timing was 4ifficult
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because of the limited coﬁmunication afforded by portable radios with short
ranges. . »

56. The data were limited to those recorded on a strip chart recorder,
with less fidelity than data recorded on a tape. However, they addresé the -
primary question, whether any unusual seismic signal was Ioaded into bedrock
by the explosive. The triaxial geophone was <zc inia a rock outcrop in this
lateral position to give an indication of any unusual seismic signals. Since
the geophone was calibrated for ‘the same signal at the array, a large signhl

would indicate some unusual loading. However, no signal received at the

lateral system was as large as the array, and most signalé‘ﬁereysignificantly

smaller. As. can be seen in Figure 15, the signallptoduced by Test 132
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Figure 15. Enveldpe records from lateral geophone system showing
maximum and minimum values for each trace (Test 131) .
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produced a maximum amplitude of about 75 x 10-6 cm/sec while the signal for ',;_
the explosive tests received at the array did not fall below 700 x 10'-6 cm/se.c. ;
Thus, the bedrock was deep enough at the site to be of little significance. -

.
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PART V: ANALYSIS AND DISCUSSION

Seismic '‘Waves

57. The generation, propagation, and sensing of seismic erergy from
'targets of military interest cbnsist of a sequence:of‘intetrelated physical
phenomena (see Figure 16). Anything that moves on the surface of the ground
applies a force to the substrate which can be sensed at some distance from
that soqrce; If the force is large ehough to stress the substrate to a
dynamic deformation, the energy is carried from that point by seisumic waves.
The amplitude and type (to some degree) of seismic wave generated depend on
the force ﬁistory applied by the target. Variations in the target whicb pro-
ducelchanges in the force history are mainly mass and rate of force applica-

tion. A large mass will cause greater forces than a small mass and will

y t
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Figure 16, - Properties of seismic a_i:tenuation
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result in a different force history. In addition, a given force applied
quickly will produce a different force history than force applied slowly.
Variations in the 5eture of the substrate may also affect the force history,
since that history is a record of the relation between force and time as
measured at a specific point. ‘

58. There are three major seismic wave modes, all of which move radi-
ally outward from a point of substrate deformation (i.e. the point at which
stress is applied): (a) compression waves (?-waves), in whichk the principal
particle motion is along a radiel; kb) shear waves (S-waves), in which the
principzl particle motion is at right angles to a radial; and (c) surface
waves (Raylelgh waves), in which the ptincipal particle motion is e111ptica11y
retrograde in ‘a plane chiefly perpendicular to the surface of the propagat1ng
medium. Compression waves move in all directions, so that the advaircing wave
front is approximately a hemisphere. However;,they do not necessarily move at
the same velocity as the S-wave, even in the same material. Unlike P-weves
and S-waves, Rayleigh waves generally move at shallower depths and paiallel to
the surface, so that at a point a few metres from the target, the advancing
wave front is cylindrical with the vertical axis of the cylinder at the tar-

get. For all practical purposes, Rayleigh waves (assuming the very low ampli-

tudes that are of interest in this study) affect a substrate depth equal to

about one-third wavelength. Amplitudes of Rayleigh waves are usually at a
maximum at the surface and decrease progressively with depth. The propagation
velocities are not the same as those of either P-waves cor S-waves. ,

- 59. Generally, both P-waves and S-waves are diffracted in the direction
ef greater substrate densities, and since nearly all natural substrates in-
crease in densiiy with depth, these waves tend to diffract downward. . The
result is fhat they appear to attenuate very rapidly at the surface. They
may, however, reflect from a shbsUrface discbntinuity and reappear at the sur-

face at some distance fiom the target.  Thus, there could be zones in which

P-waves and S-waves are difficult to detect at thc surface.. Conversely, the '

Rayleigh wave generally ptopagatee along the surface; thqs; theoreticaily,
there can be no discontinuities in the area over which the signal can be ‘
detecfed This knowledge, 1n addition to the fact that about two-thirds. of
the energy at the source is carried away in the: Rayleigh wave, is the princi-
pal reason {or choosing the Rayleigh wave as the mode upon which to base this

study.. .- .
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60.

The

"jdeal"™ or theéoretical situation for the propagation of

Rayleigh waves would consist of a completely homogeneous elastic half-space.

Anything that departs from these ideal conditions serves to attenuate or dis-

perse the wave form more rapidly than would be the case by purely gecmetric

attenuation (i.e., the attenuation resulting from the same amount of energy

being applied over a longer wave front as the wave moves outward away from the

source).

nature.

primarily from. the fact that each type of material tends to act as a specific

There are several basic types of nonhomoger ies commonly found in

The dramatic effects of nonhomogeneities on wave propagation stem

medium for a specific suitc of wave frequencies. That is, a specific 'type of

material tends to propagate certain frejquencies more efficiently than others,

The result is that substrate materials act as selective filters. For example,

most targets generate a seismic wave train (or signal) consisting of a complex

of frequencies (or wavelengths) ranging from very low (i.e,, very long waves)

to very high (i.e., very short waves). Generally, the signal contains a broad

spectrum of frequencies as it emerges from the source. However, as the wave:

train moves radially awa§ from the source, two thinés happen to it:

- 61,

a.

lo°

Since each frequency tends tc propagate at a slightly different
spced, the wave train tends to separate into sections (dis-
perse), each having a characteristic,frequency. This erffect is
usually not obvious over short distances, since the process
rarely has ‘time to produce complete frequency separation.

Some frequencies are propagated efficiently over rather long
distances, and others die out quickly. The effect of this
phenomenon is to filter out some of the original frequencies,
leaving a signal characterized only by those frequencies tha:
are efficiently propagated. In practical terms, the implica-
tion is that in some terrains and at long detectiun distances,
all targets tend to be characterized by wave trains exhibiting
the same frequencies. It is obvious that, in. such situations,
virtually all targets will look the same insofar as ‘the fre-
quency composition of their signatures ie concerned. ’

Variations in substrate characteriétics are many, but the most com-

mon 1is stracification. Nearly all areas are stratified to some degree, and

many are divided very sharply into disttnct layers. Each layer tends to be

characterized by somewhat different propagation .of seismic waves, with the -

result that they try to propagate independently through each, The interfer-

ence caused by the interface absorbs energy and attenuates the wave rapidly.

It should be noted that stratification i{s not a constait with respect to time,

The most common cause of a change in stratification is a change in moistuyre’
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content tﬁat can affect the wave propagaticn characteristics of the soil. 1In
addition, stratification may also change with respect to small changes in
location, affecting wave propagatlon characteristics, even drastlcally.
Another cause of stratification .changes is nonhomogeneous areas. These dis-
parities occur quite often in alluvial deposits where a small section of one
material (i.e., caliche) is surrounded by a different matrix material. Cther
variation comes from faulting (or vertical cracks) ‘and changes in surface
geometry which provide more interfaces for complicating Rayleigh wave
propagation.

62. As the pfopagating wave reaches the geophone, it is carried on by
the motion of the soil'particles if the geophone is properly placed. Three
cnonditions of emplacement affect geophone performance‘ (a) depth of emplace-

ment, (b) geophone ettltude, and (c)- coupllng of the geophones with the sur-

" rounding medium. Depth of emplacement is critical in measuring Rayleigh

yaves,'which usually'have maximum signal-close to .the surface. Geophones
operate most efficiently with the axis parallel to the pull of gravity and
should thus be leveled for use. Geophones must move with the surrounding
partlcles to measure the motion and thus must be 1n solid contact with the
suhstrate. If not, the geophone will move less than the surrounding parti-
cles, resulting in an erroneous measuyred signal. Thevprecedlng d;scus51on of
seismic.mave propagation phenomena is based on an analysis by Benn and Smith

(1975) and more details are availaile therein.

Seismic Refraction Data Correlation

'

63. The seismic refraction tests were conrducted to define the substrata

of the test site so‘problem arezs similar to those described above are avoided

dr at least understood. The test site, because of its location'ih an alluvial

valley, was expected to be stratified with similar properties-in'each layer

. and some nonhcmogeneous areaé. The area was relatively homogeneous, with sim-

ilar properties throuohout the lo—km test ar2a, as can’ be sean in the seismic -

profile drawing of Flgure 10,

Group velocities for seismic waves

64. The S-, P-, and R~wave group veloc‘ties calculated from the explo~
sive and impact lists are presented in the time versus distance plots of

Figure 17 for comparison witﬁ‘the.seismic-tefraction'data.' It should be noted
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that the lower parts of the curves are not refined by extensive seismic
refraction cita between 0 and 2 km, and thus the lower parts are a biased

average of group velocity. The time of arrival of each wave train was cal-

culated from the time domain data of Plates 85-87 and 94-99 and plotted

against the distance between the close-in geophone and the array. The P-wave
curve is similar to the seismic refraction data of Appendix B, indicating that
the P-wave traveled in bedrock at depths over 100 m with a velocity of about
3800 m/sec.. The S- and R-wave curves are shown‘only to documenﬁ group veloc-
ities and their :elétionéhip to the P-wave. Velocities from P-, S-, and

R-waves aré expressed by V V. and VR ’ respectiveiy. These data show

, _ p’ s ¥ ‘
that Vo is 1277 m/sec and Vg is 1364 m/sec vhich gives V. /V,'= 0.33 and

VR{VS = 0.94 for this site. The R-wave pas'a dominant freqhency of 3 Hz in
the 10-km test, indicating a.wavelength of about 455 m, which means that .
R-wave would be spfead over the upper $150 m. (This is estimaged by the fol-
lowing: dR - YR/Zf .) Thus, the long-range attenuation data confirm gd&
support the seismic refraction data. '

18-




Seismic attenuation

65. The explpsiue-source test data were also used to.generate the
attenuation curve shown in Figure 18. This curve is a plot of peak particle
velocity .amplitude (R-wave) versus range. Since,it uses data from the l-km
through 10-km ranges, it is also called a site attenuation qurvé. The curve
shape is anothe} indicator 'that no major anomalies exist in the éubstrate.

~ 66. Selected discrete frequency vibration data were used to prepare the
attenuation curve presented in Figure 19. This curve shows particle velocity
auplitude versus range ior several different frequencies: The vériation of
frequency with range can be seen in the curves as they flatten out as fre-
quency decreases. The higher frequency components atteuuéte faster than thé
lower frequency components, which e&tend over long rangéé. The data were
taken at ranges ranging from 5 m to | km and relate quite well, showing that
site attenuation is relatiuely consistent. This curve also shows that the
data are relatively consistent over the range of frequencies, another example

of the quality of this data set.

§ignaI'Characteristics

Mechanical-source tests

67. Vibration. The vibration tests have signal auplitudes that cor-
relate well over the 100-@, 500-m, 'and 1000-m test ranges. The only dif-~
ferences occur at the 100-m range where the amplitudes vary between geophones.
in the array. This is probably’because of the signif{caﬁt difference beﬁwéen'
the c¢ylindrical wave front and a plane wave front at 100 m or because, for
continuous wave signals, the P-, S-, and R-waves will add or subt*act, causing '
signal variations over short distaqces. “Another diffgrence oceurs in the tone
burst data, caused by variations in the vibrator output as:étequency changés. !
The data described below are summarized in.Table 8. ’ .

68. The random noise tests have signal characteristics similat to the
discrete frequency vibration tests. The vertical array data .frou the 100-m.
test have a center frequency of 25 Hz and a bandwidth of 10 Hz. Bandwidth is
defined as the width of the band described by the points 6 db down from the
peak amplitude (one-ha’f the peak amplitude). The 500-m random noise test has
a center frequency of, 15 Hz and a bandwidth of 15 Hz. The : l-km random noise
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Figure 19. Attenuation curves for discrete frequency vibration tests

test has a center frequency of 4.6 Hz and a bandwidth of 1.5 Hz. :The signal
appears to be dispersed to a lower frequency at the i-km range. - o

69. The vertical array signal on the 100-m~frequency sweep test has a
center frequency of 23.2 Hz and a bandwidth of 7 Hz. The signal on the
SOO-m—frequency sweep test has. a center frequency of 16.7 Hz and. a bandwidth
of 1.7 Hz. The signal on the l-km-frequency sweep test has a center frequency
of 8 Hz and a bandwidth of 6 Hz. This set of tests shows the signal ffequeuey
decrease as the range is increased,'eveu though the higher frequency eignals
are 1nput by the source.. . | -

7C. Impulse. The vertical array signal for the 100-m impulse test has
a center frequency of 24 Hz and a bandwidth of 12 Hz.: The 500-m impulse test
has a center frequency of 13 Hz 'and a bandwidth: of 15 Hz. The l-km impulse
test produced a center. frequency of 8 Hz and a bandwidth of & Hz. Theee data

are listed.in Tatle 8.




71. Vehicle. The vebicle tests produced signals of similar shape and
frequency content at both speeds. The amplitﬁdes varied éomewhat. Oniy one
. set of numbers is presented for this discussion. The vertiéal array signalé
for the 100-m vehicle tests have a center frequency of 12 Hz and a bandwidth_i
60f 7.2 Hz. The 500-m vehicle tests have a center frequency of 2.9 Hz and a |
bandwidth of 2.4 Hz. The l~km vehicle tests have a center freduency of 2.9 Hz
and a bandwidth of 3.4 H;. Vehicle test data are alsoilisted in Table 8.

Explosive-source tests

72. Beginning at the l-km location, the explosive—éource test produced
a center frequency of 7.2 Hz and a bandwidth of 3.7 Hz. This coﬁpares favor-
ably with the impulse test at 1 km.: The 2-km explosive—source test proddced”a
center frequency of 3.9 Hz and a bandwidth of 1.5 Hz (although it is a rela-

tively noisy record). The 4~km test produced a center frequency of 3.6 Hz and

a bandwidth of 1.0 Hz. The 10-km iest'(number 134) produced a center fre-
quency.of 3.3 Hz and a bandwidth of .1.0 Hz, while Test 136 (also 10 km, but
more explosive) had a center frequency of 3.2 Hz and a bandwi@th of 0.6 Hz.
The 8-km test signal had much wind noise and was not inciuded. It'could
feasibly be used by employing some frequencx search filtering techniques, but
this was not done. These signal characteristics are also presented in Table 8

for comparison with other test data.

Background Noise Effects

73. As noted eéilier, backéréund noise was high on certa1§ days of
testing. Overall, however, the Sackground noise, both seismic and acoﬁstic.
was relatively low except for windy days. Plates 100-102 illustrate back-
ground noise for the three ﬁohdestrucﬁive tést.locat;ons, which encompass

three different test days. The data in Platé 100 for Test 14 represent a

' . moderate noise day with engines off. The data in. Plate lOl.for.Test 89 rep-

‘resent a moderate noise day with engines running. The data in Plate 101 for
Test 132 represent a high background noise day. It is interesting to note the
average.wind speed for the three tests: 5.6 m/sec, 5.3 m/se¢, and 10.6 m/sgc.
respectively.  It appears that above a wind level of about 8 m/sec, data
acquisition béyoﬁd 2 km is defini;ely'impaired becadse the signal-to-noise:
ratio may be as low as 0.l. Even with‘a spectrum analyzer;_ic would be dif-

ficult to pinpoint the 'signal of'interest within an extremely ng{sy*database,

L
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since the wind causes low-frequency noise whichllooks like actual data. How-
ever, this problem could be helped by deeper geopﬁone burial and averaging of
multiple sensor array data. _ ‘

74, Electrical noise is a problem in some tests. The 60-Hz noise
introduced into the array system produceslproblems when tests are run above
50 Hz. - The signals can be and were filtered; however, the filter does not
provide the capability to separate real 60-Hz data and the 60-Hz noise. The
electrical power also inrroduces harmonics of the 60-Hz noise in the signal
(especially 120 Hz and 180 Hz). ‘ '

75. The background noise from the generator, vibrator, and impactor

engines is re]atively insignificant seismically because ‘of the favorable

signal-to-noise ratio condition. The v1bratoryvor impulse data signal is high

in relation to the background noise caused by these gasoline engines. For
example, the seismic background noise measured 5 m from the engines after
Test 89 was about'S x 10-4cm/sec, while a typical vibratory signal was on the
order of 5 x 10-3 cm/sec. Tﬁe background'noise measured at the array after
Test;89.was'about 1.2 x 10-6 cm/sec, while a typical vibratory signal at the
500-m range was on the order of 5 x 10-5 cm/sec. Thus, the signal appears tp
be at least an order of magnitude greater than the noise caused by the

engines. The acoustic signal measured on the same test at a range of 50 m

‘from the engines was about 10 dynes/cmz, while the array microphone at a range

of 500 m measured about 1.3 x 10 -1 dynes/cmz.

- Evaluation of Model Analysis

'76. Model predictions were made after preliminary site characteriaation

was completed but pridr to the initiation of testing. The model predictions,
summarized in Figures 20-23h are discussed individually below.; First. the

. Rayleigh wave phase velocity is plotted versus frequency for the preliminary
‘site characteristics (Figure 20) Actual group velocities. were about -
'660 m/sec in the mid-frequency range, compared to the 400 m/sec phase velocity

prediction. The low-frequency (3-Hz) signal that arrived at the 10-km range

‘traveled at a rate of atout 1364 m/sec, cempared to 820 m/sec predicted by the
model since the deep high-velocity layer was not included in the model input.

Most seismic input by vehicles or other similar activiCy would not have such

low-frequency components. However, should frequency iuput below 3 Hz become
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Figure 23. Transfer function T versus range,predicted by model

of 1nterest, more extensive site characteristics would have to he obtained for
the model. _

77. The transnission coefficient or R-wave attenuation nas'predicted by
the computer model for the test site, as seen in Figure 21, as plots of trans~
mission coefficient versua frequency for various ranges. This same transmis-
sion coefficient (or- attenuation) was calculated from signals of the explosive
tests and is illustrated in Figures 24, 25. and’ ?6 for P-waves, S-waves, and
R-wavegs. The R-wave values . compare favorably with predictions but also pro-
vide a refinement of the model predictions in the high-frequency range.

78.Amlne“;itemattenuation ratio is the relationship of the propagating
wave amplitude with respect to frequency fk and spatial separation of two '
points-ﬁWilliame 1981), given by '

MmN

where
‘ Yk - amnlitude aasociated with frequency f" at point ?. cm/sec
'Xk = amplitude associated with frequency fk - at point X, cm/sec
,Attenuation ratio M is shown 1n Figures 27-30. as calculated from the
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vibration tests and‘the'exploéive tests using the above equation. The atten-
vation ratio M .can be célcuiated by the model for an intermal damping factor
of 0.03 Ey.taking.éhe ratio of transfer function T for two 'ranges (from
Figure 22). .Theivalues'of M from the field tests were used to calculate new
internal damping.faétoré_in tHe model by changing the internal damping factor
for each frequency until the proper value of M was achieved. The results
are shown in Figures 31-34 plotted against frequency, revealing several obsgr-

vations that can be made from the data. The original estimated internal

o.12p
LeaEnD
» o - &/100
0.10 & — 20/100
o - 80/100
L0081
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-
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1
0.0 20

Figure 31, “Interhal damping yersﬁs frequency calculated from attenuation
ratio 'for 100-m discrete frequency vibration data. Numbers indicate
location of compared data. :

damping_factor of 0.03 cémpates favqrablyfwith an avétagc of 6,02 frém.the
field data out.to 1.0 km. It éﬁould be noted that at shoét'tanges, a large
change in internal damping factor produces a small change in M , which means
that 0.03 produces M values not.unlike those from 0.02. Thus, futufe.cal-
culations for this type of site should include an internal damping factor of
0;02 for rangés up to 'l km. Both M and. the internal damping factor become
more scéttéred as'théAréhge is decreased; for example,'the 100-m and SOQ-m 3

data curves are more scattered than the l-km, 2-km, and 4-km data curves.
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Figure 32. Internal damping factor versus f_requency calculated from
attenuation ratio for 500-km discrete frequency vibration test data.
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This is because at short ranges, small measurement errors in R-wave amplitudes v
(or noisy signals) cause large ehénges in M and larger changes in the ji:ﬂ:
resultant internal damping factor. The 2-km and 4~km data indicate that the :E::
internal damping factor may decrease even below 0.02. _ -—1—;4;
79. To weigh!properly the effect of frequency and range on the computed ‘i{{f
values of internal camping factors, it is apﬁropfiate to refer to the proce- :ﬁ%z
dure used in the WES mlcroseismic wave propagation model to normalize the - 1 
variables for the tnansmission coefficient H . In the model, the transmis- -;.

sion coefficient for the surface wave varies as a function of kR and the : .

internal damping fadgtor where kR is defined as follows.

where
f = frequency, Hz

"R = range, m
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vp = Raléigh wave velocity, m/sec
Co 2n -1
k = wave number = Tom

The losses due to the effects of internal damping are in excess of geometric
losses due to wave spreading as the waves propagate away from the source.

' When computations are made to convert field measurements to values of the
internal damping factor, it is appropriate to limit these calculations to
those data where backgronnd noise and measurement errors are less troublesome.
Thus, two limits must be defined: (a) the frequencies must be less than thosel
defined as uppér limits in the data cpllection system (i.e., data must have
good signal-to-noise ratios) and (b) thé frequencies must be greater than
those defined by a ldwer'limit where the internal damping factor is signifi-
cant. If a value for QR is assumed as 30‘to define this lower limit, a I

frequency-range table ‘can be assembled as follows.

Range, m, that must be exceeded for useful

Frequency, hz ' internal damping factor calculation results
50 . - 15
20 ' 3 83
10 - - 172 | | :
s | - 401 | |

2 N ' o 1815

This table was used to define the lower frequency limits for the results
presented.in Figurgé’31;34. ‘

80. The site':ranéfe; function is”calculated by relating measured peak
veio:ity amplituaé at a pafticulaf range with the loadlinput by the energy
source (Williams 1981). ‘ o ' .

x~

where , i i
Tk = transfer function for freﬁuéncy fk v

ka- comnlex amﬁlitude‘of measured load forvfre'quency.'fk
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Transfer function' T predicted by the model is shown in Figure 22 plotted
versus frequency foF different ranges and in Figure 23 plotted versué range
for different frequencies. The plots of T versus frequency for thé impact
tests are shown in Figure 35 and for discrete frequency Qibracions and ekpld-,
sive tests in Figure 36. Figure 35 shows that the consistency for the field
test data is within about 5 db for the 100-m geophone data from each impact
test station. The curves compare favorably with the predictions, although the
values predicted by the model fall slightly below the field data. .It should
be noted that the site characteristics input into the model did not account
for the depth of bedroék, thus affecting the relative values. The chénge in
internal damping factor would also have a significant effect. Background and
~electrical noise (60-Hz) affected the expiosive test‘dafa above to 10 Hz, and
no calculation was made for explosive source transfer.funétion above 10 Hz;
81. Overall, the model did well in making pfedictions. The -basic
assumptions used in the model were pfovéd out, and thé_oﬁly area 1in which
difference occurred was in thenlow-frequency realm. The change inhéite_char—
acteristics would adjust this area. The slight adjustment in thevinte:nal
.damping factor would make predictions better at most frequencies aﬁd ranges.
Site properties are quite importént in making model predictions and must be

accurate for good predictions (Lundien and Nikodem 1973).
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PART VI: CONCLUSIONS AND RECOMMENDATICNS
Conclusions

'82. The set of data obtained in-this study is.relatively complete,
encompassing not only close-in measuremerts using vibratory, impulsive, and
vehicular sources, but also far-field impulsive-source measurements covering
signal variation in‘both frequency and range. Although this analysis is
limited, several conclusions are evident by observing the data set.

83. Signal amplitude at high frequency falls off‘rapidly with in-

_creasing range (paragraphs 48, 50; 64, 66-67, 70, 72, and 76, and ?igures 19
and 26). vThis is also illustrated by the fact that little or no frequency
above 50 Hz was found beyond 100 m, amd the frequency sweep tests. produced
larger amplitudes at smaller frequencies (see Figure 15). Also, only fre-
quencies of about 3 Hz were recelved at a range of 10 km, and in all the ex-"

"plosive teéts, only frequencies below 10 Hz were dominant in the measured

. signal (Plates 94-98), even though the explosions produced multispectral
loading. ‘

~ 84. "Measured signal freqpencies are accurate within the built-in error
of ‘the FFT (about 0.5 Hz ln'this case) in comparison to the input loading fre-
quencics (paragraph 48). The frequency resolution depends on the length of
the record and the stability of.the source., Tone bursts produce signals sim-
ilar to the discrete frequency vibrations except for vibrator-induced anom- ‘
alies such as "rounding" of the signal, the introduction of harmonics, and the
Introduction of a large load at the beginning and end of the tone burst. In
cases where the vibrator-induced anomalies were insignificant, frequency and
amplitude correlate well with the correspondimg dlsérete frequency test
results (paragraph 49). .

85. Wind noise can be a problem in making seismic measurements. It
appears from- thesr tests that for ranges greater than 2 km, wind sneeds above

'8 m/sec cause a major.problem in signal measurement. In fact, when dealing

with one sensor, it is ‘ifficult even with a spectrum analyéer to determine

where the signal is when winds are high and constant and no precise method of

timing is furnished (paragraph 73). The use of multiple'sensors} trlaxial
sensors, and a digital system can help to provide slgnals which can be fil-

terea. cross-sensor correlated. velocity filtered. or ctherwise manipulated
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to better define the source. Such methods are described by Aki (1981), Allen
(1982), Mykkeltveit et al. (1983), and Ringdal and Huseby (1982). However,
this type of system would currerntly be bulky to handle and coﬁplica:ed to
operate (Benn and Smith 1975).. ’

86. Electrical no;se can also'be a problem if a power source introduces

60-Hz noise into the signal. The 60-Hz noise can be filtered cut, but the

filtering affects the signal characteristics if the test is run above the

60-Hz level. Second and third harmonics of the 60-Hz noise also affect the -
signal .(paragraph 74). .

87. The vibration tests condgcted at a 10~-percent offset frequency to
the 3-, 15-, 30-, and 50-Hz discrete frequency tests produced signal results
similar to the base frequency tests. The frequency difference is distinguish-
able to the 3- to 3.3-Hz tests, and the limitation on resolution appears to be
in the FFT calculation, although at some point the two freduencies would be
difficult to distinguish (paragraph 48).

88. The vehicle produced signals with a low center frequency, and the
speed at which if traveled made little diffefence in signal amplitude. The
vehicle did not produce a measurable signal beyond ! km (paragraph 71).

89. The WES mathematical computer model can make relatively accurate
predictions. These tests hgve verified thaf-the'concepté upon which the model
is based are correct and that the model's predictions are not only qualita:iﬁe

but also quantitative in most instances. The field tests verified the model

calculations of ‘transfer functions, transmission coefficients, and phase

-velocities. In most cases, the model predicted these valuesAwithin 20 percent

for frequency and range (paragraphs 76-78). Sipcé the test site was rela-
tively homogeneous, the model preQ;ctions are quité g&od and sufficiently
accurate for prediction and analysis purposes (paragiaphs 76-81). It should
be noted that quality pfedictions come from quality site characteristics. The
p:edictiod is onlf as good as the daté on which it is based. The model in-

ternal damping factor should be refined somewhat to 0.02 or below, and the

 site characteristics have been refined through the complete festing {(para~

graphs 78 and 80).

90. = The seismic waves (P, S, and R)'hgasured in these tests confirm the.

data measured in the seismic refraction tests, and as the ruange increased, so

did the depth of travel and the velocity. .This homogeneous, deep overburden

a . .
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laver helps to dispefse the R-wave into bedrock to a low-frequency wave (par-
agraph 64). | ;

91. It appears from.the»latgral geophone system data that the high-
contrast interface of bedrock was so deep that rio enhancement 6f signal

propaga.ion occurred (paragraph 56).

Recommendations

92. The following recommendations are'made as a result of the conduct
of this study:

a. This data set should be used for further analysis of seismic
data. The analysis available to date is by no means complete
and should. be .extended to include pointing angle consistency

- and correlation with local geology, time of arrival for mode
analysis, cross-correlation and coherence between wave types,
and extrapolation of tesults to other sites with known
properties.

The WES seismic model should be used for predictions in any
seismic study of surface wave propagation. This study affirms
the basis of the WES model and its predictions, but also con-
firms that empirical data are valuable in verifying the model.
The internal damping factor should be refined to 0.02 or below
for the White Sands Missile Range site, and the site input
should include a fourth layer to simulate high-velocity bedrock
layers where appropriate. The long-range data should be ’
further evaluated with model calculations to determine whether
the internal damping factor of below 0.02 will refine pre-
dictions for 2- to 10~-km ranges. Caution should be exercised
in assuming that a particular site can be predicted withouc
‘preliminary data. ' .

o
.

c. When further long-range testing is done, a lateral geophone
system should be emplaced. with complete instrumenta:ion to
accommodate signal analysis. ’ '

d. Future tests should incorporate variation in both frequency and
range. and should include data for as great a range as is prac-
ticable. ’ : .

e. This data set is presented as a generic study so that the
. results can be applied to a numter of related studies. In
purticular, these results can be applied to site security

analyses and -activity detection studies,
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Table.I

Summary of Site Characteristics

Cone
Penetrometer Tests Relative Density
‘ Depth of Soil (Sand)
Station cm .Cone Index g/cc
Array 7.5 100 1.5 - 1.6
15.0 125 1.5 -« 1.6
12.5 142 1.5 - 1.6
30.0 250 1.6 - 1.7
} 37.5 . 317 1.6 - 1.7
0.1 km 7.5 . 100 1.5 - 1.6
15.0 167 1.5 - 1.6
22,5 133 1.5 - 1.6
30.0 142 1.5 = 1.6
37.5 233 1.6 - 1.7
4.0 km 7.5 160 ' 1.5 - 1.6
R 15.0 165 - 1.5 1.6
22.5 160 1.5 - i.6
30.0 345 ' 1.6 - 1.7
37.5 310 1.6 - 1,7
10.0 km 7.5 220 1.6 - 1.7
15.0 330 ‘ 1.6 - 1.7
22.5 600 1.7 - 1.8
30.0 750+ 1.7 - 1.8
37.5 750+ 1.7 - 1.8
Moisture Content '
Station - Depth, cm Value, % .
0.1 kn 05 5.4
15~30 _ 9.9
1.0 km 0-15 - 6.4
15-30" 7.6

Topography

'7>'Flat to rolling

Vegetation Coverage 7
Sparse/desert ‘ 5
Grass/creosote - 10
Yucca/cactus 2

Weather ' ‘Date
Snow/calm 5-8 April
Dry/calm 9~10 April
Dry/windy 11-13 April

Average. Seismic Properties.

. P-wave
_Depth, m Velocity, m/sac
* 0-6 ~ '365-853
6-42.7  853-1525 .
' 42.7-91.5  914-2012

9.5+ 1890~3292




Table 2

Summary of Mechanical-Source Tests Conducted

Frequency Frequency
: Test No. Hz Type* Date Time Test No. -~ Hz Type* Date Time
100- Station . 100-m Station (Cont.)
| 120 Discrete 4/8/83 1752 37 2 Ts 8/8 479/8% 1134
2 100 1757 38 I T8 8/8 1138
3 50 1803 39 - Random noise 1154
4 , 30 1307 40 - Random noise llS?
5 20 ) . 1810 4] ; - Random noise 1159
6 A5 : 1813 42 - Impactor 1400
7 VI 1817 43 - 1405
8 7 1820 44 -— 1410
9 6 1825 45 - 1315
10 5 1827 46 - 1420
1 4 1831 47 -~ Vehicle slow 1514
12 3 ’ 1840 T - Vehicle slow 1518
13 2 1851 49 - Vehicle fast 1522
14 i )y . 1853 50 . -- Vehicle fast b 1524
- s 12041  Sweep ¢ 1911 ‘ ' :
s 110 Offset, . 4/9/83 0958 ‘ S6fl-m Station
17 100 Discrete 1060
18 55 Oftset 1003 52 S0+l Sueep 4/10/53 1126
19 50 . Discrete 1006 53 ' 50~+1 Sweep 1138
26 16,5 Discrete 1010 54 50 Riscrete 1150
24 15 Discrete 112 Y 50 1B 16/128% ‘ 1152
2 1.3 Oriset 1017 b - 55 Of fset 1155
23 . 3.0  Discrete . lutu 57 30 Discrete : 1200
24 120 TB 32/128 1034 58 30 T8 16/128 1202
25 100 TB 32/'28 1039 59 20 Discrete 1206
26 50 TR 16/128 ' 1045 N 0 T8 16/1.8 1208
27 - TE 1R/128 1044 61 16.5 Oftset VIS
28, 20 TB 16/128 1052° 62 "1 Discrete 1215
S 15 TB 16/64 ' 1657 63 15 “TB 1&/n& : it
50 10 TB 16/32 1104 64 10 Discrete ' 1220
"31 7 B 16732 . 1108 65" Tl TB 16/2 : 1222
. 32 6 T8 16/32 - i 68 ) Discrete 1228
33 6 1B 8/32 114 67 7 TH 16/32 1229
. 3h s 1B as16 1119 68 6 Discrete ' 33
35 4 T8 #/16 ' 1124 69 6 TB i6/32 1237
16 3 TB &/i6 _'v " 1129 70 5 Discrete 1242

(Continued)

NOTE: Om all vibration, fmpact, and vehicle ‘tests (except }r1-129), data were recorded at both the
) source and the arrav. K

* Test tvpes are: Discrete - discrete frequency; Sqeeé - frequency sweep; Offset ~ offset fre-
quepcy (selected discrete frequency + 10Z); TH - tone bursts (cycles on/cycles off).




Table 2

(Concluded)

Frequerc:
Test Mo, Hz Type* Date
500-m Station (Cont:)
71 5 T8 8/16 4/10/83
72 4 Discrete
73 4 T8 &/16
74 3.3 Offset
75 3 ﬁiscrete
L) 3 TB 5/8
77 2 Discrete
78 2 TB 8/8
) -- Random Noise'
80 - Randcm Moise
81 .- Vehicle Slow
82 - Vehicle Slow
83 - Vehicle Fast
84 - vehicle Fast
85 - Impactor
&n -
7 -
84 -
89 -~
, 1-km Station
90 30+1 Sweep 4/11/83
91 301 Sweep
92 30 Discrete
93 30 lTB 16/128
94 20 Discrece
95 20. - TB l6/l28
96 ‘16,5  Offset
97 15 Discrete
98 15 TB 16/64
Discrete 1 2

99 : 10

Time

1243

0940
09s5¢
1002
1004
1008
1011
1020
1023
1024
1027

Frequency s
Test No. Hz Tvpe* Date
I-km Station {(Cont.)
100 10 T8 16/32 4/11/83
101 7 Discrete
102 7 Discrete
03 7 TE 16/32
104 6 Discrétev
105 6 TB 16/32 \
106 54 Discrete
107 5 T8 &/16
108 4 Discrete
l09v 4 TB 8/!6
110 3.3 ,Offset
111 3 Discrete
112 -- ' Random Noise
1is - Random Yoise
tia - Impuise
9% -
116 -
117 -
118 --
119 - Vehicle Fast
120.. - Vehicle Fast
121 - Vehicle .Slow
122 - Vehicle Slow
2-km |Station
"123 6 - Discrete
124 6 TB
125 5 Discrete ,
126 5 18
127 20+1 - Sweep v
12% - Vehicle Fast
129 - Vehicle Fast '

Time

1354

1356

1258
1359

. 1402

1418
1420

*

Test types are:

quency (selected'discrgte_frequency + 10X); TB - tone bursts (cycles on/cycles off).

Discrete - discrete frequency; Sweep - frequency sweep; Offset - offset fre-

Ty
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Table 3

Summary of Explosive;Source Tests Conducted

2-km Station

Explosive
Test No. weight, kg

51 12,25
130 12.25
131 12.25
132 12.25
133 12.25
134 12.25
135 12.25
136 63.50

Explosive
Charge
Location, km

10
10
4
2
1

10

8
10

’ Date )

4/9/83
4/11/83
4£/11/83

4/12/83

4/12/83
4/13/83
4/13/83
4/13/83

Time

1730

1642
1824

1432

1602

0859

1122

o 1a2v

NOTE: On all test shots ‘(except 51), data were r
‘and lateral systems.

ecbtded at the source, array,
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Table 8

Signal Characteristics

Peak FFT Center Band-
' Amplitude Frequency width*
Type of Test ‘ Range m cm/sec Hz Hz
Random noise ' 100 2 x 10—4 _ 25.0 10.0
- 500 1 x 1078 15.0 15.0
| o 1000 6 x 1078 4.6 1.5
Frequéncy sweep 100 4 x 10-3 23.2 7.0
| " 500 Co2.2x 107 0 1647 1.7
‘ 1000 3 x 107 8.0 6.0
Vehicle (16 kn/hr) 106 5.6 x 107 12.0 7.2
"~ 500 1.8 x 107° 2.9 2.4
1000 1.4 x 107 2.9 3.4
Impulse | 100 1.1 x 107% 24.0 . 12.0
500 . 5.1 x 10°° 13.0 1.5
© 1000 1.7 x 1078 8.0 4.0
Explosive (12.25 kg) 1000 . 2.6 x107% 7.2 3.7
(12.25 kg) 2000 2 x 107 3.9 1.5
(12.25 kg) 4000 1.sx 100 3.6 1.0
(12.25 kg) 10000 42x 10 3.3 . 1.0
(63.5 kg) 10000 4.0 x 1078 3.2 0.6
Background noise 0/5C0%** 1.2 x f0-6 72.0 37.0
(seismic) - - 95/100 8x 1074 61.0 1.
' | 495/500%* 5 x 107% " 48.0 . 2.5
900/1000 .  l.2x 107 10,0  '20.0
) | . -8o0/t000 1 x107 ' 5.0 . . -15.0
Background nofse -~ <0/500%# 1.3 x 107 8.0 14.0
(acoustic) ~50/100 7x107't 0 s 1.0
| S 45075008, 10 a 5.0 9.0
3 4.0 6.0

0/1000 3.8 x 10

NOTE: Background noise test shows location measured/location of test.
-0 = measured at array; others measured 5 m or 50 m from scource.

* Width of band described by points 6 db down from the peak amplitude (at
one-half the peak amplitude). .

A Engines running (vibrator. impaccor.'aﬁd generator).

f Units are dynes/cm%. , , o ‘ -
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TEST 1 120HZ DISCRETE FREQUENCY JINE WAVE -

PLATE 1
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APPENDIX A: SEISMIC ATTENUATION TEST PROGRAM

Introduction -

Background ‘ .

1. Seismic tests have been conducted at sites all over the continental
United States by the US Army Engineer Waterways Experiment Station (WES) to
characterize ' site conditions. Nondestructive seismic tests such as those
which measure wave refraction are valuable, easy-to-run field experiments that
provide quantitative engineering information on surface and subsurface soil
and rock. Experience has shown that seismic and acoustic sxgnals are affected -
by a number of environmental source variables which can cause large differ—
ences in measured seismic response. However, there has been_iittle correla-
tion of these differences, and the effects of environmental constraints on
seismic wave propagation cannot be predicted with confidence unless these
source variables are properly documented.

Purpose '

2. The purpose of this test plan is to establish a series.of experi-

ments that will:

a. Determine the reiative efficiencies that seismic signals from
impulsive and continuous wave sources prupagate in natural el
terrain. . : . LT

b. - Determine the resolution and fidelity of multiple frequency . ‘

signals propagating in natural terrain. o ' s e e cmcn

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

"Approach - - ‘ ’ _ .
3. The project will be conducted by WES personnel. Based on existing ' v o
data, a site with appropriate physical, :seismic, and envitonnentalvproperties

will be selected. The’experinental array will be iaid out at the‘site, and ' ;:I'.b

the site will be oharacterired physically and seismically to confirm its ' ,?i;;}jh
properties. An instrumentation system including geophone, microphone, and ) - _. 

. meteorological sensors will be emplaced and monitored while seismic sources k

are moved from station to station along the experimental array. Measured data

will be verified on site and then'proceséed and'analyied at WES.? Background )

noise will Be monitored-during the tests and characterized._ The final data s e

. Al o , o o ' ' ﬂ;x
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will be used to verify theoretical model calculations an&-yili,be eXt;apolated

to a range of conditions through model analysis.

Reguirements

‘4. The site will be selected to meet the general character‘stlcs listed ' ®
in Table Al below. Some tentative areas have been located at the White Sands
Missile Range (WSMR), New Mexico, shown on Tularosa Quadrangle topographic map

’ ' Site Selection
1 _dlstributed by the US: Geologxcdl Survey (USGS). " These areas provide com- |
|

Al bk i),

mercial power and easy access, as well as propertiee similar to those v o

required.

Tabgle Al

Site Characteristics

Property - ' Description

Topography Flat/rolling" _
Vegetation Sparse/no treés ,1 , ‘ o - i: R
Weather Relatively dry ‘ , -1.-"1
Soil, surface ‘ l Silt to sand - dry ‘ X
Soil, subsurface 4 Silt/sand - ceﬁen;ed ' ;:f,:?i
Bedrock | Sedimentary - D.> 45 m .ifF{{lj
Water table ' D > 45m o e . ‘H_‘

Seismic-compression : 300 m/sec (Surface) - 5000 m/sec
wave velocity o ‘(bedrock)

Location S _ ' Remote - no obvious seismic sources

Site lazou
5. The site will be laid out in the atray rpecified in paragraph 10.

The actual location of the site will be established by survey after an on-site
inspection and preliminary characterization. The site will be laid out to

facilitate ‘ease of testing and movement of equipment. It will be necessary to

drive to each source location with the vibrators and ins;rumenté. Power will
be required for the instrumentation equipment at the sensor arréy. and cannot

be furnished by generator because of acoustic and seismic noise,’ o s R

S Az R S




Site Characterizétion

Seismic

6. Seismic refraction and vibratory tests will be made at the array and .

at most source locations on the ‘test layout (Figure Al). These tests will in-

‘clude measurement of compression and chear wave velocities with a geophone

package emplaced over a 200-m length. This will provide a seismic profile
down to not less than 50 m. The seismic signals will be measured with a
standard 'seismic refraction geophone (see paragraph 16).

Environmental

7. Each of the.seismic source locations will be characterized using
quantitative environmental data describing the substrate (i.e., soils, under-
iyinglrock, eté.), topography, vegetation, and meteorology. The envirSnmental
data will consist of those factors that may have significant effects on the
generation and propagation of microseismic waves. Relevant environmental
characteristics are as folloﬁs: '

a. Sofl.
(1) Soil moisture content, percent.
(2) Soil mass (or wet) density,‘g/cm3.
(3) Soil type (Unified Soil Classification System (USCS)).
(4) Atterberg limits.‘ '
(5) Soil particle sizes, percent finer by weight.
(6) Cone penetration resistaﬁce, kPa.
(7) Plate loading test.

b. Togograghz Ground profile along the array-source 11ne will be
surveyed. (The general topography will also be documented by
~USGS topographic maps.) ‘ .

¢. Vegetration.
© €l1) Type.
(2) Height,lchl_
(3) Density, stems/cmz. ,
d. ‘Meteorologz (history and test conditions at the atray point).
(1) Air temperature, deg C.
.2y Wind4sp2ed, m/sec.
(3) Wind ditection, deg.
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Figure Al. Layout of sources and array
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(4) Precipitation (rainfall, snowfall). cm.
{5) Relative humidify.

8. Soil samples for describing the substrates will be obtained by
igging a pit (wbén possible) to a depth of 1.0 m and hananugering a hole
oproximately 10 cm in diameter from the bottom of the pit to a total depth of
"m (from the original surface). Soil sampleé from whiéh moisture content.and
et density can be determined will be obtained at the surface anc at 50-cm
ntervals to a depth of 2 m, Bulkisamples will Eé taken at various depths (as
pecified by the field énginéer)'to obtain USCS classification for each iden-
ifiable scil layer. In.addition to the soil samples, cone penetrometer read-
ngs will be obtained at the array and at each source location along the
eference line at the surface ana At 7.5-cm . increments to a depth of 45 cm.

9. Topography (ground surface configuration) will be obtained By sur-
eying a detailed profile along thevsourée-atray line, The vegetation sur-
ounding the site will be described by determining the planc: typé; height, and
ensity of stems per unit area. In addition, the dominant and codominant
lants will be determined. Weather conditions will be measured on-site, and
ecords'from'the nearesé official weather station (e.g., Holloman Air Forée

ase) will be provided. L

Seismic Data Collection

“'est_geometry
10. The tests will be conducted in the array showr in Figure Al.: The

.rray'of calibrated geophones capable of measuring 1-20@ Hz will be emplaced
t tbe beginning point of the test line, The‘arr;y will include five vertical
.eophones, one three-dimensional gebphdne. and one outdoor microphone unit.
“his will be called the afray geophone system., Four calibrated vetticallgeo-
‘hones wil; be émplaced near the source to meaéufe input aﬁ& ciosé~in attenua;
:ion. Alsp;'a load cell will measure input 1oad from the vibrator, and a
ilcrophone will'beiﬁéed to measure noise. These will be called the source
jeophone system.  In addition, a portable triaxial geophone package will be
zmpiaced at othér locatiqhs 6n bedrock or on a rigid substratum to give an
‘ndication of signal charactetiétiés at a high-<ontrast interface. This will
»e called the latefal geophone systéh. (The geophones, micggpyohe. and

"AS




" be correlated u'rith site physical features (e.g., "opgraphy, vertical

1nstrumentat10n packages are described further in paragraphs 16-18. Tests
using several selsmlc sources will be conducted at each of eight ranges (at
the array, 100 m, 500 m, 1 km, 2 km, 4 km, 8 km, and 10 km). However, when a
particular'test no longer produces signals at the array, that test will be
omitted from the remaining ranges. (The source signatures are described in

paragréphs 13 and 14.) The tests are listed and described in Table A2.

Table A2 .

Summary of Seismic Test Sources

No. ' ‘ Description . Length’

1 Vibrate discrete frequency sine waves of 1, 2, 3, 4, 5, 6, ~3C sec each
7, 10, 15, 20, 30, 50, 100, 120 Hz at maximum force output test

2 Frequency sweep, vibrator at maximum force output,
1-290 Hz : ' .

3 Vibrate discrete frequency sine waves of 2, 15, 50, and
200 Hz and vary frequency by 1 to 10Z

"4 Vibrate with tone bursts (approximately 8 cycles of each ~30 sec w/dead
frequency in no. 1) L . time
5+  Vibrate with random input (whlte .noise) source; limited ‘ ~30 sec
bandpass 1-200 Hz
6 Impact tests: 5 impacts to seat plate and calibrate; . ~30 sec dead
then dead time, followed by S impacts (explosives will =~ time between
be uvsed as an impaet source if necessary, to obtain data impacts
on the far<range tests) '
- 7., M=35 Truck: normal - modified o ~15 sec
‘ 10 mph

¢

Spectral array'datapq|

"11.  The tests listed in Table A2 vill provide an extensive amount of

data relating wave prppagation and attenuation to input frequency and loading.

By varying the range and the input - loading, resulting data will show the

effect of the natural terrain on seismic wave propagation. The vehicle test
will provide realistic data for compafison. All data will be processed for
spatial information by calculating pointing angles for waves propagating
across the array., The pointing angle variations yith frequency and range will




* Background noise data

‘and those caused by the testing equipment will bte reéorded peribdically during

»frequedcy-sweep sine waves at controlled force output, pulsed discrete

. made by EG&G, Geometrics. The system provides a mechanical energy source

. signals. 1t provides a complex forcing function composed of both impulsive

cuts, subsurface variations, etc.), so that similar results can be extrapo-
lated to other site conditions. Note that for spatial array analysis, geo-
phones from both the fixed array and the movable source will be combined to-

form aperatures of various geometry as range is varied.

12. The seismic motions resulting from both ambient and»ﬁaturai noises

and betveen testing. Specific tests to be conducted include a 24-hr test,
recording data for 5 min of each hour, and a spatial array test ir thch data

are recorded for approximately 5 min at 30 locations across the site. Thus, - -
background noise will be characterized both with time and space to allow

extrapolatién to other sites.

Seismic Sources

13. The WES trai]ér-mounted shaker unit is a self-contained electro-
hydraulic vibrator consisting of a hydraulic system and-shakeflassembly driven
by a gasoline engine. The programmable function system has a-maximum force
output of 0.91 metric ton between 15 and 200 Hz' (output drops below 15 and
above 200 Hz). The load is distributed through a 76.2-cm-diam base plate
which limité sbil stress to about 20.7 kPa. Shaker output can be in con=-

tinuous sine waves at discrete frequencies and controlled force output.

frequencies, and random signals. The shaker was fabricated at WES using a
controller and actuator manufactured by Zonic.

14, The impulse loader is a Dyha Source portable séismic’enefgy source

powered by a.gasoline engine. The system has a piston weighing 39 kg that
drops 1.8 m, using a vacuum to prevent rebound. The cycle time for the system
is 15-20 sec. 'Should the impulsé load be attenuated before reaching the array.
on aﬁy range, éxplosives will be sﬁbsticuted for the impulse load.

15. An M-35 Army 2.5-ton truck will also be used as a source of seismic
and multiple~frequency components. ‘Several runs will be made af each range on
a smocth road path and a modified path (i.e., path roughness 1ncreased to pro-

vide latger amplitude forcing function).

A7




Sensors

16. The seiémic refraction geuphones will be Mark Products Model LQIO;
a standard vertical geophone used for seismic refracticn. The Model L-10 has
a natural frequency of 8.0 Hz.

17. The geophones to be used in the seismic tests are Geospace HS-10-1
calibrated 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 perperidicular velocities) geophone will be a Mark
Products Model L-4C-3D with a natural frequency of 1 Hz, damped 70 percent of
criticél, a response of 1-200 Hz, and a sens&tivity of 2.35'V/cm/sec. These
geophénes will be emﬁlaced according to the following specificatiocons:

a. Dig a hole approximately the same size arid shape as the geo-
phone that is to buried.’ The best results will be obtained
with the bottom of the hole flat and the soil dlsturbance kept

to a minimum.

b. Place the geophone in the hole with the device base in firm
contact with the bottom of the hole.

c. Take care in backfilling the hole. The excavated material
should be replaced at as near in situ conditions as possible.
The seismic signal undergoes reflection and refraction at each
interface. This condition causes some of the seismic energy to
dissipate. If the soil is backfilled exactly as the soil in
situ, the number of interfaces between the source and sensor
will be reduced by one.” Since this is not altogether possible,
the purpose is to approach this homogenedus state, which keeps
the properties on each side of the interface sxmllar and the
energy decay to a min1mum.

18, The mxcrophone to be used 1n the array is a Bruel and KJaer (B&K)
Model 4921 outdoor microphone unit with a frequency of 10-20,000 Hz and a

dynamic range of 140 db. This .unit has a built-in electrostatic callbrator
giving 90-db sound pressure level at 1000 Hz.

Instrumentation

Systems )
19. The array geophone inscrumentation system will record data at the

array. The system will operate on lZO-V power, which cannot be provided by a
portable generator because of 'the noise in the array area. The source '

A8 .
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)hone system will befportablé,'will always have the same ofientation to Fhe
ce, and will move to ‘each new source location. This system will be
iery powered for convenience. :A schenatic of ‘a basic instrumehta:ion sys-—
is shown in Figure A2. Both sjsteﬁé described above are similar to the

' ving, ekcept the array sysfem'wouid have a microphone added to the input as
L as a low-pass filter Hetweén‘the‘amplifier and the recorder. The laterzl
>hone system (paragraph 10) is battery powered and has only three channels.
s a completely self-contained'sysfem Qith amplifief and analog tape re-
jer. Its frequency fésponSe'is'l-ZOO Hz; its natural frequency is 1 lz

1 a sensitivity of 2.35 V/cm/sec.

CALIBRATION
' SIGNAL
1 Vak cm/eec

INSTRUMENTATION .

AMPLIFIER TME-CODE
©1>200 He SIGNAL

T

FLTER

y

. '_- '
w%:% | J et

TAPE RECORDER | '
DC> 1> 12850 Mz —

voice-1d
: SIGNAL
1 4
 aeopuone |
s\\m .’
~-
voLTMeTER .| | OscaLoscose

. Figure A2, Block diegram of the major components in a
tysical seismic analog recording system

20. Signals from the array geophone system will be recorded on a
gamo Model 3500 l4-track analog tape recorder, recording at 3-3/4 in.
) cm)/se\ FM»mode, which will give a frequency response of DC to' 1250 Hz.
8 recordér requires 120 V ‘AC power. ' The source geophone ‘recorder will be a ‘

al Model STORE 7DS. seven~channel analog tape tecorder operated 11 M mode
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Schedule

at 3-3/4 in. (9.5 cm)/sec (DC to 1250-Hz frequency response). This recorder
will be battery powered, operating on 24 V DC.
Amplifiers S
21, The array system will employ Ithaca'ﬁodel 456'amp11fiera, vith a
bandwidth of 1-100,000 Hz and 100-db gain range in l-db'steps, which operate
at 120-V AC. The source system amplifiers will be Wﬁs-made'units, with a
bandwidth of DC to 5000 Hz and a continuous gain range from 0 to 60 db, which
operate at 12-V DC. ' '
Filters ‘ .
22. The array system will use Krohn-Hitz Model 3323 filters which have
the option of being low-pass, high-pass, or band-pass. These filters have a
frequency range of 0.01 to 100.000 Hz and an attenuation rate of 24 db per
octave outside the pass-band. It is not planned to filter the source geo-
phones since the signals at the source will be quite strong compared to back-
ground noise. B PO
Calibrators

23. Substitution sine-wave calibrations will be used as an alternate
input to the amplifiers during system calibration. The sine-wave calibration
signal will be monitored with a precision voltmeter and frequency counter.
The sine-wave calibration voltage will be compared to the known geophone
sensitivities to. calculate the recording system sensitivity in velocity units.
A time standard, IRIG B, will be recorded on both tape recotders for time of
day and common timing on btoth tape recorders. : ‘
Spectrum analyz:r ' H

24, 'The spectrum analyzeriwill be used with the array 1nattumentation
system to determine what and how background noise data can be filteted from
actual signals; The analyzer to be used is a Hewlitt—Packard 3582, uhich has
a frequency response of DC to 20, 000 Hz and a dynamic range of 70 db. The
system also hae a plotting capability for pernanent records made in the field.

Test'Operations‘

25. A schedule of activities for the period prior to the field teata,
the actual field operations. and the data analysis period is given in
Table A3. ‘

A0

2N i O

T

s i

R

.
IR S
o l'

TREREA
n'?'

2, ¢

O

G

PR .
‘...‘..'t'.!!;'.:‘."‘,.v! r.- .: s

o'
..




Table A3

Schedule

' Description Time Frame Personnel* Remarks
Complete preparation of plan 21 Jan 83 EL/GL/1SD
Approval of plan Feb 83 US Air . - - Approx.
Force 30 days
Preliminary site survey 28 Feb-4 Mar 83 EL/GL l W3MR
Site layout 14-19 Mar 83 EL
Site characterization (physical)'. 14-19 Mar 83 EL
Site characterization (seismic) 28 Mar-2 Apr 33 GL/EL/1ISD
Testing 28 Mar-16 Apr 83 GL/EL/ISD
Signal processing 18 Apr-30 Apr 83 1ISD
Model calculations 1 Feb-14 May 83 EL
Analysis 18 Apr-14 Ha& 83 EL/GL
Report draft 21 May 83 EL

* WES organizations:

EL - Environmmental Laboratory.

GL - Geotechnical Laboratory.

ISD - Instrumentation Services Division.

Site operations

I'e.\

)
v
AL

I RERER

e
R

26. All operations on site vill|bebdone in accordance with WES and WSMR
' safety standards. Contact will be kept with Range Control at all times. It
is not anticipated that explosives will be used in all tests, but it may be
nucessary to generate measurable signals in che 2— to 10-km ranges. If explo-
sives are used, all operations will be performed according to an Explosives
'Safety Plan submitted to 'WSMR, and timing and firing will be coordinated vith
Renge Control. No damage is cnticipated to the site othet than a few small

holes, and these will be filled upon completion of the tests.

' Signal Pfocessing

Real time

27. One method available to examine data as they are measured 1s an

oscillograph recotd ‘to reproduce time histories of the recorded data. In.

ui g




addition, the spectrum analyzer provides a "quick look" processlng capability,
both of real time and recorded data, by displaying or a CRT screenAamplitude
sjectrum data and phase spectrum data. It will also plot displayed dataAon an
x-y plotter. Once the data are examined, changes can be made to compensate
fqr deficiencies in reeording the source input. |

Post-test analysis

28. WES/ISD currently have the capability of performing time and fre-
quency domain analysis over the entire length of a test. Time histo*y, auto
correlation, cross correlation, and impulse response will be 'alculated and
plotted in the time domain. .Fourier transform coefficients, power spectral
density, phase, cross-power spectra, transfer function, and cohefence will be

.calculated for selected records and plotted in the frequency domain. These
frequency domain signals are acqulted by time averaging Fast Fourier Transform

ensembles of 512 points over any desired length of a test. A Hanning window

will be applied to frequency domain data. Either axis can be plotted linear-

ally or on 1-5 log cycles. The test number; tape number; channel numbef; and
mean, root mean square, maximum, and minimum nalues are printed above each
plot. ' | ' . '

29. Utility software to scale and reduce any test to a new file
starting at any selected sample is available. These data will also be plotted
or listed for examination prior to the signal pfocessiug phase. Utility
software will also be used to synchronize data recorded on different tapes
that have a common event on each tape. The data will be digltized at a max-
imum through-put of 50,000 samples/second, using a 12-bit, 25-V ADC._H

Modeling Analysis -

Deserigtidn
30. The WES seismic model simulates the generation, coupling, propaga-

tion, and transfer ‘of the seismic signal from the target to the sensor. Fig-
ure A3 111ustrates these phenomena. Stress from a target (vibtator,.moving
vehicle, etc.) applied over a finite time causes the su;face'of'tne ground to
deflect. This "forclng function" coupled to the ground initiates particle
motion which, in turn, generates.a'seismic wave. Seismic wavea can propagate.
in a number of modes and siow a decrease in aaplitude due to geqnetric attenu~
ation and viscous damping., The seismic wave amplitude may berfurther_teduced
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if the wave travels near the-surface of a macrogeome:ty*featute; For example,
macrogeometry features such as trenches, vedges;vqr steps in elevation can
cauge part of the wave traveling along the surfaqe to be reflected,in a new
direction of travel or converted to body'waves, which -af or may not travel in
the same direction as the original wave. The waves finally arrive at a mea-

surement point (a geophohe) in a pattern entirely different from their initial

pattern. This change is a function of site propefties and range and path of
propagation. » ) ,

31. To develop the mathematics to simulate the pﬁenomena in-Figure A3,
it is.tpnveniént to consider the earth as a hombgeneous -ndiﬁm,'but such a
generalization does not allow a prediction of seismic wives comparable to
-those observed on seismic records measured in the field. A more realistic and
‘usefuliasaqnpt;on‘is one in which the earth is congidered to be~¢'iayered .
medium with cach layer coﬁsidered homogeneous. The approach taken in the WES
seismic model 1§.one'tha£,attempts to deVelop‘the nathematics within the _
framework of theoretical mechanics to simulate the phenomena ﬂeécribed above.
Pretest predictions | C

. 32. The WES seismic model will be used to predict the signals to be
measured by the array gecphones. The model will use site characteristics to
be determined in the pgel;ninaryﬂsi:e'characterizatipn tests, with the source
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loadings described in Table A2 to predict the signals. These predictions will
be used to set gains on amplifiers and other pretest calibrations which must

be done to receive signals above system noise levels and within the dynamic

range of the

Post-test analysié

R S R I T R T e O

instruments.

33. The WES Seismic model will be used to relate input loading to mea-

sured output.

a.
, -

I

This will be accomplished by the following:

Establish the forcing functions for the input loads. For the
vibrator and impulse sources, the forcing function will be
measured directly from the load cells. For a complex vehicle
source, the forcing function will be computed using the AMC
mobility model vehicle dynamics module (see Figure A4 for
simplified diagram of this model for an M-35 truck).

After establishing site characteristics, the model can predict
gigrals in both time and .frequency domains for comparison to
measured signals similar to those shown in Figures A5 and A6.

One purpose of the tests and model calculations is to calculate
a transmission coefficient which, when multiplied by the source

- ¢oupling coefficient, will produce a site transfer function.
This process can be seen in Figures A7-Al0. Once a site trans-
fer function is completed, signals for any source can be
calculated.

When the calculations are complete for the speéified site,
other site conditions can be input to the model for extrapola-
tions of the basic phenomena to other areas.
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APPENDIX B: SFEISMIC REFRACTION STUDY

Background

.1. This study was conducted by the Earthquake Engineering and Geo- ‘
physics Division (EEGD) to determine the compression (P-wave) velocity versus
'depth characteristics of a test site locatéd at the White Sands Missile

Pznge (WSMR), New Mexico. The work was performed in the period 3-~15 April
1983 by Messrs. S. S. Cooper aad S. #. Sand2rs. In this study, it vas'desired
to model a typical alluvial valley environment having: the following general
characteristics:

‘a. Seismic (P--wave), profile:

Depth, ft* P-Wave Velocity, ft/sec
.

0-20, 1500 to 2400
20-140 | 2700 to 4300
140-250 . 5300 + 200
250-600 © 5800 100

. Depth‘to water table of about 150 ft.

.« Reasonable uniformity in subsurface conditions ovet a planned
test distance of 6.21 miles (10 km).

jn o

2. Information developed from earlier site selection gstudies hzd iden-

ltified certain ‘locales within the WQHR as having the general characteristics
desired. The WSMR lies within the Mexican Highland Section of the Basin and
Range Province, which is characterized by a series of tilted fault blocks
forming asymmetric ridges or wountains and broad 1ntervening basins. 'The area
' of primary interest for this study was the Jornado del Huerto Basin near the
Trinity Site, where the test line was located as shown in Figure BlL. ;n gen-
e;al, overburden in the alluvial fanb and‘aprons closer to the Oséuta Range'
can be expected co contain éand'and rock fragments thqt grade coafser with
depth, as well as minor amounts of silts and clays. Near-surface caliche
deposifa and conglomerates are also found in ;hose'areas. Towhrd’thg center
of the basin, the overburden typically codsiéts of thinQbedded fine material' -
interbedded with occasional iéyers of coarse sand. The above conditions are‘.

. ®* To convert “eet to metres, multiply by 0,30#8.  - ' ' - 7 
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considered to be generaiiy,tepresentative of the typical alluvial valley
eﬁvironment. ‘ ' ‘

3. In planning for the investigation, it was realized that time and
funding constraints would not permit continuous refraction seismic coverage
over the entire 6.21-mile (10-km) length of :he test line, so it was decided
to conduct one or more‘seismic surveys at each measurement location along the
test line. Also, it was ﬁlanned to use field data acquired from buried sensor
arrays used in ehother phase of this study; i.e., source and main arrays, to
derive a‘field attenuation ﬁlot of peak—to-peak'ﬁaxinnn particle—velecity
versus range. This field-derived plot would assist in predicting ground
motion response to explosive charges. detonated at various ranges from the main
sensor array, and, would also provide a rough index of uhiforﬁity of ground
motion response, hence site conditions, over the length of the test line.

Scope

4. This: appendix documents ‘ he refraetion seismic and special explosive
tests conducted, describes how the various seismic refraction calculations
were carried out, and presents results-of the seismic investigation/site

characterization. :

Refraction Seismic Tests

-5. It was recognized that refraction seismic survey lines up to 1200 ft

~in length would be tequited to reach depths of investigation on the order of

300-400 ft. The EEGD has a 24-channel SIE seismic unit, with two lZ-chennel
- spread cables-hsving 50-ft geophone spacings; this" equipment was used in the
investigation. A 100-ft-long spread cable with 10-ft geophone spacings

(12 channels) was also used to‘acquire neer-surfsce P-vave data. A 16~1b
(7.3-kg) sledgehammer and striker plate’were used as the energy source for the
near-surface (10~-ft spacing) tefraction surveys, but explosives were ‘used as
the source for longer geophone lines using 50-ft spacings. For reasons of
safety and minimum restrictions on transport, a two-component mix of Kinepak
explosive was used together with an explosive bridge wire (EBW) detonator and
compatible FS~10 firing system. The Kinepak components are not classed as
axplosive until mixed on site, and the EBW firing system is insensitive to

B3
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qccidentél detonation from externzl influences such as static, powerline

radiation, radios, etc.

It had been decided that relatively long line refrac-

tion seismic surveys would be run at the main receiver array location and at

‘ranges of 2.48 miles (4 km) and 6.21 miles (10 km). Near-surface (10-ft geo-

locations along the test line.

" phone spacing) refraction surveys would be used at intermediate measurement

The layout of the refraction survey lines at

the main sensor array, and at the 2.48-mile and 6.21-mile locations, is showm

in Figure B2.

Time versus distance plots of refraction seismic results from

the various surveys conducted are ,houn in Figures B3-B10. Shown in these

plots are the calculated depths to interfaces between 1ayers, the apparent

P-wave velocity for each layer encountered, and the computed true velocity of

each layer.

Also indicated on each plot is the direction in which the survey

was run, i.e., N-S indicates that the shot point was at the north end of the
line and the geophone spread was toward the south. Unless otherwise noted,

the center of the seismic survey was positioned over the survey stake

1dentifyiﬁg the test line measurement location.

6. A refraction seismic computer program, developed by Dr. H. M.

Mooney, University of Missouri, was used to calculate the depth to interfaces
and the apparent and true velocities of each refraction (layer). Hand cal-

culations were also performed to validate thefco-pﬁter results, using both

time/distance and time 1ntercept'formu1as.

hand-calculation formulas are as follows:

l . V - V
First Layer, D -3 -v-—-;v-

vhere

Second Layer, D, = %

'Third lLayer, D

D, = depth to layer’

X
‘n

v
n

1

Examples of the quick-check

V - V

+.’Ez
2 v +v
+ 52 .ﬁ.:.!.
2 3 V‘ + V

= distance along x axis of plot to the point where the velocity (alopc)
changes due to presence ‘of a new refractor

= P-wave velocity of the refractors above and below an'intqrfncc

B

PP
£ 2 N R

NN

R &

“ep @b
. el
AR ' . l;;.:; L.

v %o % % %
Ao

()

N

)
.

D
B
Liet s

o0,
RO




10 KM POSITION 4_
_ W e

®»
1200 (¢t T 1978 1t
[ k . s

1200 ft

4KM POSITION

1200 ft
[

MAIN ARRAY

1200 1t

l-:” "

Figure B2. Seismic refraction survey line layout

BS

%% G
BN

o

"
.
.
]
b
-

()
¢

NS
‘.
" .
g
L AN



TIME CMSEC)

TIME <MSEC)

) /f . .
“ v v v v A v v BLa L B) v A L
L d
‘.- -
5 4
- N o 1
| 4
a- -
o -t
10 o
- -
- .

DISTANCE (FT)

Figure B3. Main array, overburden test

148

D —
.
N-S
240 |
180

120

68 4%/V v=3100 1ps

V,=1200 fps

A e A A A '

8ee 1000 1260
DISTANCE ¢FT)

'

' Figure B4. Main array (from

' B6

previous

geophysical survey)

'

1490

R

.,.
ettt .
APV T SN ¥ 2

‘ CA
.lvt.l +

[ IICISCUSCINUNGE
LGN DT DA

-}

¢

o 8,0, B ey ny

.'.‘.:l'l. R 4

Cete e ) -

. -, %

s Y % %0 e e K
AP RERERA T JEI

.
5
.C
e

v
.
.

_;_QL

.
g
-
o




"TIME CMSEC)

TIME CMSEC)

2468

i

DISTANCE CFT)

‘_Figufe B6. 2-km position, overburden test

B7

. o 1
%, Ny
224 ¢ .
o -
E-W
-l & ‘ -
& o
! o) 5, ]
' n
57.3 1t V=3580 tps -33.5 1t
- ‘ .
[ : &
Q [
g,‘ £ V;=2750 fps % ?f. .
» <
e 4?' % ® J
sp 0 vmootes 0 s\ |
e 200 - 400 609 809 1000 1208 1400
DISTANCE CFT)
Figure BS. Main array
L 4
s S-N .
L @ -
Zow
L . 4
b oy
-4.5 ft ,
| /&
~° -
~ .
° 20 @ ee 88 18 120 . 40

RPN

o

(3

.l. .!. -.l" .l' 'l'
Y-
L )

c-'n
P )
AN
TR

[
@




1400

N A L )
) !
. _AS
1)/ -
P 308 L
. ' E
o [ ]
L d
3 ]
» d
()
- o ._ m
9 f. -
]
o o [ ” 4
.8 a a
[~ (-] o
2 3 g s
o~ -
m. ! n m|
& o -2 4
@,
s %
- 0’ i
%
(4 (/]
& 4
2 + 8
&
O‘s Jw
. A L i A - I .QOQ.- . ®
]
: & 8 ¢t
COISH> 3IWIL
~N . R

DISTANCE CFT1)

4-km position, N - S

Figure B7.

8510 fps

>

V,=1200 tps

1400

COISHI FHIL

DISTANCE <FT)

4=km position, E - W.

- Figure BS.




9 R e
X V,=9940 fps 1
240 .
~ 180 -
(3]
[ 1Y)
(2]
z 4
W
=
- 120 -
-
ce §
: J
V,=1200 fps
o T ) 1900 1200 1408
~ DISTANCE CFT)
Figure B9,  10~km position, N - S
30 .
- -
S
2 )
AV 4
5 .
%=1200 fps '
b —— @0 oee %00 1808 1200 1408

 DISTANCE CFT)

" Figure BIO. 10-km position, E = ¥

IS
AN

B9




7. The P-wave velocities so calculated represent appérent‘rather than

true velocities. To determine ttue'velocity when dipping strata are encoun-
tered, it is necessary to shoot forward and reverse seismic profiles so that

the dip and true velocity of the layers can be calculated. The true layer

~velocity is determined frpm the expression

Uy = VZVI‘fe
: u d

vhere '

VT = true layer velocity

VU = apparent P-wave'velocity up-dip

VD = apparent P-wave velocity down-dip

8. The above calculations are of a simplified nature; however, the com-
puter program used is much‘more sophisticated since it considers all the vari-
ables postulated by Sne11'§ 1aw of refraction, i.e., critical angle of.
incidence, velocity contiast, layer dip,'etc; A more detailed descriﬁtibn.of
these matters 1s available from the literature (Herland 1963; Headquarters,
Department of the Army 1979); further discussiqh would be, inappropriate for
this study. » N : ‘ .

9. Also sh@wn. in Figures B11-Bl16, are P-wave velocity profiles devel-
cped from the refraction seiémic resﬁlts presented. These plots depict the
layer dips.calculated by the computer program as well as the computed true

velocity of each 1ayer.
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’ Special Explosive Tests

10. In one phase of this study, it was necessary to detonate explosives

at ranges of 0.62 mile (1 km), 1.24 miles (Z:kn), 2.48 miles (4 km), and

6.21 miles (10 km) north of the main sensor array. Ground motion data were
obtained at two 1ocations near the explosive source (at distances of 0.06 mile
(100 m) and 0.18 mile (300 m) Srom the source), as well as at the main sensor
array. These data were checked in the field and were used to develop the
maximum peak-to-peak particle velocity attenuation versus range plot shown in
Figure Bl7. From this plot it is seen'that the attenuation versus range char- .
acteristics were reasonaoly unifora in character and that no severe aberra-
tions in grourd motion response were observed over the length of the test

line. Of course, much more sophisticated computer analyses of these data are

.now being performed.

Summary of the Refraction Seismic/Site Characterization Results

1'. As a preliminary assessment of desired versus actual modeling of
site seismic characteristics, one can consider the composite P-wave velocity
versus depth plot shown in Figure BiS. This plot_shows the desired seismic
profile and the average depth and true seismic P-ws“e velocities'computed from
the field data obtained in this study. The match between desired and actual,
P-wave velocity profiles is considered to be reasonably good for purposes of
this investigation. | | » '

12, Another summary of conditions along the test line is shown in Fig-
ure 819, where average layer depth and computed true P-wave velocity are shown

with respect to position along the test line. Considerable license was taken

in preparing this plot since continuous refraction seismic'coversge_conld not

be accomplished, for reasons, discussed earlier. Water tables were estimated
from available data (U. S. Department .of the Interior 1965) The plot shown
is considered to be in good agreement with desired site conditions since .the
velocity variations recorded to about 180 ft in depth are relatively subtle,
and local variations in P-wave Qelocity should not have a significant influ~
ence on shear or Rayleigh waves that typically prnpagate,at'mueh lower fre=-
quency and much longer wavelengths over distances greater than 0.6 mile

(1 km). '




. . .. .... .~..,.. .A. .A . ... A... - . ..
A A IR N B e B AN O I PRSI T SRRt R A PO TOA R A RN N A T TR LTS PR S

a S 6P80?

?

46 S 0780

KM
Maximum peak-to-peak particle velocity attenuation

3

B17

RANGE

versus range

4 S 0280

10-2

Figure Bl7.

038/NI “ALIDOTIA IOILHVY AVId-0L-MVId NNNIX'TW

LA B Tttt R Tttt amEm TR e @R LT Lt et L s S S e e by ..u.;.-.q...... L AL TR O PR S L PR I TR -

N ‘




DEPTH, FT

AVERAGE P-WAVE VELOCITY,.FT/SEC X 1000

3 4 85 86 1 8 9 10 =

12

0 1 2
» 4

100 p

150

o v 1 v v v v
%
7, |
g DESIRED RANGE OF P-WAVE
VELOCITY FROM SITE 1
SELECTION CRITERIA
— -2 )
. A
4 KM j
STATION J] _
A
! r
p U
MAIN ARRAY 7
10 ';"h'sunon ]
R 4

400 P

Figure B18.

B1S

e e v,
tes alel "
4 .

[PV PR Y

Lt

-

LA

.'n‘f.','
.




r‘-—-
- N —
- ~‘n
MANGE, XM e P
2 1 . s . ? s » 16 ..
opmrr=avy=—== . R Rt Tt Ao P K5
- |vp =916 MSEC Vp = 896 M/SEC SSZUSURFACE SOIL 1.5 M THICK. Vo -..nsn/sst.“ ey
=~ . . o
' ~ : o ]
L . GRAOATIONAL : : Vo= T9OMSEC " >
» ™ « CHANGE IN VELOCTIY : _ = 2 i
' e e e — e ® T =
vesramsec - ¥ — L T T yaren AsLE ' T e
] Vp-nnlllste.g. — - ..__‘;________ P _ (USGS 1965) £P
: F-=-- o A %
wp — — o e
§ e . - Vp = 1615 M/SEC . o
' a— . e
A : SO e r0cK _ I
y L - i A
o} Vo~ 1890 W/SEC ‘ " Vp= 1WBIM/SEC - —""  Vp=38IMISEC e
: Erd Tt .
. - /
l’ ' NOTE: SUAFACE TOPOGRAPHY SLOPES N8, = . ' . i
120 CORRECTIONS NOT APPLIED, . = : . e
- ) .. e
- . ‘-'
w— R
- -
- S
g

v
‘™

Figure B19. Seismic'érofile'of test site

13. Finally, the fact that no major variations were observed in the
plot of maximum peak-to~peak particle veidcity attenuation versus range, shown
in Figure Bl7, is evidence that subsurface conditions are reasonably con-
sistent over the 6.21-mile (10-km) test line. Had this not been the case,
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subsurface discontinuities or features. It is copcluded that the site chosen
conforms reasonably well with the selection criteria and otherwise meets the

ik

' objectives of the study. It is also concluded that the results obtained
should be applicable to other alluvial valley sites having similar site
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