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1.0 I NTRODUCTI ON

Thi s report contains theresults of Phase | of the sei sm c tonography
research project currently being perfornmed by the Sei snotectonics
and CGeophysics G oup, with funding fromthe DamSafety Ofice. The
ultimate goal of this research project is to devel op Recl amation’s
capabilities for efficiently acquiring high-quality seismc

t onogr aphy data on concrete structures for the purpose of inmaging
variations in concrete quality within the structure. As part of
this project, the useful ness of the seisnc tonography nethod as
applied to concrete structures will be evaluated by acquiring and
processing seismc data fromone of Reclamation’s concrete dans.
The project is divided into 4 maj or phases: gathering background
information fromother researchers and testing various types of
equi pnent (Phase |); preparing for the field test by purchasing and
constructing equi pnent, nodifying data processing software, and
performng forward nodeling (Phase Il); data acquisition and
prelimnary on-site data processing (Phase I11); and final data
anal ysis and report preparation (Phase |V).

The primary purpose of Phase | of this research project is to
determi ne the types of sources, receivers, and coupling nethods
that are likely to produce the highest quality seismc data on
concrete structures. Oher inportant factors that are considered
when eval uating various field equi pnent are equi pnment costs and
difficulty of installation. A secondary purpose of Phase | is to
determ ne the frequencies of the seismc signals that are |ikely
to be acquired through concrete dans over the di stances and angl es
necessary for application of the seism c tonography nethod.

The net hodol ogy and results from Phase | are presented in the
foll ow ng sections of this report. The initial part of Phase |

i nvol ved t he gat hering of informati on fromvari ous groups that have
acqui red and anal yzed seismc data on concrete structures. The
information obtained is summarized in Section 2 of this report.
Most of the work perfornmed during Phase | involved the acquisition
and testing of various types of sources and receivers. Various
types of surface receivers and coupling nmethods were conpared by
acquiring data in a |laboratory on a |l arge concrete block (5 ft x5
ft x5ft). Different types of sources, as well as the feasibility
of |l owering sources and receivers into the reservoir imediately
upstreamof the dam were evaluated with field tests perforned at
Monticell o Dam near Vacaville, California. These tests also
provi ded further conparison data between the various types of
surface receivers. Section 3 contains explanations of the



| aboratory and field testing procedures, and Section 4 contains
detail s about the specific types of sources and receivers tested.
In Section 5, the responses of the surface receivers, fromboth

| aboratory and field tests, are presented and conpared. Effects
of different methods of nounting surface receivers are addressed
in Section 6. Evaluations of the sources tested are presented in
Section 7. Wiile the tests perfornmed during Phase | answered many
guestions, sone i ssues remai n unresol ved and new i ssues arose. The
concl usions of the Phase I work and the issues that need further
i nvestigation are discussed in Section 8.

2.0 THE CURRENT STATE OF PRACTI CE

Al t hough an i n-depth i nvestigation of the current state of practice
in the evaluation of concrete quality using seisnc data was not
performed, sonme i nformati on was gat hered fromseveral sources. Most
not abl y, a group of geophysicists at | SMES, a conpany in Italy, has
been perform ng seisn c tonography on concrete, masonry, and

enbanknment dans for nore than 10 years. (Bertacchi et al., 1991,
Angel oni et al., 1995) They have tested approxi mately 100 dans
with this method. 1In response to a letter containing a nunber of

questions, |SMES sent a fax providing infornmation about the

equi pnent t hey use for acquiring sei smc data on dans. The fol | owi ng
informationis sumari zed fromthat correspondence and f romAngel oni
et al. (1995). Seismc sources used by |ISMES include hamrers on
dry surfaces and pi ezoelectric transmtters and a spark transducer
bel ow the water (in boreholes or in the reservoir upstream of a
dam). The piezoelectric transmtters and spark transducer were
designed and built in-house. Frequencies of 10 to 30 kHz are
obtained with the piezoelectric transmtters over distances of a
fewneters (use of inpulsive signals isinplied). A piezoelectric
transmtter is being devel oped whose signal emi ssion is driven by
a pseudo-random bi nary sequence and which is expected to transm t
frequencies of 5 to 20 kHz over distances of tens of neters. The
frequenci es generated with the sparker source range from2 to 4
kHz. The frequenci es obtained with a hammer source are not stated
in the correspondence or published papers. For receivers on dry
surfaces, | SVES uses high-sensitivity vertical accel eroneters,
mounted with “threaded plugs”. In boreholes or in the reservoir
bel ow t he water, |SMES uses | ow noi se hydrophones.

In addition to | SMES, a group of investigators, nostly |located in
Canada, are currently devel oping capabilities for recordi ng and
anal yzi ng sei sm c tonography data on concrete dans. Diane Wese



of MDC Geol ogi cal Consultants Ltd., Professor M ke Thomas at the
Uni versity of Toronto, Dr. Carlos Santanarina of Georgia lnstitute
of Technol ogy, and ANDECM g. Ltd. are worki ng together, with parti al
fundi ng fromthe Canadi an governnent, to devel op the hardware and
sof tware needed to perform seism c tonography on concrete
structures. They have perforned seismc travel tinme tonography
through 4 ft x 4 ft sections of a concrete |ab sanple using

pi ezoel ectric transducers with a resonance frequency of 50 kHz as
the source and receiver. (Thomas et al., 1995). They have al so
performed sone limted field tests, acquiring data up to a di stance
of about 100 ft with a nmaxi numfrequency content of 40 kHz (phone
conversation, Professor Thomas, University of Toronto, My 23,
1997). They are currently preparing for a full-scale field trial
at a concrete dam

Several other groups are performng seismc testing of concrete,
al t hough not necessarily usingthe seism c tonography nmethod. Q son
Engi neering, |located in Lakewood, Col orado, routinely perforns
“crosshol e sonic | ogging” in concrete. O son records data using a
sonic transmtter in one borehole and a natching receiver in a
near by borehol e at the sane depth. They have acquired good-quality
35-kHz seismc data over distances up to 25 feet w thout stacking
(phone conversation, Dennis Sack, April 25, 1997). They have al so
acquired seismc data on concrete surfaces using vertical

accel eroneters nmounted with either dental plaster, grease, or
screwed onto netal plates epoxyed onto the surface.

Mount Sopris, a conpany that primarily builds geophysical |ogging
equi pnent, in conjunction with InfraSeis Inc., a small conpany
recently founded by Farrokh Jalinoos, is currently devel oping a
crosshol e sonic logging systemthat will operate at a resonance
frequency of 40 kHz. This systemis primarily intended to be used
to test concrete piers, using an antici pated borehol e separation
of about 20 feet (phone conversations, Chuck Oden, Munt Sopris,
February 28, 1997, and Farrokh Jalinoos, InfraSeis Inc, March 3,
1997) .

Ernie Mpaj er, at Lawence Berkel ey Laboratory, has acquired seismc
dat a on concrete surfaces using pi ezoelectrictransmtters desi gned
and built in-house. He has acquired data ranging in frequency from
1 to 15 kHz over distances up to 10 nmeters through concrete (phone
conversation, Ernie Majer, March 27, 1997). He can drive the
transmtters using an i mpul sive signal or various coded sequences.
An inpul sive signal is preferred over sequences due to a sharper
“first break” of the P-wave arrival. Ernie Majer is currently
writing a paper docunenting conparisons of various types of source



si gnat ur es.

3.0 TESTI NG PROCEDURES

3.1 Laboratory Tests

Seism c data were acquired on a concrete block neasuring 5 ft x 5
ft x 5ft using various types of receivers and recei ver nounti ngs.
These tests were perfornmed between April and June, 1997. The two
pur poses of these tests were to conpare the responses of different
types of surface receivers and to investigate the effects of a few
di fferent types of receiver nountings. Procedures specific to each
test perfornmed are given in Sections 5 and 6 as the data are
presented. This section contains information common to all of the
| aboratory tests.

Before the | aboratory tests were performed, a cylindrical hole with
a dianeter of 3.75 inches had been cored fromthe center of one
bl ock face through the block to the opposite face. The source and
receivers used during these tests were placed on bl ock faces that
did not contain the corehole. The source and receiver used for
each test were placed such that the direct, straight-ray path was
at least 1 foot fromthe corehol e.

In order to conpare the responses of various types of receivers, a
repeat abl e source was required. This was necessary so that the
strength and frequency content of the seism c energy generated
during each test was as simlar as possible. To satisfy this
requi renent, a transducer consisting of 2 piezoelectric crystals
and an inertial nmass nounted between allum num pl ates was
constructed. The piezoelectric crystals, mass, and plates were
hel d together by two bolts extending fromone allumnumplate to
the other. This transducer was t hreaded onto a masonry anchor bolt
pl aced i n the concrete bl ock. One of the crystals in the transducer
was driven with an el ectrical signal generated by a Hew ett Packard
frequency analyzer. During all of the | aboratory tests di scussed
inthis report, the frequency anal yzer output a short burst chirp
signal (Figure 3-1). A 20-watt power anplifier and wi de- bandw dt h
step-up transforner were used to boost the signal level. The
anplifier has a 60-kHz bandwi dth and a gain of about 20. (The
transducer, anplifier, and transforner were constructed by Matri x-
5 Technol ogi es) .

During the lab tests, the second piezoelectric crystal in the

4



(a) Time series
2000
1500
1000

500
O_
- 500
- 1000 . I . I .
-0.1 0.1 0.3 0.5
TI ME (1s)
(b) Frequency spectrum

AVPLI TUDE (V)

30

FOURI ER

MAGNI TUDE (V)
N
T

=
o
o
=
o

20 30 40 50
FREQUENCY ( kHz)

FI GURE 3- 1: Burst chirp signal generated by the frequency anal yzer
during | aboratory tests. This signal was sent through an
anplifier and transforner and then used to drive a pi ezoelectric
transmtter.

transducer was used as a receiver. It was originally thought that
this recei ver woul d provi de a good i ndication of the seism c signal
that was generated. However, because of severe el ectromagnetic
crossfeed problens, the recorded signal is contamnated with

el ectromagneti c energy and hence is not areliableindicator of the
sei sm c energy generated. Because of variable frequency response
of the anplifier and transformer (not all frequencies are boosted
equal ly) and the variabl e frequency response of the piezoelectric
crystals, the precise signal put into the concrete, although
repeatable, is not well characterized.

Al'l data were recorded on t he sane frequency anal yzer that generat ed
t he source signal. Although this frequency anal yzer has 4 channel s,
only two channels can be recorded sinultaneously at the highest
sanpling rate. The signal fromthe second crystal in the

pi ezoel ectric source descri bed above was recorded on one channel,
and the recei ver being tested was recorded on the other channel.



A sanple interval of 7.63 us was used for all laboratory tests. A
recording delay tine of -0.5 ns was used, so that sone data were
acqui red before the source was fired. Tinme O corresponds to the
noment when t he source signal is generated by the frequency anal yzer.

3.2 Field Tests

Limted field testing was conducted at Monticell o Dam near
Vacaville, California, in early May, 1997. Al testing was done
in block 8 (| ocated i medi ately north of the main gallery entrance,
Figure 3-2). Seismc data were acquired inthe upstream downstream
di rection across block 8. Three acqui sition geonetries were used.
These geonetries are shown in Figure 3-3 and incl ude:

1. Data acqui sition between the east gallery wall and t he downstream
face (Figure 3-3a). For each test, a source was activated on the
gal lery wall, and a recei ver was nount ed on t he downstreamdamf ace.
The straight-ray angle between the source and recei ver was about
5.5 degrees fromhori zontal, and t he source-recei ver separati on was
approxi mately 45 feet.

2. Data acqui sition between the reservoir and the west gallery wall
(Figure 3-3b). During these tests, the seism c source was | ocat ed
inthe reservoir, and a receiver was nounted on the gallery wall.
The straight-ray angle ranged from about 15 to 57 degrees from
hori zontal, and the source-receiver separation varied from
approximately 24 to 43 feet.

3. Data acquisition between the reservoir and the downstreamface
(Figure 3-3c). For this geonetry, tests were conducted with a
source on the downstreamface and a receiver in the resevoir, and
vi ce versa. The straight-ray angl e ranged fromabout 2 to 63 degrees
fromhorizontal. The source-receiver separation varied from67 to
148 feet.

No clinbers or divers were used for these tests. The | ower section
of the downstreamdamface and t he damgal | ery are easily accessi bl e
fromthe downstreamtoe. Sources and receivers were used in the
reservoir inmmedi ately upstreamof the damby sinply | owering them
into the reservoir using a winch fromthe damcrest. As the source
or receiver was lowered into the reservoir, it slid along the
upstream dam face. Based on observations of the cable, there is
no indication that it drifted significantly either upstream
downstreamor laterally as it was | owered and rai sed. Hence, these
tools likely stayed within inches of the upstream dam face.
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Because of limted time, not all types of sources and receivers
were tested for each of the three geonetries descri bed above. The
sources and receivers tested using each geonetry are di scussed as
the field data are presented in Sections 5 and 7.

4.0 SOURCES AND RECEI VERS TESTED

The foll owi ng sources were tested:

1. The piezoelectric transmtter described in Section 3.1. This
source was only successfully used for the | aboratory tests on the
concrete block. Electronic problens and insufficient source
strength hanpered its use for the field testing.

2. Amagnetorestrictive sonic | ogging sourcewth acenter frequency
of about 15 kHz. This tool was manufactured by Sinplec. Wen the
tool is operated, it pulses repetitively approximately 15 tines
each second.

3. Size “N' Schmidt concrete test hamrer (inpact energy of 0.225
nkg), manufactured by Forney.

4. Size “M Schm dt concrete test hamrer (inpact energy of 3 nkg),
manuf actured by Forney. This test hammer and the small er version
i st above (#3) contain spring-loaded pistons that directly inpact
t he concrete surface on which they are used.

5. Nail gun powered by 22 mmshot, with piston hitting steel plate
bolted onto concrete. The type of nail gun used is triggered by
appl ying a manual hamrer hit to the back of the gun.

The follow ng surface receivers were tested:

1. Piezoelectric accel erometer from WI coxon Research, Mdel

No. 736. Vertically-polarized; nounted resonant frequency: 52 kHz;
sensitivity: 104 nV/ g; cost: $345

2. Piezoelectric acceleroneter fromPCB Pi ezotronics, Inc., Mdel
No. 353B17. Vertically-polarized; resonant frequency: 81 kHz;
sensitivity: 10.5 nV/g; cost: $275

3. Piezoceram c accel eronmeter from Cceana Sensor Technol ogi es,



Inc., Model No. A8000. Vertically-polarized; nounted resonant
frequency: >20 kHz; sensitivity: 858 nW/g; cost: $99

4. Fl at di sk piezoel ectric transducer fromJODEX Appl i ed Geosci ence
Limted. Resonant frequency and sensitivity: unknown; Cost: See
#6 bel ow.

5. Sensor #4 above, stiffened by epoxying a quarter to one side of
the sensor. The nodification, al so done by JODEX, was intended to
i ncrease the resonant frequency of the receiver. Resonant frequency
and sensitivity: unknown; Cost: See #6 bel ow.

6. Sensor #5 above, further nodified by JODEX by addi ng an anplifier.

Resonant frequency and sensitivity: unknown The conbi ned cost of
devel opi ng sensors 4, 5, and 6 (2 of each), including materials and
| abor, was approxi mately $2300.

7. Flat disk piezoelectric transducer, renoved fromtweeter
purchased at Radi o Shack. Frequency range: 4 to 25 kHz, resonant
frequency unknown; sensitivity: unknown; cost of tweeter: $5;
approxi mat e addi ti onal cost to wire sensor (approxi mately one half-
hour staff tine): $35.

8. Piezoelectric sensor built by Matrix-5 Technol ogi es consi sti ng
of a rectangul ar pi ezoel ectric crystal and an inertial nmass between
2 allum num pl ates. Frequency response and sensitivity: unknown;
Approxi mate cost to design and build receiver: $260

Conpl ete specifications for the accel eroneters tested are i ncl uded
in Appendix A. The different types of sensors are sonetines
referenced by the index nunbers |isted above in | ater sections of
t he report.

5.0 COVPARI SON OF SURFACE RECEI VERS

W did not have access to a hi gh-frequency shake table for testing
various types of receivers. Therefore, the responses of the
receivers were solely eval uated by anal yzi ng data acquired on the
5-ft | aboratory concrete block and at Monticell o Dam

5.1 Laboratory Tests

Each of the eight receivers listed in Section 4 above were tested
on the concrete block. The piezoelectric source transducer

10



described in Section 3.1 was nounted on one side of the concrete
bl ock, 15 inches fromthe top of the block and 12 i nches from one
of the faces containing the corehole (See Section 3.1). Each
recei ver being tested was sequenti ally nounted on the opposite side
of the block, withinatwo-inchareadirectly across fromthe source.
(Not all receivers could be placed at exactly the same position,
for reasons rel ated to nmounti ng techni ques. Muntings are di scussed
bel ow.) The responses presented here were recorded on t he sane day
tomnimze variations due to slight differences in source nounting
or background noi se.

Because of differences in the physical characteristics of the
sensors tested, all sensors coul d not be nounted i nthe sanme nmanner.
The W coxon and PCB accel eronmeters were stud-nmounted using a 1/ 4-
i nch steel masonry anchor bolt placedinthe concrete block directly
across fromthe source. (Sketches of these nountings are presented
in Section 6, Figure 6-4). The accel eronmeter from Qceana does not
have a nounting bolt or threaded hole built into its housing. For
thesetests it was epoxyed onto an al | um numbl ock, and t he al | um num
bl ock was then bolted onto the concrete surface using the sane
anchor used for the other acceleroneters. The piezoelectric
transducer fromMatri x-5 Technol ogi es (sensor #8) was al so t hreaded
onto this sane masonry anchor bolt. The remaining piezoelectric
transducers could not be stud-nounted. They were coupled to the
concrete surface using silicon grease. These sensors were pl aced
within two inches of the anchor used to nount the other receivers.

For each receiver, the averaged time and frequency responses from
20 transmitter firings were recorded on the frequency anal yzer.
(Averaging is perfornmed by the frequency anal yzer after each source
activation.) The frequency spectrum presented bel ow for each
receiver is the magnitude of the Fourier transformof the entire
recorded wavef orm

The ti me responses of the t hree sensors construct ed by JODEX, sensors
4, 5, and 6, are shown in Figure 5-1, and t he correspondi ng frequency
responses are presented in Figure 5-2. Si gni fi cant background
noi se i s seen on the responses fromall of these sensors before the
P-wave arrival at approximately 0.38 nms. Sone of this noise is
el ectromagneti c crossfeed. The signature of the source excitation
itself is seen on the responses (at tine 0 ns) and has a | arger
anplitude than the direct Pwave. Strong el ectromagnetic crossfeed
of the source excitation occurred on all of the piezoelectric
transducers tested. This crossfeed could not be elimnated by
groundi ng. The hi gh-frequency signal at the beginning of the
response fromsensor #5 (tinme -0.5 ns, Figure 5-1b), which also
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FI GURE 5-1: Ti me responses of the piezoelectric transducers from
JODEX Appl i ed Geosci ence (sensors #4, #5, and #6) nmeasur ed duri ng
the | aboratory tests.

1
o

occurs on sone of the other responses presented later, is believed
to be related to sonething within the circuitry of the frequency
anal yzer that occurs when recording begins. Although not well
understood, it was not of concern during these tests since it dies
out before the onset of the P-wave arrival.

Stiffening the receiver by gluing a quarter to one side of the

pi ezoel ectric sensor changes the data in two ways. The signal-to-
noi se ratio i nproves (conpare Figure 5-1b to Figure 5-1a), and the
rel ati ve response to hi gher frequencies increases (Figure 5-2a and
b). The inprovenent in the signal-to-noise ratio nay be largely
due to better coupling of the nodified sensor to the concrete
surface. The unnodified sensor has a ridge around its edge that
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FI GURE 5- 2: Frequency responses of the piezoel ectric transducers
from JODEX Applied Geosci ence (sensors #4, #5, and #6) neasured
during the | aboratory tests.
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makes it difficult to mount flushwith the surface (alot of silicon
grease had t o be used between the concrete and t he sensor), whereas
the quarter nounts nmuch nore securely against the concrete face.
The change in the frequency response of the nodified sensor is
presumably due to increasing the stiffness of the sensor.

The change in the frequency response of the nodified sensor can be
nost easily seen by exam ning the ratio of the individual frequency
responses of the nodified and unnodified sensors. The individual
frequency responses were snoot hed, and then the snoot hed response
of the sensor with the quarter (sensor #5) was divided by the

snoot hed response of the unnodified sensor (sensor #4). The result
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FIGURE 5-3: Ratio of the frequency spectrum of the stiffened
JODEX sensor (#5) to the frequency spectrum of the unnodified
JODEX sensor (#4), conputed fromthe | aboratory data.

is presented in Figure 5-3. It clearly shows that the relative
response to frequenci es above about 15 kHz has been i ncreased. The
maxi mum i ncrease i n response occurs at approximately 30 kHz.

The third sensor fromJODEX, sensor #6, has the sanme quarter backing
as sensor #5 but al so has an anplifier. The additionof theanmplifier
i ncreases the overall anplitude of the seisnmic trace, but it also
appears to increase the rel ative background noise | evel and alter
the frequency response. (Conpare Figures 5-1c and 5-2c, show ng
t he response of the sensor with the anplifier, to Figures 5-1b and
5-2b, showi ng the unanplified sensor response.) The ratio of the
snoot hed frequency spectrumof the anplified sensor to that of the
unanplified one is presented in Figure 5-4. It clearly shows that
the relative content of frequencies between about 2.5 and 14 kHz
has been increased by the anplifier.

The response of the piezoel ectric sensor fromMatri x-5 Technol ogi es
is shown in Figure 5-5. The seism c trace is overwhel ned by a
| ar ge response at about 2.5 kHz. It al so exhibits strong crossfeed
of the source excitation (at 0 ns), and contains the transient

response fromthe frequency anal yzer at the begi nning of the record
(-0.5 n8). Despite these significant flaws, the response of this
sensor shows the | east background seism c noise and the cl earest
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FI GURE 5-4: Ratio of the frequency spectrumof the anplified
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| abor at ory dat a.
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FIGURE 5-5: Tinme and frequency response of the piezoelectric

transducer fromMatri x-5 Technol ogi es (sensor #8) neasur ed duri ng
the | aboratory tests.
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FI GURE 5-6: Tinme and frequency response of the piezoelectric
transducer fromthe Radi o Shack tweeter (sensor #7)
measured during the | aboratory tests.

first break of all of the piezoelectric transducers tested. The
relatively good signal-to-noise ratio of this receiver could be
related to the coupling, since it is bolt-nounted.

The tweeter piezo purchased at Radi o Shack exhibits the broadest
range of frequencies of the five piezoelectric transducers tested
(Figure 5-6). Its response shows strong crossfeed of the source
excitation and noderate signal-to-noise ratio.

The time responses of the three accel eroneters are shown in Figure
5-7, and the correspondi ng freqguency responses are presented in
Fi gure 5-8. The nost obvi ous differences between the responses of
t he accel eroneters and the piezoelectric transducers is the |ack
of any crossfeed of the source excitation, and t he nuch better ratio
of signal to noise. The inproved signal-to-noise ratio my be
related to both the bolt nounting of the accel eroneters and their
| ack of electrical crossfeed problens.

The accel eroneter responses do not show the variation in
sensitivities that are stated in their calibrations. (The
sensitivities arelistedin Section 4 of this report). Approxinmte
relative sensitivies of the accel eroneters were conputed by sinply
measuring the maxi num peak-to-peak anplitude on each tinme record
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FI GURE 5-7: Ti ne responses of the accel eronet ers neasured during
the | aboratory tests.

shown in Figure 5-7. The W/I coxon accel eroneter (sensor #1) is
stated to be 10 tines nore sensitive than the PCB accel eroneter
(sensor #2), but the data fromthis test indicate that the overal
anplitude of the WIcoxon response is only about 1.6 tinmes the
anplitude of the PCB response. Likew se, the Cceana accel eroneter
(sensor #3) is specified to be about 82 tines as sensitive as the
PCB accel eroneter. However, the recorded waveformfromthe Cceana
accel eroneter only shows approximately 28 tinmes the anplitude of
t he PCB waveform The Cceana accel eroneter shoul d al so be about 8
times as sensitive as the W1l coxon accel eroneter, but the results
fromthis test showits overall anplitude to be about 17 tines that
of the WI coxon accel eroneter.

According to their calibrations, the accel eronmeters fromW ]I coxon

17



(a) PCB accel eroneter (sensor #2)
0. 15

0.10-
0. 054
O- OO 1 I 1 I 1 I T I 1 I 1 I 1 I ] I T I 1

(b) WIcoxon accel eroneter (sensor #1)

300
225
150 -
075
000 — T T T T T "~ 1 1 "~ 1 "~ T "~ T

©coooo

FOURI ER MAGNI TUDE (V)

oON MO @
o
|

. O 1 I 1 I 1 I 1 I 1 I 1 I 1 I
0O 5 10 15 20 25 30 35
FREQUENCY (kHz)

FI GURE 5-8: Frequency responses of the accel eroneters neasured
during the | aboratory tests.
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and PCB have t heir resonances above 50 kHz. (The resonant frequency
of each acceleroneter is listed in Section 4.) Therefore, their
response spectra should be fairly flat in the frequency band of

t hese | aboratory tests. Since they were nounted (sequentially) in
exactly the sane | ocation (on the sanme anchor bolt), and since the
source shoul d be repeatable, their response spectra should be very
simlar (except for an overall change of scale due to different
sensitivities). However, there are significant differences between
their responses fromthese tests (Figure 5-8a and b). While their
spectra both show peaks at about 32 and 35 kHz, the W/ coxon
accel eroneter response al so shows strong peaks at about 9 and 38
kHz. The PCB response contains an additional peak at 24 kHz, but
is relatively flat otherwise. The spectrum of the Cceana

accel eroneter exhibits sonme simlarities to the spectra of both of
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the other two accel eroneters. (The peak at about 21 kHz may be its
resonance response.) The differences between the responses of the
three accel eroneters indicate that not all of themare exhibiting
a flat frequency response for these tests. Differences between the
frequency responses of the accel eroneters were better understood
after conpleting the field tests described bel ow.

5.2 Field Tests

Sonme of the tests conducted at Monticell o Daminvol ved | owering a
soni c | oggi ng tool sourceinto the reservoir fromthe damcrest and
sequentially recording data with various receivers nounted on the
west wal |l of the gallery (Figure 3-3b). The sonic tool was | owered
to a predeterm ned depth and then kept in a fixed position as the
data were recorded. Receivers were nounted within six inches of
each other onthe gallery wall. The piezoelectric transducers were
coupled to the concrete wall using silicon grease, and the

accel eroneters were bolt-nounted using a 1/4-inch masonry anchor
bol t.

Dat a wer e si mul t aneously recorded in the tinme and frequency donai ns
with the frequency anal yzer, using a sync signal fromthe sonic
tool as the trigger. A recording delay tine of -0.5 ns was used,
so that sone data were acquired before the source was fired (at
time O ns). The tinme sanpling interval is 7.63 us. Between 20 and
500 pulses fromthe sonic tool were averaged for each recorded
response. (Averaging is perforned by the frequency anl ayzer after
each trigger.) The nunber of averages used for each specific test
isindicatedinthe figurecaptions. Al frequency spectra presented
bel owrepresent t he nagni tude of the Fourier transformof the entire
recorded wavef orm

Initially, data were acquired at what was believed to be a nearly
hori zontal ray path. The sonic tool was |owered to a depth of 230
feet belowthe top of the crest wall, and the recei vers were nount ed
approximately 5 feet above the gallery floor. Upon returning to
Denver, construction drawi ngs were carefully reexam ned. The ray
angl e fromsource to recei ver was then reconputed to be 15.5 degrees
bel ow hori zontal, and the source-receiver di stance was conput ed as
24. 4 feet.

The tinme responses fromthe stiffened unanplified and anplified

sensors from JODEX (sensors #5 and #6), the transducer fromthe
Radi o Shack tweeter (sensor #7), and the accel eroneter from PCB
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Pi ezotronics (Sensor #2) are presented in Figure 5-9. As in the
| aboratory tests, the anplified sensor from JODEX (Fi gure 5-9b)
exhi bits nmuch poorer signal-to-noise ratio than the correspondi ng
unanplified sensor (Figure 5-9a). The Radi o Shack tweeter (Figure
5-9c¢) exhibits al nost as good signal -to-noise as the unanplified
JODEX sensor. The acceleronmeter from PCB (Figure 5-9d) shows
slightly | ower signal-to-noise than either the Radi o Shack tweeter
or the unanplified JODEX sensor, but much better signal-to-noise
than the anplified JODEX sensor.

The snoot hed frequency responses for these sensors are shown in

Figure 5-10. The data trace acquired with the accel eroneter has
t he narrowest frequency spectrum having a | arge peak centered at
about 15 kHz (Figure 5-10d). Since a |large peak at this frequency
was not seen on the responses fromthis accel eroneter during the
| aboratory tests (during which the sanme type of nounting was used),
it isunlikely that this large 15 kHz response i s due to a resonance
associated with the accel eronmeter nounting. Barring any strong

nmounting effects, the PCB accel eroneter should have a nearly fl at
frequency response over the frequency range exam ned during these
tests. Furthernore, this sonic tool has a center frequency of about
15 kHz, consistent with the frequency spectrumof the data acquired
wi th the accel eronmeter. Thus, the response of the PCB accel er onet er
shown in Figure 5-10d nay be a fairly accurate representation of
t he seism c frequenci es generated by the sonic tool and propagated
t hrough the dam

Data acquired with the three piezoelectric transducers have
frequency spectra that are significantly different fromeach ot her
and fromthe accel eroneter frequency spectrum The frequency
spectrumrecorded with the tweeter transducer purchased at Radio
Shack is simlar tothe spectrumrecorded with the PCB accel eronet er
above approxi mately 14 kHz, havi ng a peak at about 15.5 kHz (Fi gure
5-10c). At lower frequencies the two spectra diverge, and the
frequency response fromthe Radi o Shack recei ver has anot her strong
peak at 8.8 kHz. Neither of the frequency spectra recorded with
t he JODEX receivers have a peak at 15 kHz. The spectrumfromthe
unanplified receiver shows a strong peak response between about
10.5 and 13 kHz (Figure 5-10a), whereas the spectrumfromthe
anplified receiver contains a broad range of frequencies and a
relatively mnor peak at about 13 kHz (Figure 5-10Db).

Addi tional data were acquired with the unanplified stiffened JODEX
sensor (#5) and the PCB accel eroneter at three different ray angl es
and correspondi ng source-receiver distances. These additi onal

geonetries were achi eved by keepi ng the recei vers fi xed and rai si ng
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FI GURE 5-9: Tinme responses of three piezoelectric transducers
and one accel eroneter, recorded on the west gallery wall at
Monticello Dam The source was a sonic tool |ocated in the
reservoi r. Each waveformrepresents the averaged response from
20 pul ses of the sonic tool. The source-receiver separation
was 24.4 feet, at an angle of 15.5 degrees from horizontal.
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FI GURE 5-10: Frequency responses of three piezoelectric
transducers and one accel eroneter, recorded on the west gall ery
wal | at Monticello Dam The source was a sonic tool |ocated
in the reservoir. Each waveformrepresents the averaged
response from20 pul ses of the sonic tool. The source-receiver
separation was 24.4 feet, at an angle of 15.5 degrees from
hori zont al .
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the sonic logging tool to depths of 220, 210, and 200 feet bel ow
the top of the crest wall (Figure 3-3b). The waveforns fromthe
JODEX sensor are shown in Figure 5-11, and those fromthe PCB
accel eroneter are shown in Figure5-12. The correspondi ng frequency
spectra for these data sets are presented in Figure 5-13.

Figures 5-11 and 5-12 show that, although the piezoelectric
transducer exhibits better signal-to-noise ratio than the

accel eroneter at a low ray angle (Figures 5-1l1a and 5-12a), the
signal -to-noi se ratios recorded by the two sensors are conparabl e
at larger ray angles. Also, as the signal |evel becones snaller
Wi th increasing source-receiver separation, the data fromthe

pi ezoel ectric transducer becone noticeably affected by 60 Hz

el ectrical crossfeed. This crossfeed is seen as the | owfrequency
si gnal superinposed on the data in Figure 5-11c and d. Strong 60-
Hz el ectromagneti c energy i s produced by a hydroel ectric power pl ant
| ocated at the downstreamtoe of Monticello Dam just outside the
mai n gallery entrance.

The frequency spectra of the accel eroneter data are consi stent at
all ray angles (Figure 5-13b). As the ray angl e and source-recei ver
di stance increases, the peak frequency generally decreases very
slightly and the highest frequencies (above 20 kHz) are severely
attenuated. Stronger attenuation of higher frequencies relative
to lower frequencies is a characteristic effect of intrinsic
attenuation. |In contrast, the data fromthe JODEX piezoel ectric
transducer show i nconsi stent frequency patterns (Figure 5-13a).
The frequency vari ati ons wi t h changi ng ray angl e and sour ce-recei ver
separation are so dramatic that they can easily be seeninthe tine
domain (Figure 5-11). The data fromthis sensor show frequency
variations that are not consistent with attenuati on effects. These
data suggest that either the frequency response of this sensor
varies with angl e of incidence, or that the response is so variable
with frequency that small changes in the frequency content of the
i ncom ng seismc waves results in large changes in the frequency
content of the recorded dat a.

Sei sm c data were al so acquired at Monticell o Dam bet ween t he east
gallery wall and downstreamface (Figure 3-3a), using two sizes of
Schm dt hammers and a nail gun powered by a 22 nmshot as sources.

The sources were used inside the gallery, and the receivers were
nmount ed on the downstream face. The distance between source and
recei ver was about 45 feet, and the angle of the direct raypath

fromsource to recei ver was about 5.5 degrees above horizontal. An
accel eroneter was bolt-munted on the gallery wall, within 2 feet
of the source. The response fromthis accel eroneter was used to
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FI GURE 5-11: Data acquired using the sonic | ogging tool as a
sourceinthereservoir andthe unanplifiedstiffened JODEX sensor
(sensor #5) as a receiver on the west gallery wall at Monticello
Dam Each plot contains data recorded with the sonic tool at a
different depth in the reservoir. The approxi mate di stance
bet ween t he source and receiver, ray angle fromhorizontal, and
t he nunber of sonic tool pul ses averaged for each response is
| abel ed on each plot.
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FI GURE 5-12: Data acquired using the sonic | ogging tool as a

source in the reservoir and the PCB accel eroneter (sensor #2) as
a receiver onthe west gallery wall at Monticell o Dam Each pl ot
contains data recorded with the sonic tool at a different depth
in the reservoir. The approxi mate di stance between the source
and receiver, ray angle fromhorizontal, and t he nunber of sonic
tool pul ses averaged for each response is | abel ed on each plot.
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FI GURE 5-13: Frequency spectra of data acquired using the sonic
| oggi ng tool as a source in the reservoir and two types of
receivers on the west gallery wall at Monticell o Dam Each pl ot
contains data recorded with one type of receiver for nultiple
source depths. The approxi mate di stance between the source and
receiver, ray angle fromhori zontal, and t he nunber of sonic t ool
pul ses averaged for each response is given in the | egend.
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trigger the frequency anal yzer during data acqui sition. Arecording
delay tinme of -0.5 nms was used, so that sone data were acquired
before the source was activated (at tine O ns). The tine sanpling
interval is 15.3 us. Each recorded trace represents a singl e source
activation (i.e, the data were not stacked or averaged). Each
recei ver response was recorded separately, using a different source
activation.

During these tests, responses fromthe three accel eroneters were
nmeasured. Measurenments were not conpleted with the piezoelectric
transducers because of 60-Hz el ectronagnetic crossfeed problens
(fromt he near by power plant) and | ack of time. The PCB and W coxon
accel eroneters were stud-nounted using a 1/4-inch masonry anchor
bolt. The Cceana accel eroneter was renmoved fromits allum num
mounti ng bl ock used during the | aboratory tests. A 1/4-inch nut
was gl ued to the bottomof the accel eroneter housing 6 days before
t hese tests were performed. The accel eronet er was directly threaded
onto the anchor bolt placed in the downstreamface of the dam The
sanme masonry anchor was used repeatedly for all three accel eroneter
nmount i ngs.

Time and frequency responses recorded by the three accel eroneters
using the small Schm dt ("N') hamrer as a source are presented in
Figures 5-14 and 5-15, respectively. (The seismc energy at the
begi nni ng of the waveformfromthe WI coxon accel eroneter is from
anot her source activationimedi ately beforethetrigger. It should
be ignored.) The variation in frequency content between the three
responses is striking. The PCB accel eroneter shows the highest

frequency response, with a peak frequency at 11.5 kHz. The W1 coxon
accel eroneter shows an i nternedi ate response, with a peak frequency
at about 7.1 kHz. The accel eronmeter from Cceana shows the | onest
frequency response, with a peak frequency response at only 2. 2 kHz.

Simlar trends are seen in data acquired with these three

accel eroneters using the large Schmdt ("M') hanmer and nail gun
sources, as well as data acquired between the reservoir and west
gallery wall with the sonic |ogging tool source. The frequency
responses fromall of these data sets are conpared in Figure 5-16.
(The response spectra fromthe | aboratory tests are included on
these plots for later discussion.) Because of different source
strengths and propagati on distances, the responses for different
data sets have significantly different magni tudes, even when
recorded by the sane receiver. |In Figure 5-16, each frequency
spectrumwas i ndi vidual Iy scal ed by sinply multiplyingthe spectrum
val ues by a constant scaling factor. This scaling allows the shapes
of the frequency spectra to be easily conpared on the sane plot.
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FI GURE 5-14: Tine responses recorded with three accel eroneters
nmount ed on the downstream face of Monticello Dam The snall
Schm dt ("N') hammer was used as the seismc source, on the east
gallery wall. The ray path | ength was 45 feet, and the ray angl e

was about 5.5 degrees fromhorizontal. Each waveformrepresents
a single source activation.

The scaling factor used for each data set is given in the | egend
of Figure 5-16. As can be seen fromthe figure, data acquired

with the acceleroneter from PCB consistently contain the highest
frequencies, while the data acquired with the W1l coxon and Cceana
accel eroneters are dom nated by | ower frequencies.

Two of the data sets recorded with the WI coxon accel eroneter have
some significant deficiencies. The wire connections were | oose

during the acquisitionof thesonictool data, resultinginextrenely
| ow signal-to-noise ratio of the acquired data. The input range
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FI GURE 5-15: Frequency responses recorded with three

accel eronet ers nount ed on t he downstreamface of Monti cel | o Dam
The small Schm dt ("N') hammer was used as the seism c source,
on the east gallery wall. The ray path |l ength was 45 feet, and
the ray angl e was about 5 degrees fromhorizontal. Each waveform
represents a single source activation.

on the frequency anal yzer was set too | ow during acqui sition of the
nail gun data, resulting in significant clipping of the data. This
clipping may be causing the harnonic seen at 15 kHz.

Despite these deficiencies, the data recorded with the WI coxon
accel eroneter clearly show a consistent trend. At |east bel ow 30
kHz, the data are consistently dom nated by frequenci es between 7
and 10 kHz, regardl ess of the source used or the di stance the energy
travel ed (Fi gure 5-16b). This is true even of the data acquired
in the | aboratory on the concrete bl ock using the piezoelectric
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-------- Pi ezoelectric transmtter (lab) (a)*4 (b)*0.75 (c)*0.85
FI GURE 5-16: Frequency response spectra of field and | aboratory
data recorded by three accel eroneters. The field seisnmc data
were acquired between the gallery and downstream face of
Monticell o Damusi ng two sizes of Schm dt hammers and a nail gun
as sources, and between the reservoir and gallery using a sonic
| oggi ng tool source. The |aboratory data were acquired across
a 5-ft concrete bl ock using a piezoelectric transmtter source.
The nunbers given in the legend are scaling factors applied to
each nmagni tude spectrum (See text for explanation).
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transducer source. It is highly unlikely that the 5 different
sources and 3 di fferent acqui sition geonetries representedinFigure
5-16 produced seismc energy at the receiver |ocation having such
sim lar frequency content. Rather, the consistent, |arge frequency
response at 7 to 10 kHz is probably due to either a resonance of
the accel eroneter itself or the nounting apparatus.

Data acquired with the Cceana accel eroneter al so show sonmewhat
consi stent | ow frequency resonances. The data acquired using the
three inpact surface sources (Schm dt hammers and nail gun)

consi stently show frequency peaks at 2 to 3 kHz (Figure 5-16c¢).
The response recorded fromthe sonic | ogging tool source shows a
strong peak at 5 kHz. The frequency spectrumfromthe |aboratory
test shows a dom nant peak at about 10 kHz. The small er peaks at
about 21 to 23 kHz on the responses fromthe | aboratory and sonic
| oggi ng tool sources may represent the resonance frequency of the
accel eroneter itself, which is stated to be >20 kHz.

The | arge, | owfrequency peaks ranging from2 to 10 kHz recorded
wi th the Qceana accel eronmeter are interpreted to be due to nounting
resonances, with differences between t hemexpl ai ned by variations
in each individual nounting. The three data sets fromthe surface
i npact sources were acquired sequentially with the accel eroneter
nount ed on t he sane anchor. The accel eroneter was not renoved unti |
all three data sets were acquired, and t he nounti ng was not adj usted
in any way between acquisition of the different data sets. These
data sets consistently show the | owest-frequency resonances in
Figure 5-16¢ (2-3 kHz). The data set fromthe sonic | ogging too
source was acquired on a different anchor than the anchor used for
t he surface source testing, but used the sanme type of nmechanism(a
nut glued to the bottomof the accel eroneter housi ng, threaded onto
a 1/ 4-inch masonry anchor bolt). These data showa hi gher resonance
(5 kHz) than the data fromthe i npact surface sources. (The sonic
| oggi ng tool data were acquired 4 days prior to the surface source
data. The nut on the bottomof the accel eroneter may have | oosened
between the 2 tests, because shortly after the concl usion of the
surface source tests the nut cane off the accel eroneter housing.)
The | ab data were acquired with a di fferent accel eronmeter nounti ng
than that used during the field tests. The accel eroneter was gl ued
onto an al | um numbl ock, whi ch was bolted onto the concrete. These
data show t he hi ghest-frequency resonance (10 kHz).

The frequency spectra of data acquired with the PCB accel eroneter
show nuch greater variability than the spectra of data recorded
wi theither of the other two accel eroneters (Figure 5-16a). Al though
the spectra fromthe three i npact surface sources all have a peak
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at 11.5 kHz, it is not always the dom nant peak. The spectrum of
the sonic | ogging tool data shows only a m nor peak at 11.5 kHz,
and the spectrumof the | aboratory data does not contain any peak
at this frequency. Wile there may be sone effect of nounting
resonance with this accel eroneter, it does not appear to dom nate
the data as is the case for the other two accel eroneters.

5.3 Concl usi ons

Laboratory and field tests denonstrated two i nportant differences
bet ween the responses of the receivers investigated. First, the
pi ezoel ectric transducers tested in this study are extrenely
susceptible to el ectromagneti c crossfeed, whereas the

accel eroneters show no crossfeed problens. Electromagnetic
crossfeedwi th a frequency of 60 Hz was recorded by t he pi ezoel ectric
receivers at Monticello Dam Crossfeed fromthe piezoel ectric
source used during the | aboratory tests, containing frequenci es up
to at |least 30 kHz, was al so picked up by these receivers. The
difference in susceptibility to el ectromagnetic crossfeed between
t hese accel eroneters and pi ezoel ectric transducers could be
inmportant in electrically noisy environnents, such as near power
pl ants.

The second i nportant difference anoung the receivers tested is that
t he frequency response fromthe PCB accel eronmeter (sensor #2)
appears to be flatter than that fromthe pi ezoel ectric transducers.
For exanpl e, data fromthe PCB accel eroneter acqui red fromthe sonic
| oggi ng tool source show a frequency response centered at 15 kHz,
the center frequency of the tool. The other receivers tested with
t hi s source don’t showa si ngl e dom nant response at this frequency.

I n addi tion, the frequency content of sonic tool data acquired with
t he PCB accel eroneter varies systematically with increasing source-
recei ver separation in a manner consistent with the effects of
intrinsic attenuation. Data acquired with one of the piezoelectric
transducers (sensor #5) for avari ety of source-recei ver separations
show strong variations in frequency content that are inconsistent
with the effects of attenuation.

The deficiencies of the piezoelectric transducers tested during
t hese studies nmay be overcone if nore tinme is invested in their
devel opnent. Hi gher-quality, nore expensive pi ezoel ectriccrystals
m ght solve the problens with the variabl e frequency response.
Car eful shi el di ng and groundi ng of the receivers may al l eviate t he
el ectrical crossfeed problem |In addition, tests would have to be
performed to determ ne the variation in receiver response
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(amplitude) with angle of incidence, unless this information is
avai |l abl e el sewhere. This variation nust be expressed in terns
of a mat hematical fornula that can be used i n a tonography conputer
algorithm (The variation in response as a function of angle of
i ncidenceis al ready known for accel eroneters.) Al so, piezoelectric
crystals are open circuits that can easily short circuit with a
slight amount of noisture. They would need to be encased in a
wat er -resi stant coating or housing for use on potentially danp
surfaces. The only advantage of these types of sensors over
accel eroneters is their potentially |ower cost (excluding

devel opnent costs), which may be an i nportant factor if di sposable
receivers are desired. At this tinme, disposable receivers are not
needed, and accel eroneters shoul d be used to achi eve the best data
quality.

O the three accel eroneters tested, the one fromPCB Pi ezotronics
showed t he broadest frequency response during these | aboratory and
field tests. The other two accel eroneters tested consistently show
| owfrequency resonances for |aboratory and field data acquired
using a variety of sources and source-receiver separations. In
contrast, data recorded with the PCB accel eroneter for the sane set
of sources and acqui sition geonetries exhibit a much greater variety
of frequency response. As discussedin Sectionb5.2, the differences
in frequency response during these tests may be at | east partially
due to nounting effects. Effects of various nounting techni ques
are discussed in the foll owi ng section.

6. 0 MOUNTI NG METHODS FOR SURFACE RECEI VERS

6.1 Piezoelectric Transducer Mounti ngs

Two adhesi ve nounti ngs wer e conpared usi ng one of the piezoelectric
transducers. The receiver used was sensor #5, the stiffened but
unanmplified transducer fromJODEX. (The side of the transducer with
t he quarter was coupled to the concrete surface.) This conparison
was performed in the | aboratory on the concrete block. The two
adhesives tested were silicon grease and epoxy. @ ass powder was
m xed with the epoxy to make a stiffer bond. The epoxy was al | owed
to set for 15 and 1/2 hours before data were recorded. For the
grease nmount, silicon grease was spread on the sensor, and then t he
sensor was pressed agai nst the concrete surface. Tape was used to
support the cables so that their weight wouldn’t pull on the
receiver. Data were acquired inmediately after nounting the
receiver. The | aboratory set-up was the sane as that described at
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t he begi nning of Section 5.1. (In fact, the data fromthe silicon
grease nounting have al ready been shown i n Fi gures 5-1b and 5-2b.)

The waveforns acquired using the two nountings are conpared in
Figure 6-1 . Figure 6-1la shows the entire recorded waveforns
(overlaid). The solid curves are fromthe silicon grease nounting,
and the dashed curves are fromthe epoxy nounting. Figure 6-1b
shows t he begi nning of each trace plotted at an expanded scal e so
that the P wave can be better seen. The signal strength increases
when the recei ver i s nounted wi th epoxy rather than silicon grease.
The anplitude of the direct P wave (arriving at about 0.38 mns)

al nost doubles. Later arrivals increase in anplitude by as much
as a factor of 4. These arrivals are interpreted to be the direct
S wave and reflected arrivals, possibly including P-to-S converted
phases. The solid epoxy nmounting allows for better coupling of
shear wave energy than the silicon grease nounting.

The frequency spectra are conpared in Figure 6-2. The magni t ude
spectrumfromthe epoxy nounting was scaled by a factor of 0.2 so
that its shape coul d be nore easily conpared to that of the silicon
grease nounting spectrum Al though there are differences between
t hese two spectra, the general frequency content is simlar. Both
responses contain frequenci es between 13 and 43 kHz. I n both cases
t he dom nant frequency band is centered about 33 kHz. A snaller
frequency peak is seen at 20 or 21 kHz.

6.2 Accel eroneter Muntings

A few types of receiver nountings for the WIcoxon and PCB

accel eroneters were investigated in the | aboratory on the concrete
bl ock. Because of the difficulty in nmounting the Qceana

accel eroneter (it has no bolt or threaded hole inits housing), its
poor performance in earlier tests, andits relatively | owresonant
frequency (about 20 kHz), it was not included in these experinents.
The main purpose of the followng tests was to investigate the
relative effects of different types of receiver nountings on the
frequency response of the WIcoxon and PCB accel eroneters.

The data presented here were acquired on the concrete bl ock using
the "burst chirp" source fromthe piezoelectric transmtter
described in Section 3-1 (Figure 3-1). Each data trace presented
bel owr epresents the averaged response from200transmitter firings.
Al'l frequency spectra presented bel ow represent the nagnitude of
the Fourier transformof the entire recorded waveform
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FI GURE 6- 1: Ti ne responses fromthe stiffened JODEX pi ezoel ectric
transducer (sensor #5), nounted with silicon grease and epoxy.
These data were acquired in the | aboratory on t he concrete bl ock.
(a) Entire recorded trace (b) beginning of trace, plotted with
expanded scale to show the P wave (at about 0.38 ns)

Prior to the tests described here, the transmtter anplifier
over heat ed and becane i noperabl e. The out put fromthe HP frequency
anal yzer was still boosted by the transforner, but not by the
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FI GURE 6-2: Frequency responses fromthe stiffened JODEX

pi ezoel ectric transducer (sensor #5), mounted with silicon grease
and epoxy. These data were acquired in the |aboratory on the
concrete block. The nunber given in the | egend for the epoxy
mounting is a nultiplier used to scale the epoxy nounting
magni t ude spectrum

anplifier. For this reason, the signal was not strong enough to
be transmtted through the block, and the follow ng tests were
performed with the transmtter and receivers on the sane side of
the bl ock. (Results fromlimted tests of receiver nountings
performed fromone block face to the opposite face before the
anplifier broke are consistent with the test results presented
bel ow. )

The receiver nmountings tested were: a stud-nount using a 1-inch
steel expansion masonry anchor; two 1-inch square steel plates,
1/4-inch thick, with bolts of different |engths through their
centers; a 1/2-inch steel cube; and nuts made of zinc, allum num
and nylon. Two groups of nuts were glued onto the concrete to help
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FI GURE 6-3: View of piezoelectric transmtter (source) and
recei ver nountings on face of concrete | aboratory bl ock. Scal es
are approximate. The smaller nuts were used to nount the PCB
accel eroneter, and the |larger ones were used to nount the
accel eroneter from W1 coxon.

eval uate the variability in response due to exact receiver | ocation
and coupling characteristics. A lumnumnuts were only avail abl e
inthe size that fits the PCB accel eroneter, and therefore no data
were acquired on allum numnuts with the WI coxon accel eroneter.

Figure 6-3 shows the approxinmate rel ative |ocations of the

pi ezoel ectric transmtter (source) and receiver nountings on the
si de of the concrete bl ock. Due to the scale of the drawi ng, the
edges of the concrete block are not shown. For reference, the
masonry anchor bolt shown in Figure 6-3 is | ocated 15 i nches from
the top face of the block and 12 inches left of one of the bl ock
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FI GURE 6-4: Profiles of the receiver nounting nechani sns tested
wi th the PCB and W1 coxon accel eroneters. The nunbers 10-32 and
5-40 refer to bolt thread sizes.

concrete surface

faces containing the corehole. (See Section 3.1 for an expl anation
of the corehole.)

Figure 6-4 shows profiles of the receiver nounting nmechani sns

t est ed. Al'l of the receiver nountings, other than the masonry
anchor, were epoxyed onto the concrete surface at |east 45 hours
prior totesting. No other type of adhesive (such as silicon grease
or wax) was t est ed because epoxy i s bel i eved t o produce t he strongest
bond and the receivers nust remain securely in place inthe field
for at |east several hours at a tine.
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The two steel plates with bolts of different | engths were both used
when testing the WI coxon accel eroneter. For the plate with the
| ong bolt, the accel eroneter does not touch the plate, whereas for
the plate with the short bolt, the accel eronmeter is in firmcontact
with the steel plate (Figure 6-4). The PCB accel eroneter does not
contact the steel plate in either case. Hence, for this receiver
the mounting is nearly identical for the two plates and data from
only one plate nounting are presented.

Ti me responses acquired with the WIcoxon accel eroneter using 6
types of receiver nountings are presented in Figure 6-5. The
correspondi ng frequency responses are shown in Figure 6-6. Sone
of the fourier magnitude spectra were nultiplied by scaling
constants. (See the legend in Figure 6-6.) These spectra were
scal ed so that their shapes could be nore easily conpared.

Al'l of the receiver responses, except that for the steel cube
nmounti ng, show a strong | ow frequency resonance of about 8 to 10
kHz. As discussed in Section 5.2, a simlar resonance was al so
seen for this accel eroneter when other sources were used in the
field (Figure 5-16b). Therefore, the resonance is believed to be
unrelated to the seismc energy produced by the transmtter used
for these tests. It is not known why this resonance i s not present
on the response fromthe steel cube nounting, which clearly shows
t he hi ghest frequency response (Figures 6-5d and 6-6).

The exceptionally good signal-to-noise ratio seen in the response
for the cube mounting for this test (Figure 6-5d) is likely due to
the fact that it is the closest nounting to the source. Qher tests
performed wi t h conpar abl e source-recei ver di stances (fromone bl ock
face to the opposite face) indicate that the signal-to-noiseratio
of data recorded on the cube nounting is simlar to that of data
recorded with the stud nounting.

The responses recorded on the nylon and zinc nuts are very poor
(Figures 6-5e and f), especially for the nylon nut. They show
poorer signal-to-noise than the data recorded on the square stee
plate with the short bolt (Figure 6-5c), even though they are nuch
cl oser to the source.

Ti me responses acquired with the PCB accel eroneter using 6 types
of receiver nountings are presented in Figure 6-7. The
correspondi ng frequency spectra are shown in Figure 6-8. The
responses obtai ned on the steel cube, allum numnut, and nyl on nut
mountings (Figures 6-7c, d, and e) are clearly dom nated by a
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FI GURE 6-7: Tinme responses recorded with the accel eroneter from
PCB using different types of nmounting nmethods. The data were
acquired on the concrete | aboratory bl ock, using burst chirps
froma piezoelectric source.
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FI GURE 6-7, conti nued.

resonance at approximtely 19.5 kHz. The wavefornms ring after the
first arrival, obscuring later arrivals. The response fromthe

steel plate nmounting displays sonme ringing for a relatively short
anount of time after the first arrival (Figure 6-7b). The responses
obt ai ned on the masonry anchor and zi nc nut nountings clearly show
t he nost inpul sive waveforns (Figure 6-7a and f). O these two,
the data trace fromthe zi nc nut nounti ng shows t he hi gher frequency
response (Figure 6-8).

Time series recorded with the PCB accel eroneter on nountings i n nut
group #2 (refer to Figure 6-3 for nut group | ocati ons) are presented
in Figure 6-9. Conparison of these waveforns to those from nut
group #1 (Figure 6-7d, e, and f) show significant differences for
the allum num and zi nc nut nmountings. The differences are nost
dramatic for the allum num nut nmountings. The response recorded
on the allum numnut in group #2 (Figure 6-9a) is nmuch higher in
frequency and shorter in duration than the correspondi ng response
fromgroup #1 (Figure 6-7d).

Frequency spectra of the data acquired on the two sets of nut

nmount i ngs are conpared in Figure 6-10. The solid curves represent
t he spectra fromnut nounting group #2, while the dotted curves are
t he spectra for nut group #1. The dramatic difference in frequency

44



wn 119ads apniiubau yoes 8 IS 0] pasn sual|dIy | aJe
puaba | @yl ul uanIb slagunu ayl 2-9 ainbi4 ul el1ep ayl Jo eil1dads Aousnbali4 :8-9 JHO |4

T# dnoi6 ‘nu 2uIZ —

(L€ °0x) T# dnoub ‘“Inu uo |AN- — —
(S '0x) T# dnoub ‘JnUuwNU WN |y ===~=~=
loyoue AJUOSHN =— =

110 Buo| yim aled (991
(T'0%) 99ND 991G --------

(ZHY) AONINOIYS

000 0

d3awvos

070 0

(AU) 3anL INOWA ¥3 IMNo4

G100

45



(a) Al'lum num nut, group #2

0. 25

0. 05— J

-0. 15—

-O- 35 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
(b) Nylon nut, group #2
0. 20— AN

(c) Zinc nut, group #2

1
o
N
o

AVPLI TUDE (V)
o
o
T

0. 18— n
-0. 02- |
_0.22_ I I I I I I I I I I 1 I I I I 1 I 1
-0.5 0.0 0.5 1.0
TIVE (1s)

FI GURE 6-9: Tinme responses recorded with the accel eroneter from
PCB using the three nut nountings in group #2.

content for the two allum num nut nountings is clear (Figure 6-
10a). The spectra fromthe two zinc nut nountings al so show sone
substantial differences (Figure 6-10c), whereas the results for the
two nylon nuts are nearly identical (Figure 6-10b).

The | ow frequency response of the allum numnut nmounting in group
#1 conpared to that of group #2 is not |ikely due to actual
differences in the seismc energy reaching the two receiver

| ocations. The differences are too dramatic to be due to wave

pr opagati on phenonmenon, and ot her recei vers very near the al | um num
nut i n group #1 recorded data wi th substantially hi gher frequencies
(masonry anchor and zi nc nut nountings, Figure 6-8). The differences
are nore likely due to differences in the coupling of the nuts to
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FI GURE 6- 10: Conpari son of response spectra of data obtained on
t he nut nmountings in group #1 (dotted curves) and group #2 (solid
curves).

the concrete surface. The allum num nuts were epoxyed to the
concrete surface after all of the other receiver nountings were in
pl ace. Because the allum numnut in group #1 was surrounded by
ot her nearby receiver nountings, it was difficult to spread out the
epoxy thinly on the concrete surface. The epoxy was easier to
spread out for the allum numnut in group #2, since it was not
conpl etel y surrounded by ot her mountings. A thicker | ayer of epoxy
coul d potentially explain the | ower-frequency response of the data
acquired on the all umi numnut nmounting in group #1 conpared to the
data fromthe nounting in group #2. Sone differences in coupling
coul d al so be caused by differences in the roughness and porosity
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of the concrete surface in different |ocations (although the
concrete was sanded before the nuts were glued). Such differences
in coupling may al so account for the differences in the frequency
content of the data acquired on the two zinc nut nountings.

6. 3 Concl usi ons

Epoxy provi ded better coupling than silicon grease for one of the
pi ezoel ectric transducers (sensor #5). The P-wave anplitude al nost
doubl ed when epoxy was used rather than silicon grease. The shear-
wave energy was up to 4 tines stronger with the epoxy nounting t han
with the silicon grease nounting. The frequency content of the

recorded data was sinmlar for the two types of adhesive nounti ngs.

Data acquired with the WI coxon accel eroneter on all but one type
of receiver nounting are dom nated by resonances at about 8 to 10
kHz. The persi stence of this resonance for many types of nountings
makes the W1 coxon accel eroneter an undesirabl e choice for seismc
t omogr aphy data acqui sition.

Data acquired wth the PCB accel eroneter on the masonry anchor and
zinc nut mountings show the nost inpul sive character and hi ghest
frequency responses. Sone of the data obtained with the all um num
nut mounting al so display simlar qualities. Two of the four data
traces acquired with the all um numand zi nc nut nmountings (Figures
6-7f and 6-9a) clearly contain higher frequencies than the data

acquired with the masonry anchor nounting (Figure 6-7a). These two
nut nmountings yield data with dom nant frequencies of about 34 to
36 kHz (Fi gure 6-10a, solidcurve, and 6-10c, dotted curve), conpared
to a dom nant frequency of about 26 kHz for the masonry anchor nount
(Fi gure 6-38)

The type of mounting nmethod that produces data wth the nost
consi stent character cannot be determined fromthe |imted data
that was acquired in the | aboratory. These test results indicate
t hat significant changesinthe character of the data can potentially
be caused by variations in the coupling charactistics of epoxyed
receiver nountings. The variability of data obtained on masonry
anchor nountings was not investigated. Dat a shoul d be acquired
in the field on several nmasonry anchors and epoxyed nountings in
order to look for trends in the character of the data and determ ne
whi ch t ype of nmounti ng produces data with the best overall qualities
and consi stency.
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7.0 EVALUATI ON OF SOURCES
7.1 Field Tests

7.1.1 Sonic Logging Tool Source

Data acquired at Monticello Damw th the sonic | oggi ng tool source
inthe reservoir inmediately upstream of the dam (probably wi thin
i nches of the damface) and receivers nounted on the west gallery
wal I have al ready been presented (See Section 5.2, Figures 5-9 to
5-13). Data were acquired for source-receiver separations up to
43 feet and ray angles up to 57 degrees fromhorizontal. However,
despite averagi ng as many as 500 pul ses of the sonic tool at the
hi gher angles, the signal-to-noise ratio is only fair (Figures 5-
11 and 5-12).

Attenpts were nade to record t he sonic tool signal fromthe reservoir
to the dowmnstreamface. The PCB accel eroneter, which is the | east
sensitive of the three acceleroneters tested, did not detect any
obvious signal. No attenpts were nmade to enhance the data with
processing or anplifiers. (The other two accel eronmeters had
probl ems with nounting and wiring at the tine of these tests.) The
three piezoelectric transducers from JODEX and the tweeter from
Radi o Shack recorded a weak signal at an angle of 8 degrees from
hori zontal and a source-receiver separation of about 68 feet.
However, these sensors detected nothing at an angle of 51 degrees
and a separation of 106 feet.

Base on these tests, we conclude that this sonic |ogging tool may
be used as a seisnic source over relatively short distances (upto
30 or 40 feet through concrete). However, it is not strong enough
to transmt energy through the thicker sections of a dam

Anot her potential disadvantage of this tool as a seism c tonography
sourceisitsrelatively narrow band frequency excitation. Assun ng
t hat data acquired with the PCB accel eroneter yield fairly accurate
i ndi cations of the seismc frequencies generated, nost of the
seismc energy |lies between 13 and 17 kHz (Fi gure 5-13b). However,
a broader frequency band is desirable for two reasons. The hi gher
t he frequency of the recorded data, the better the spatial resol ution
of the conputed tonograns. However, higher frequencies attenuate
nore severely than | ower frequencies. Since it is not known in
advance precisely what frequencies wll propagate through the dam

49



for all source-receiver separations needed, it is probably best to
input a wi de range of frequencies so that good quality data wll
be obtained for all source-receiver conbinations.

Anot her reason that a wi de frequency band may be better than a
narrow one is that a narrow frequency band may cause the results
of anplitude tonography to be "biased" toward i magi ng obj ects that
are about the sanme size as the seisnic wavel ength corresponding to
t he dom nant frequency. The reason for this is that anomalies of
acoustic inpedence (density and/or velocity variations) nost
strongly scatter seismc energy havi ng wavel engt hs that are about
the sane size as the anomaly. Qur current anplitude tonography
processi ng al gorithmdoes not account for scattering. Areas that
produce a | arge anmount of scattering will be i naged as areas havi ng
highintrinsic attenuation. For these reasons, a broad-band source
islikely to allowthe anplitude tonography to i nrage anonal i es of
varying sizes nore uniformy than a narrow band source.

7.1.2 Surface Sources

Surface seismc sources were tested between the east gallery wall
and downstreamface at Monticello Dam (Figure 3-3a). The sources
were used inside the gallery, and a receiver was nounted on the
downstreamface. The di stance between source and recei ver was about
45 feet. The angle of the direct raypath was about 5.5 degrees
above horizontal fromsourcetoreceiver. (Some of the data acquired
during these tests were presented previously in Section 5.2.)

Al t hough various receivers were used during these tests, only the
results fromthe PCB accel erometer are included in this section.
The responses fromthis recei ver were chosen because in other tests
it showed t he broadest frequency response and | east sensitivity to
recei ver nounting effects (See Sections 5and 6). This accel eroneter
was st ud-nount ed on the downstreamface of the damusing a 1/ 4-inch
steel masonry anthor bolt.

The piezoelectric transmitter built and used for the | aboratory
tests (See Section 3.1) was only partially tested at Monticello
Dam Initial tests indicated that the signal was too weak for the
short burst chirp used for the | aboratory tests to be transmtted
t hrough the 45 feet of concrete between the gall ery and downstream
face. Very weak responses were obtained of continuous sine waves
at sone frequencies. Problenms with the anplifier and tine
constraints prevented further field testing of this source. The
testing did denonstrate that a stronger piezoel ectric source woul d
be required for field work and that it would nost |likely need to
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be dri ven by sone type of | ong sequence rat her than a short i npul sive
si gnal .

Three i npact surface sources were tested: the small Schm dt hammer
(size "N'), the large Schm dt hanmrer (size "M'), and the nail gun.
Section 4 contains a description of these sources. The nail gun
pi ston was driven against a steel plate (approxinmately 3/8-inch
thick) that was bolted to the gallery wall. The Schm dt hamers
were used directly on the concrete. Al sources were used such
that their pistons hit the concrete wall or steel plate at
approxi mately a 90-degree angle. Each recorded trace represents a
single source activation (i.e, the data were not stacked or
averaged). The time sanpling interval was originally set to 7.63
us. After a fewtest shots, the sanpling interval was changed to
15.3 us so that |onger records could be recorded.

Recordi ng was tri ggered using the response of an accel eroneter stud-
mounted on the gallery wall wthin two feet of each source.
Variations in the precise triggering tinme are caused by variations
inthe di stance fromeach source tothe accel eroneter and vari ati ons
in the anplitude of each source relative to the specified trigger
| evel. Furthernore, during acquisition of the nail gun data,
recordi ng was sonetines triggered by the nanual hammer hit to the
back of the nail gun. This manual hamrer hit fires the 22 nm shot
which in turn drives the piston. Because of tine constraints, no
effort was made to optimze the triggering for these tests.

Figures 7-1 and 7-2 show the tinme and frequency responses,
respectively, recorded by the PCB accel eroneter for the two Schm dt
hammers and the nail gun with two different shot sizes. (No
guantitative nmeasure of shot strength is available.) The
relatively weak energy on the traces fromthe 2 nail gun shots
before the arrival of the main energy burst is believedto be caused
by the manual hamrer hit to the back of the nail gun. Wen the
wavef ormfromthe | i ght duty shot shown in Figure 7-1c was acqui red,
recording was triggered by the energy fromthe manual hamrer hit.
When the waveform fromthe heavy duty shot in Figure 7-1d was
acquired, recording was triggered by the energy fromthe piston
hitting the steel plate. The trigger levels were set differently
during acquisition of thetwo tests, because of the different source
strengt hs.

The peak anplitude of the seismc waveformfromthe | arge Schm dt
hamrer source (Figure 7-1b) is slightly nore than twi ce that of the
waveformfromthe small Schm dt hammer (Figure 7-1a). The signal
strength fromthe nail gun using the |light duty shot (Figure 7-1c)

51



5 O(a) Smal |l Schm dt hamer (size N)

2.5
-1. 0
-4. 5
-8.0 ' T ' | ' T ' T ' T

(b) Large Schm dt hamrer (size M

-16 ' | ' T ' T ' T ' T

(c) Nail gun, light duty shot

AVPLI TUDE (V)

-16 ' T ' | ' T ' T ' T

(d) Nail gun, heavy duty shot

: ; | ; T ; T ; T
1.0 3.0 5.0 7.0 9.0 11.0
TI ME (ns)

FIGURE 7-1: Tine responses recorded with the PCB accel eronet er
fromfour different inpact surface sources. The sources were
activated on the east gallery wall at Monticello Dam and the
accel eroneter was nounted on the downstream face. The source -
recei ver separation was 45 feet, at an angl e of about 5.5 degrees
from hori zont al
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FI GURE 7-2: Frequency responses recorded with the PCB
accel eronmeter fromfour different inpact surface sources.

sources were activated on the east gallery wall
Dam and the accel eroneter was nounted on the downstreamf ace.
The source -receiver separation was 45 feet, at an angl e of about

at

5.5 degrees from horizontal.
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is conparable to that fromthe | arge Schm dt hamrer. The nail gun
with the heavy duty shot generates the | argest signal (Figure 7-
1d), which has a peak anplitude on the order of 50%to 60%] arger
t han t he anplitudes of the signals generated with the | arge Schm dt
hamer or the nail gun with the |ight duty shot.

The frequency spectra fromall four sources show a peak at about

11.5 kHz (Figure 7-2). The persistence of this frequency peak for
all four sources suggests that there nmay be sone resonance caused
by the receiver nounting mechanism D sregarding the narrow peak
at 11.5 kHz, the general frequency trends of the seisn c energy

generated by the different sources can be discerned. The energy
fromthe smal | Schm dt hanmer is concentrated in the frequency band
bet ween about 7 and 15.5 kHz (Figure 7-2a). The spectrumfromthe
data acquired using the large Schm dt hanmer source is bi-nodal,

show ng t he strongest response between 3 and 5 kHz and bet ween 10.5
and 13.5 kHz (Figure 7-2b). The data fromthe nail gun shots show
t he wi dest range of frequencies. Except for an overall magnitude
di fference and m nor variationsinsnmall-scale details, the spectra
of the seismc energy recorded fromthe |ight duty and heavy duty
nail gun shots are very simlar (Figures 7-2c and d). These spectra
contain strong responses at nost frequencies between 2 and 16 kHz.

The nail gun was tested further as a potential seismc source by
activating the nail gun on the downstream face of Monticell o Dam
and recording data with a hydrophone | owered into the reservoir

i mredi ately upstreamof the damface. Data were acquired with the
nail gun at a fixed position on the downstream face and the

hydr ophone at various depths in the reservoir (Figure 3-3c). These
tests were conducted in order to evaluate the strength of the nai
gun sour ce and obtain estinmates of the maxi rumdi stances and angl es
over which it can be successfully used.

Heavy duty shots were used for these tests, and the nail gun piston
was driven against a steel plate (approxinmately 3/8-inch thick)
bol t ed ont o t he downstreamface. The nail gun was hel d appr oxi mately
per pendi cul ar to the damface, so that the piston was striking the
steel plate at a 90-degree angle. For nobst of the data acquired,
a single source activation was used. For the data acquired with
the two | argest source-receiver separations, upto 6 nail gun shots
were averaged. The tinme sanpling interval is 15.3 us. Recording
was triggered using the response of an accel eroneter stud-nounted
on the downstreamface within two feet of the source.

Figure 7-3 shows tinme responses recorded at source-receiver
separations ranging from67 to 148 feet and ray angl es rangi ng from
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19 to 80 degrees above the nail gun axis. (When conputing the
ray angles, the downstream face was assuned to di p downstream at
an angl e of 17 degrees fromvertical. This value was nmeasured from
Recl amati on constructi on drawi ng no. 413-D- 103, cantilever F.)

Di sregarding the early, | owanplitude signal on sonetraces believed
to be generated by the manual hammer hit to the back of the nai
gun and sone 60-Hz el ectromagnetic crossfeed, the responses show
good signal -to-noise to a distance of 94 feet and ray angle of 61
degrees fromthe nail gun axis (Figure 7-3a to e). The last two
data traces, at distances of 113 and 148 feet and angles of 71 and
80 degrees, show data with unacceptably | ow signal strength.

Frequency spectra of the data acquired with the nail gun source
bet ween t he downstream face and reservoir at Monticell o Dam are
presented in Figure 7-4. 1In general, the frequency spectra fal
of f abruptly between 7.5 and 9 kHz. Recall that data with
frequencies up to 16 kHz were acquired with the nail gun source
over a distance of 45 feet between the east gallery wall and
downstreamface (Figure 7-2c and d). The | oss of frequenci es above
9 kHz in the data acquired in the reservoir is probably not due to
t he i ncreased source-recei ver di stances, since the frequency ranges
shown in Figure 7-4 for distances varying from67 to 93 feet are
simlar. A nore likely cause of the | ack of higher frequencies in
these datais thelimted frequency response of the hydrophone used
to record the data. This hydrophone was designed for relatively
| ow frequency applications and was tested by the manufacturer (Geo
Space) to only 1 kHz.

7.2 Nunerical Moddeling of the Nail Gun Source

When seismc energy fromthe nail gun source was recorded by a
hydr ophone | ocated in the reservoir at Monticell o dam the signal
strength decreased as the hydrophone was raised in the reservoir
(Figures 7-3 and 7-4). This decrease in signal strength is caused
by both increasing source-receiver separation and increasing ray
angle fromthe nail gun axis. In order to determ ne a mat henati cal
expression for the effects of source-receiver separation and ray
angl e on the P-wave anplitude, a nunerical nodel was devel oped t hat
best fits (in aleast squares sense) the P-wave anplitudes observed
at Monticello Dam The results fromthis nodeling were then used
to predict the P-wave anplitudes that woul d be observed for a w de
range of ray angles and distances. Fromthese results, a genera
gui de about the conbinations of ray angles and source-receiver
separations for which the nail gun source can be successfully used
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FIGQURE 7-3: Tine responses of data acquired at Monticell o Dam
usi ng the nail gun source on t he downstreamface and a hydrophone
receiver located in the reservoir. The distance fromthe source
to receiver, the ray angle fromthe nail gun axi s, and t he nunber
of averages for each trace are | abel ed on the individual plots.
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FI GURE 7-3, continued.
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FI GURE 7-4: Frequency responses of data acquired at Monticello
Dam usi ng the nail gun source on the downstream face and a
hydr ophone recei ver | ocated in the reservoir. The distance from
the source to receiver, the ray angle fromthe nail gun axis,
and the nunber of averages for each data set are |isted above.

on a concrete dam was devel oped.

As the first step in the nodeling procedure, P-wave anplitudes were
measured fromthe data recorded in the reservoir at Mnticell o Dam
(Figure 7-3) using three nethods. Peak anplitude val ues of the

first cycl e of each Pwave were neasured. Average absol ute anplitude
values within a 0.46 ns wi ndowi nmedi ately foll ow ng the first break
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were al so cal cul ated. This wi ndow |l ength represents 2 1/2 cycles
of the P-wave at its dom nant frequency (about 5.4 kHz). Average
absol ute anplitude val ues were al so conputed using a 1.0 ns w ndow
length (arbitrarily chosen). The mathematical equations used for
measur enent of the anplitude val ues are given in Appendi x B.

Ampl i tudes were neasured by nore than one nethod so that we coul d
eval uat e how nuch t he nodel results depend on the particul ar net hod
used to determ ne the P-wave anplitudes. The entire nodeling
procedur e di scussed bel owwas perforned i ndependently for the three
sets of anplitude values. |If the nodel results were to vary greatly
for the three different sets of anplitudes, then the nodel woul d
be judged to be unstable and not very useful.

A nunerical nodel was fit (independently) to the three sets of
observed anplitude values. This nodel accounts for the source
radi ati on pattern, geonetrical spreadi ng, attenuation, and the | oss
of energy as the sei sm c waves cross the concrete/water interface.
Det ai | s of the nodel i ng procedure are given in Appendi x B. Masured
anplitude values, plotted as a function of ray angle, and curves
gener ated by the nunerical nodel are presented in Figure 7-5. The
nmeasured anplitude values and nodel curves are also presented in
Figure 7-6, plotted as a function of source-receiver di stance rat her
than ray angle. The nodel curves do not fit the neasured anplitude
val ues fromthe hydrophone traces recorded at the two deepest

| ocations in the reservoir (the 2 data points at the snallest ray
angles in Figure 7-5 and shortest distances in Figure 7-6) because
t hese val ues were not included in the nodeling procedure. These
anplitude val ues were omtted because initial nodel results

i ndi cated that they may be strongly affected by scattering fromthe
top of the gallery.

Fitting the nunmerical nodel to the observed anplitude val ues yi el ds
estimates of the "effective source anplitude” and attenuation
coefficient (See Appendi x B). The effective source anplitudes and
attenuation coefficients for the three nodels shown in Figures 7-
5 and 7-6 are listed in Table 7-1. In addition, an approxi nmate
value of Q for each nodel is listed in the table. The Q val ues
wer e conput ed fromthe attenuati on coefficients usingthe follow ng
formul a:
_nf

Q Vou!
where f is the frequency, Vp is the P-wave velocity, and a is the
attenuation coefficient. The dom nant P-wave frequency of 5.4 kHz
and the average P-wave velocity conputed fromthe first breaks of
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FI GURE 7-5: Measured P-wave anplitude values (points) fromthe
data shown in Figure 7-3, plotted as a function of ray angl e,
and conmput ed nodel curves. The first two data points were not
i ncluded in the nodeling procedure (see text for discussion).
The nodel paraneters determned by the fit to each data set are
given in Table 7-1.
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FI GURE 7-6: Measured P-wave anplitude values (points) fromthe
data shown in Figure 7-3, plotted as a functi on of source-receiver
di stance, and conputed nodel curves. The first two data points
were not included in the nodeling procedure (see text for

di scussion). The nodel paraneters determ ned by the fit to each
data set are given in Table 7-1
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EFFECTI VE | ATTENUATI ON RVB
MODEL | TYPE OF AMPLI TUDE SOURCE COEEFI Cl ENT 0 ERROR
NO. MEASUREMENT ANVPLI TUDE fi-1 (V)
(nV ft) (ft75)
1 average absolute value 2475 0.0228 483 | 0.118
within 0.46 ms window
2 average absolute value 703 0.0118 93.3 | 0.016
within 1.0 ms window
3 peak amplitude of first 19880 0.0399 27.6 | 0.135
cycle

TABLE 7- 1: Paranet ers conput ed by [ east squares fits to anplitudes
nmeasured fromsei smc data acquired at Monticell o Damusing the
nail gun source on t he downstreamface and a hydrophone recei ver
in the reservoir. The anplitude val ues used and | east squares
fits are shown in Figures 7-5 and 7-6.

the 7 traces shown in Figure 7-3, 15414 ft/s, were used in the
formula. Values of Qestimted by these nodels range from27.6 to
93. 3. Publ i shed Q val ues for concrete were not found in the
literature searched. However, val ues of sandstone, |inestone, and
shal e publ i shed by Knopoff (1964), neasured at freqguenci es between
1 and 13 kHz, range from52 to 73. Hence, although the uncertainty
inthe attenuation coefficients estinmated by the anplitude nodeling
is large, the nodels yield Q values that are the sane order of
magni tude as val ues determ ned for conpetent rocks.

The ef fective source anplitudes and attenuati on coefficients given
by the three nodels were used to estimate P-wave anplitudes for a
range of ray angl es and source-receiver distances. Anplitudes were
conmput ed for two types of receivers: an omidirectional hydrophone
| ocated in the reservoir near the upstream dam face, and a

uni directional receiver, such as an accel eroneter, nounted on a
concrete surface. For thelatter case, the receiver axis is assuned
to be perpendicular to the surface on which it is nounted. For
each type of receiver, two different geonetries were consi dered:
nmeasur enent s between the upstream and downstream faces of a dam
and neasurenents between the crest and face of a dam For
sinplicity, the two damfaces were assuned to be parallel to each
ot her and perpendicular to the crest.

The results for these four situations are presented in Figure 7-7a
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to d. The three curves i n each pl ot represent the results obtained
using the paraneter values fromthe three nodels. Each curve in
Figure 7-7 indicates the conbinations of distances and ray angl es
t hat produce P-wave anplitude estinmates equal to the neasured
anplitude of the P wave in Figure 7-3e. During the field tests,
the seisnogramin Figure 7-3e was acquired with the hydrophone

| ocated at the largest distance and ray angle fromthe nail gun
source that produced data of acceptable quality. Therefore, the
anplitude of this trace was chosen as the m ni numaccept abl e si gnal
| evel . Ray angl es and di stances represented by points bel ow each
curveinFigure7-7 are predictedtoyielddata of acceptabl e quality
(having a higher signal level than that in Figure 7-3e), while
poi nts above each curve are predicted to yield data of unacceptably
| ow si gnal -t o-noi se.

When data are acquired between the upstream and downstream faces
of a damfor the purpose of tonographic imging, ray angles of at
| east 45 degrees are desireable. Figure 7-7a indicates that data
may be acquired using the nail gun source with a heavy duty shot
at a ray angle of 45 degrees up to estimated source-receiver

di stances of about 102 to 118 feet (depending on the nodel used),
when an omi di recti onal hydrophone is usedto record the data. Data
of acceptable quality are predicted to be obtained at a ray angle
of 60 degrees to distances of 78 to 97 feet. The estimated nmaxi mum
di stances are increased if a surface-nounted unidirectional
receiver is used, such as a vertical accel eronmeter (Figure 7-7b).
In this case, the maxi num di stance for a ray angle of 45 degrees
is estimated to be 130 to 177 feet, while the estimated maxi num
di stance for a ray angle of 60 degrees is 118 to 140 feet. The
estimated di stances for the surface-nounted receiver are |arger
than those for the hydrophone for two reasons. First, no energy
is lost across the concrete-water interface when a surface-nounted
receiver is used. Second, the anplitude of a waveformrecorded on
the concrete surface is increased due to reflection of the seismc
energy at the free surface (see Appendi x B).

Dat a acqui sition at very |l arge angl es to both t he source and recei ver
isrequired if data are to be obtai ned between the crest and a face
of a dam This type of geonetry is necessary for obtaining high-
resol uti on tonographi c i mages of the upper section of a dam Figure
7-7d shows the results that are predicted for this situation when
a unidirectional surface-nounted receiver is used. This plot

i ndi cates that good quality data can be obtained at a ray angl e of
80 degrees fromthe nail gun axis to distances of 115 to 139 feet,
Note that the plot in Figure 7-7d is not symetric. According to
t hese nodel s, acceptable quality data can be acquired at greater
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(a) Omidirectional hydrophone in reservoir and
nail gun on opposite dam face
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(b) Nail gun source and unidirectional receiver
nount ed on parallel surfaces.
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FI GURE 7-7: Conbi nations of source-receiver distances and ray
angl es that are predictedto yield acceptabl e data quality using
the nail gun source with a heavy duty shot on a concrete
structure. Each plot represents the estimates for a different
type of receiver or acquisition geonetry, conputed using three
different sets of paraneters (Mddels 1, 2, and 3, Table 7-1).
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(c) Omidirectional hydrophone in reservoir and
nail gun on dam crest
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(d) Nail gun source and unidirectional receiver
nount ed on perpendi cul ar surfaces.
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FI GURE 7-7, continued.
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di stances for very large angles to the nail gun axis than for very
| arge angles to the receiver axis (small angles to the nail gun

axis). This result is due to that fact that the response of the
uni di rectional receiver decreases nore quickly with increasing ray
angl e than does the radi ati on pattern of the nail gun source. These
nmodel s i ndi cate that good quality data can be obtai ned at an angl e
of 10 degrees fromthe receiver axis to di stances of 101 to 117 feet.

The results obtained for data acqui sition using the nail gun source
on the damcrest and an omi di recti onal hydrophone in the water are
shown in Figure 7-7c. Since there is normally at |east 15 or 20
feet of freeboard, this geonetry does not require data acqui sition
at very large angles fromthe nail gun axis (probably not nore than
45 degrees for nobst concrete dans). However, it may require data
acquisition at very small angles fromthe nail gun axis (very steep
raypat hs). These nodels indicate that acceptable quality data can
be obtained at an angle of 10 degrees fromthe nail gun axis to
di stances of 82 to 102 feet.

The plots in Figure 7-7 may be used as general indicators of the
results anticipated when a nail gun source is used as a seism¢c
source on a concrete dam They are especially useful for eval uating
the relative effects of ray angle and di stance on data quality
(i.e., the shapes of the curves are nore useful than the absolute
di stances and ray angles they represent). Several factors may

i ncrease or decrease the distances and ray angles for which
acceptabl e quality data i s obtai ned when using the nail gun source
for a specific project. The sensitivity and noi se characteristics
of the particular receiver being used will greatly affect the
results, as will the quality of the concrete through which the
seism c energy i s propagated. The | evel of background sei sm c noi se
will also affect the results, since it will affect the absolute
anplitude | evel s required to obtain good signal -to-noise. Even the
type of netal plate that the nail gun is used with (material type
and thickness) will affect the results sonewhat, since it affects
the strength and frequency of the seismc energy that is radiated
fromthe source into the concrete. Finally, the nodels that these
pl ots are based on were conputed from data havi ng frequencies up
to about 7.5 to 9 kHz. This frequency cut-off is nost |likely due
tothe limted frequency response of the hydrophone used to record
the data. Seism c energy may be generated at frequencies up to 16
kHz with the nail gun source (Figure 7-2c and d). However, because
of increased attenuation of higher frequencies, the frequencies
above 9 kHz are not anticipatedtotravel to the distances predicted
by the nodels presented here for the | ower frequencies.
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7.3 Concl usi ons

O the seismc sources tested, the nail gun powered by a 22 mmshot
was found to be the strongest source. Data of acceptable quality
wer e acquired at Monticell o Damwith this source fromthe downstrean
face to a hydrophone in the reservoir to a di stance of 93 feet and
ray angl e of 61 degrees fromthe nail gun axis. Numerical nodeling
of the anplitudes of seismc data acquired fromthis source indicate
t hat useabl e data may potentially be acquired at a ray angle of 45
degrees to di stances of about 102 to 118 feet to hydrophones in the
reservoir. The nail gun source generates seisn c energy having a
fairly flat frequency spectrumfrom2 to 16 kHz.

The Schm dt hanmers produced sufficient energy toyieldgoodaquality
dat a t hrough 45 feet of concrete between the gall ery and downstream
face at Monticell o Dam They are | ess powerful and have a narrower
frequency band than the nail gun source. The |arge Schm dt hamer
(size M would be too heavy to be used by clinbers on the face of
a damand is in general nore difficult to use than either the small
Schm dt hanmmer or the nail gun. The snmall hamer (size N) may be
a good sei sm c source for acquiring dataon small concrete structures
(over distances of at |least 45 feet and possibly farther).

The soni c | oggi ng t ool source that was tested may be used to transmt
seism c energy through concrete to di stances of 30 or 40 feet, but
is too weak to be used for face-to-face neasurenents through the
t hi cker sections of a dam |t also has a narrow frequency band (13
to 17 kHz), which is |l ess desireable for seismc tonography than a
br oad- band source.

The piezoelectric transmtter devel oped for the | aboratory tests
can generate frequencies up to at |east 50 kHz. However, it is
much too weak for field applications.

8. 0 CONCLUSI ONS AND RECOMVENDATI ONS

Several types of surface receivers were tested during Phase | of
this research program both in the | aboratory and in the field. An
accel eroneter fromPCB Pi ezotronics (nmodel no. 353B17, cost $275)
was found to yield data having the broadest frequency range. The
ot her two accel eroneters tested show strong, relatively | ow

frequency resonances (2 to 10 kHz). W believe these resonances
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are related to nounting. (However, they persisted for nearly al
of the nmounting nethods tested.) The piezoelectric transducers
tested showed strong susceptibility to el ectromagnetic crossfeed
and poor frequency response. The frequency responses fromsone of
thesereceiverstestedw ththe sonictool source were not consi st ent
with the source frequency spectrum Al so, data acquired at vari ous
di st ances and angl es wi t h t he sane sour ce and recei ver showed erratic
frequency vari ati ons.

During | aboratory tests epoxy provi ded better coupling than silicon
grease for one of the piezoelectric transducers (sensor #5). The
P-wave anplitude al nost doubl ed when epoxy was used rather than
silicon grease. The shear-wave energy was up to 4 tinmes stronger
wi th the epoxy nounting than with the silicon grease nounting. The
frequency content of the recorded data was sim |l ar for the two types
of adhesi ve nounti ngs.

Laboratory tests indicate that the best type of nounting for the
PCB accel eroneter is either a stud nount using a masonry anchor,
or asinple netal nut (zinc and al | umi numnuts were tested) epoxyed
to the concrete surface. Higher frequencies were obtained in the
| aboratory for two of the four netal nut nountings tested conpared
to the single stud nount tested. These two nut nountings yield
data with dom nant frequencies of about 34 to 36 kHz, conpared to
a dom nant frequency of about 26 kHz for the masonry anchor nount.
However, there were al so i ndications that coupling variability for
t he epoxyed nountings may produce signiciant variations in data
qual ity (frequency content and resonances). Since the consistency
of data quality fromone | ocationto another is inmportant in seismc
t onography work and this issue could not be resolved in the

| aboratory, it is recommended that both masonry anchor nountings
and epoxyed nut nountings be used during the initial tonography
data acquisition in order to determ ne the preferred nounting

met hod.

O the seismc sources tested, the nail gun powered by a 22 mmshot
was found to be the strongest source. It also displays a fairly
broad frequency spectrum (2 to 16 kHz), which is preferred to a
narr ow band source for sei sm c tonography neasurenents. For these
reasons, and because it is inexpensive and easy to use, it is
recommended as t he seism c source to be used during the tonography
data acquisition for this research program A robust triggering
mechani sm and a nethod for nounting or tenporarily hol di ng netal
pl at es agai nst the concrete surface need to be devel oped prior to
the field program
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Frequencies ranging from2 to 16 kHz were generated with the nai
gun source at Monticello Dam No ot her nechani cal inpact source
tested yi el ded data with hi gher frequencies. However, frequencies
up to 50 kHz were obtained in the | aboratory with a piezoelectric
transmtter, and frequencies in this range have been obtained in
the field by other investigators (Section 2.0). Devel opnent of a
pi ezoel ectric transmtter that is powerful enough to be used over
| arge distances could potentially increase the frequency content
of seismc data obtained in the field significantly, thereby

i nprovi ng the resol uti on of the tonographi c i nages. The acqui sition
or devel opnent of such a source may be recomended in the future.

The field tests at Monticell o Damdenonstrated the feasibility of
| owering hydrophones into the reservoir inmediately upstreamof a
concrete damfor recording seismc data bel ow the water |evel

(wi thout the use of divers). Reclamation does not currently have
hydr ophones capabl e of recording the full frequency range generat ed
by the nail gun source (up to 16 kHz). A high-frequency hydrophone
string is needed to acquire this data. The accuracy to which these
hydr ophones can be | ocated beneath the water w thout the use of
di vers al so needs to be investigated.
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SPECIFICATION SHEET

Model 736/736T
Small Size, High Sensitivity, High Frequency Accelerometer

INDUSTRIAL MILITARY RESEARCH

SPECIFICATIONS
DYNAMIC
Sensitivity, £5%, 25°C .....covrrverimmisiessssississieseesecseeesns 100 mV/g
Acceleration Range' .... .. 509 peak
FEATURES: Amplitude Nonlinearity .........cc.ocvvenicnieieiciieinicnenceens 1%
r s ; Frequency Response:

Wididynanic minge 5% ¢vevsvesssssssssessssseeeessmseeeres e 5.0 - 15,000 Hz
© Hghsensitvity e 2.0 - 25,000 Hz
* Compact construction to fit in tight spaces Resonance Frequency, mounted, nominal ................... 60 kHz
= Wide frequency range Transverse Sensitivity, Max. ...........co........ e 5% of axial
* Standardized sensitivity Temperature ReSPONSe..........cccccveereevceccecricrssicnicenen. €€ graph
¢ Hermetically sealed

ELECTRICAL
Power requirement: )
VOItage SOUICE .....cccvereeceecieiccesecsieesvessnreeeeee. 18 - 30 VDC
current regulating diode"2...........cccccevnvcivicnen. 2-10mMA
. 0.48" f Electrical Noise, equiv. g, nominal:
dia. ] e r/'% Broadband 2.5 Hz 10 25 KHZ veovvvvoovveooo 150 g
sk SOAXIAL Spectral 10 Hz .. wo 10 pgANHz
Spactor 100 Hz .. 2 pgAHz
1.25" 1,000 Hz .. 1 pghHz
0.93 1/2* hex 10,000 Hz .. 0.8 pghlHz
Output Impedance, max. ................ 150 Q
Bias Output Voltage, nominal . ... 10vDC
H I]m - GIOUNAING o arvsivasscnssiussssinsaissssmusisssissnissmsssisivms s CASH Grolinded
Il S
0.49" 10-32 —— 7 ENVIRONMENTAL
‘ﬁ dia. ‘_\’I\”“’”"“"g hole Temperature Range ........ccccooeovvvrvvivreneniieeseesconeeeeeeee. =50 t0 120°C
Vibration Limit......... 500 g peak
Model 736 Model 736T Shock Limit 5000 g peak
Electromagnetic Sensitivity, equiv. g . 100 pg/gauss

Base Strain Sensitivity .........ccccoevennnn. 0.005 g/pstrain

PHYSICAL
Welght..cssmimminsivissimsmimisssimamins 13 grams
Material ... 316L stainless steel
Mounting .............. 10-32 tapped hole
Output Connector .............. 10-32 coaxial
Cabling: Mating Connector . ... Wilcoxon R1 (10-32 coaxial)
GABIB. o evus cssansecsmsmsmsnssisansiasmmmrsnvassanssest iossstitais J93, coaxial, Teflon jacket,
30 pF/ft

NOTES: ! To minimize the possibility of signal distortion when driving long cables with high vibration signals, 24 to 30 VDG powering is recom-
mended. The higher level constant current source should be used when driving long cables (please consult Wilcoxon Customer Service).

2 A maximum current of 6 mA is recommended for operating temperatures in excess of 100 °C.
ACCESSORIES SUPPLIED: SF1 mounting stud, calibration data

ACCESSORIES AVAILABLE:  R1-2-J93-10 cable assembly, power supplies, amplifiers, signal conditioners, SF5 cementing studs, magnetic
mounting bases, SF4 isolating studs.

TYPICAL TEMPERATURE RESPONSE TYPICAL FREQUENCY RESPONSE

o

Deviation, %

1

5 o

Deviation, dB
AY

5
b

25 50 75 100 120 2 10 100 1K 10k 30k
Temperature, °C Freguency, Hz

|
0
(=]

|
1]
o

i . 98093 Rev. B.1 3/96
Due to continued research and development, Wilcoxon Research reserves the right to amend this specification without notice.

“

WILCOXON RESEARCH, Inc. 21 Firstfield Road, Gaithersburg, Maryland 20878 = 1-800-WILCOXON ¢ 301-330-8811 * FAX 301-330-8873



WILCOXON RESEARCH

(301) 330-8811 = 1-800-WILCOXON - Fax: (301) 330-8873
21 Firstfield Road ¢ Gaithersburg, Maryland 20878

PIEZOELECTRIC VIBRATION INSTRUMENTATION

High Sensitivity, High Frequency Accelerometer
CALIBRATION DATA

Accelerometer Model... 736
Serial Number...... B 2581

* Voltage Sensitivity... 104 mv/g
Mounted Resonance..... 52 kHz
Max Amplitude Range... 50 g peak
Transverse Sensitivity 2 % of axial
Bias Output Voltage... 10.4 Vdc

Frequency Response:

+5% 5 Hz to 238 kHz
+3dB 2 Hz to >25.0 kHz
Calibrated By: F. FUNES Date: _03/24/97

Calibration Station Number: _2

* Reference sensitivity at 100 Hz, 1lg, 25°C.

This calibration is traceable to National Institute of
Standards and Technology, Gaithersburg, MD 20879.
Frequency Response 1is traceable 10 Hz to 10 kHz.
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Model A8000

Voltage Sensitivity [1] (£ 20%)
Measurement Range (for = 5V output)
Measurement Range (for £ 1V output)
Freguency Range [2] (£ 5%)

(£ 10%)

(£ 3dB)
Mounted Resonant Frequency
Phase Response + 5° (at 70°F[21°C])
Broadband Resolution
Amplitude Linearity [3]
Transverse Sensitivity
Sheck Limit - All Axes (Maximum)

(ceana. RcCoelerometer

mV/g [mV/(ms )]
+g pk [£ ms™ pk]
+g pk [£ ms™? pk]
Hz

Hz

Hz

Khz

Hz

g pk [ms™ pk]

%

%

+g pk [+ ms? pk]

1000 [102]

5[50] (*01" option)
1[10] (“02" option)
0.25 to 4000

0.17 to 6000

0.08 to 10000

>20

1 to 4000

0.00003 [0.0003]
<1

<5

6000 [60000]

Operating Temperature Range °*F1°C] -65 to +200 [-48 to +93]
Storage Temperature Range °F [°C] -65 to +250 [-48 to +121]
Temperature Coefficient %/°F [%/°C] 0.10[0.18]
Strain Sensitivity [4] g/pe [(ms?)]ue] 0.001 [0.01]
(5] g/pe [(ms?)/ue] 0.01[0.1]
Excitation Voltage/Constant Current VDC/mA 18 to 28 / 2 to 20 ("01" option)
VDC/mA 5t0 28 /0.3 to 20 (*02" option)
Output Impedance chms <100
Output Bias VDC 8 to 12 (*01" option)
VvDC 1 to 3 (02" option)
Discharge Time Constant seconds =2.0
Warm Up Time (within 10% of output bias) seconds 10
Spectral Noise  [6] (1 Hz) pg/VHz [(pms2)VHz) 15 [150]
(10 Hz) pg/NHz [(pms2)VHz] 1.0 [10]
(100 Hz) ug/NHz [(pms2)Hz] 0.3 (3]
(1 Khz) pghHz [(pms 2)/Hz] 0.212]
Ground lsolation ohms No
Sensing Element material/Geometry PZT/Shear
Housing material Stainless Steel
sealing Welded Hermetic
Size (diameter x height) inch (mm) 0.645 x 0.580 [16.38 x 14.73]
Weight oz [gm] 0.88 [25]
Electrical Connector type/location TO-8 (three pins)
Mounting type Adhesive/Solder
NOTES:

[1] Consult factory for tighter tolerances
[2] Adhesive mounted on cap

[3] Zero based straight line

[4]Socket mounted on pins

[5] Adhesive mounted on cap

[6] Acceleration level equivelant

The use of adhesive is recommended for both cap and pin mounting in
order to achieve maximum high frequency response.
Al specifications are subject to change. Contact factory for latest information.
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CALIBRATION DATA

DATE: 4/15)97
- Matmx-5 SERIAL NO. SENSITIVITY BIAS VOLTAGE . ,
CUSTOMER: 7echnolpgies. Inc. 1 252 258 mvig 98  vDC&—accelenmeter

2 _ 253 57/  mvig ___¢/ _ VOC tested

MODEL:  A8000-CO/ 3 mvig __ vDC
4 mV/g vDC
5 mV/g vDC
6 mV/g vDC
7 mV/g vDC
8 mvV/g vDC
9 mV/g vDbC
10 mV/g vDC
11 __ mv/ig _ vVDC
12 mV/g ' vDC
13 mV/g vbC
14 mV/g vDC
15 mV/g vDC
16 mV/g vDC
17 mV/g vDC
18 mV/g vDC
19 mV/g voC
20 mV/g vDC
21 mV/g vDC
2 _ mV/g VvDC
23 mv/g voC
24 mV/g vDC
25 mV/g vDC
25 mv/g vDC
27 mV/g vDC
28 mV/g vDC
29 mV/g vDC
30 : mV/g vDC
31 mV/g vDC
32 mV/g vDC
33 mV/g vDC
34 mv/g vDC
35 mV/g vDC
36 mv/g vDC
37 mV/g vDC
3¢ mV/g vDC
39 mvV/g vDC
40 mV/g vDC
41 mV/g VvDC
42 mV/g vDC
43 mV/g _ vDC
44 mV/g VDC
45 mV/g vDC
46 : mV/g VDC
47 mV/g vDC
48 mV/g vDC
48 mV/g vDC

50 mv/g vDC




APPENDI X B

MODELI NG P- WAVE AMPLI TUDES OF SEI SM C
DATA RECORDED AT MONTI CELLO DAM

Sei sm ¢ body waves generat ed by a point source can be appr oxi mat ed
by pl ane waves at distances that are several wavel engths fromthe
source (Aki and Richards, 1980). At Monticello Dam frequencies
of about 1 to 8 kHz were recorded wi th a hydrophone in the reservoir
using the nail gun as the seism c source on the downstream face
(Figure B-1). The P-wave velocity in the concrete structure is
approxi mately 15,000 ft/s, and therefore the wavel engt hs of these
data range fromabout 2 to 15 ft. Since we are interested in
nodel i ng data at source-receiver distances of 67 to 148 ft, a pl ane
wave solution is appropriate.

The nail gun creates a unidirectional force acting perpendicul ar
to the surface on which it is used. Since the size of the nail gun
piston is small conpared to the wavel engths of the seism c energy
generated, it may be consi dered a poi nt source. Wite (1983, p.209),

UPSTREAM
FACE

HYDROPHONE []

V, = 5,000 ft/s
p' = 1.0 g/cc

Vv, = 15,414 fis
V, =9,070 ft/s
p = 2.4g/cc

FI GURE B-1: Geonetry and paraneters used for nodeling anpli-
tudes of seismc data acquired at Monticell o Dam
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reproduci ng work by MIler and Pursey (1954), gives a plane wave
solution for the radial (conpressional) displacenent u, generated

by a point force acting perpendicular to the surface of an el astic
i sotropic solid:

() = —2 @@=/ (1)
2anpr

wher e:

Go = force magnitude

p = density of solid
I; = P-wave velocity of solid

r = distance from source
o = angular frequency
t = time

S R(¢) = source radiation pattern

The term 1/r accounts for the decrease in displacenent with
i ncreasi ng di stance fromthe source due to geonetrical spreading.

The source radi ation pattern, Si(¢), describes howt he di spl acenent
varies as a function of the angle ¢fromthe direction of the applied
force (Figure B-1):

cos(l)[l -2(7 /I;)zsinz(l)J
[1—2(VS A )% sin q)J

+4(V. /V )3 sin? v i)
(7 p) sin (I)cos(i)[ -V, p) sin (I)J

V. represents the S-wave velocity of the solid.
For the case of an inelastic solid, intrinsic attenuation can be
i ncorporated into the plane wave solution given by equation 1 by

including the terme ™, where o is the attenuation coefficient of
the solid. The attenuation coefficient is a function of frequency.
When nodel i ng the seismc data recorded at Monticell o Dam P-wave
anplitudes were neasured in the tine domain fromunfiltered data
recorded at various distances and angles. Since in this case al
frequencies are used at one tine, the attenuation coefficient
conputed by fitting the nodel to the nmeasured anplitudes is an
average value for the frequency range of the data anal yzed. This
type of approach is appropriate if the frequency content of the
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dat a bei ng nodel ed doesn’t vary much, as is the case for the data
acquired at Monticello Dam (see Figure 7-4).

When data is recorded in the reservoir upstream of a damusing a
source | ocated on the downstreamface or crest, the seismc energy
crosses the concret e/ wat er boundary before being recorded. Hence,
atermrepresenting the transm ssion coefficient for this boundary
is needed. Wiite (1983, p.35) gives the boundary conditions that
nmust be satisfied for the general case of seismc waves inpinging
upon a solid/liquid boundary. By using only the terns related to
a P wave incident upon the boundary fromthe solid, the follow ng
rel ati onshi ps were derived for the P-wave transm ssi on coefficient

Tp(0) . The prinmed vari abl es i n the equati ons bel owrepresent val ues

for the | iquid, whereas the unprined vari abl es represent the val ues
for the solid.

_ 2a(0)(9)
o) = 3©)50)(16) + 2(0))

a(0) = /1/V§ 2 0)

b(0) = Jl/V'Z% P70

c(0) = J1/V2 2 0)

d(0)

1—2p2(e)V§

1(0) = c2(8)— p>(6)

o(0) = H2O)0)a(0) | p'a(®)
C) p¥2d(0)b(6)

p(0) = S0
p

0i s the angl e of the i nci dent Pwave, neasured fromt he per pendi cul ar
to the solid/liquid boundary (Figure B-1). As a check on the

al gebra, these equations were also derived using the approach of
Aki and Richards (1980, Section 5.2).

The exact distance of the hydrophone fromthe concrete/water

boundary during data acquisition at Monticello Damis unknown. As
t he hydr ophone was | owered i nto the reservoir upstreamof the dam
it slidalong the concrete surface. If the hydrophone did not drift
much in the upstreamdirection as it was | owered beneath t he water,
then the seismc ray path through the water is avery small fraction
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of the total source-receiver di stance. For these reasons, the wave
propagation in the water is not included in this nunerical nodel.

| ncorporating the terns for intrinsic attenuati on and transm ssion
across the concrete/ water boundary into equation 1, the expression
for the particle displacenent at the hydrophone becones:

Go -ar —
,(18) = ST () wloU=r/T) ()
r
p
The prinme on the displacenment subscript » indicates that the

direction of the conpressional displacenent in the water is
different than that in the concrete due to refraction at the

concrete/ water boundary. The variable rrepresents the distance

fromthe nail gun source on the downstream face to the concrete/
wat er boundary near the hydrophone (Figure B-1).

The hydrophone neasures pressure rather than displacenment. From
t he equation of notion (Aki and Richards, 1980, p. 17):

2
, 0 U, 6rr,.
p 2 - a ’
o't - Y
where 1, are conponents of stress. Inaliquid, no shear stresses

exist. The only conponent of stress for this case is t,.., which

by definition is equal to the negative of the » conponent of

pressure, —P,.. Hence, the equation of notion for this case becones:
, 82“r' 0P,
P 0%t or

Representing pressure by the plane wave sol ution

P.(r, 1) =‘P¢J®(V‘f/ﬁﬁ , and taking the appropriate parti al

derivatives, the expression relating displacenent and pressure
becones:

P.(rt
pou (rt) = - r(, )i
d v,
p
T
P.(r,t) —31
"p

Rearrangi ng the terns and substituting the expression in equation
2 for ufogn, the solutionfor the pressure recorded by t he hydr ophone

becones:
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Gon;p'(o
2np V}%r
Assum ng t hat the frequency content of the P-wave dat a bei ng nodel ed
doesn’t vary drastically, o nmay be considered constant. Then the
constant variables may be grouped into one termthat is referred
to here as the “effective source anplitude”, 4g. A constant term
representing the hydrophone sensitivity that relates the acoustic
pressure detected to the electrical voltage generated is al so

needed, and may be incorporated into 4g. Letting S represent the

hydr ophone sensitivity:

. T
P(r.1) = Sanggew*”dw(§+f‘r/%) (3)

o

2
2np V.
npp

_ G VppmS

The peak P-wave anplitude (neasured voltage, represented by 4) is
t hen gi ven by:

AS —ar
[4,r)] = =Sp(0)T ,(0)e (4)

Not e t hat t he hydrophone i s assunmed to be omi directional (for the
dom nant wavel engt hs recorded), since we have not included a
receiver directivity term

Equation 4 was used to nodel the measured P-wave anplitudes of the
data acquired at Monticello Damusing the nail gun source on the
downstreamf ace and a hydr ophone receiver inthereservoir. Al east
squares matri x i nversi on was perforned usi ng QRfactorizati on (CGol ub
and Van Loan, 1983) to solve for values of the effective source

anplitude 43 and attenuation coefficient a. Angles and di stances

(6,¢,7) were cal cul at ed based on neasurenents nade in the field and
assum ng a dip of 17 degrees for the downstreamface of the dam at
the |l ocation of the nail gun source (neasured from construction

drawi ng 413-D- 103, cantilever F). A P-wave velocity of 15,414 ft/
s, the average velocity conputed fromthe P-wave arrival tines of

the recorded seismic data, was used in the equations for Sg(¢) and
Tp(0) . The val ues used for the S-wave velocity (9070 ft/s) and

density (2.4 g/cc) of the concrete are the average val ues obt ai ned
fromsonic and density | ogs perforned previously in two borehol es
in block 8 at Monticello Dam Standard density and vel ocity val ues
of fresh water were used (1.0 g/cc and 5000 ft/s, respectively).
Figure B-1 shows the nbodel geonetry and paraneters.
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P-wave anplitudes were neasured in two ways. The peak anplitude
value of the first cycle of each P wave was neasured usi ng:

amplitude of first peak — amplitude of first trough
2
Aver age absol ute anplitude values within two wi ndows of different
| engths were al so cal cul ated for each trace:

lp +wlen

4,0 =]% S |A(r, 1) bia

t=t,

wher e

tp+wlen

.1
bias = N Z A(r, t)
t=t,
A(r, t) = amplitude of seismic trace recorded at distance » from the source, at time ¢

tp = P-wave arrival time

wlen = length of amplitude window

N = number of samples in amplitude window

The two wi ndow | engt hs used during this nodeling are 0.46 ns (which
represents 2 1/2 cycles of the P wave at its dom nant frequency of
5.4 kHz) and 1.0 ns (chosen arbitrarily). |If the nunber of cycles
within the anplitude windowis fairly consistent for all of the

dat a used (t he frequency cont ent doesn’t vary nuch), thenthe average
absol ute anplitude values are related to the peak anplitudes by a
constant scaling factor. This constant factor can be absorbed into

the unknown constant term A4y in equation 4. Least squares fits

wer e performed i ndependently for the three sets of neasured P-wave
anpl i t udes.

Initially, the anplitudes neasured fromall 7 seismc traces
recorded in the reservoir at Monticell o Dam(Figure 7-3) were used
in the inversions. However, satisfactory fits to the data could
not be obtained. After considering possible explanations for this
problem the nost |ikely cause was judged to be that scattering
fromthe top of the gallery is affecting the neasured P-wave
anplitudes of the two data traces recorded nearest the source (and
nearest the gallery). After elimnating these two values fromthe
i nversion, good fits were obtained to the remaining 5 data points
for all three anplitude data sets (Figures 7-5 and 7-6).

The effective source anplitudes and attenuation coefficients
conputed fromthe | east squares inversions were used to predict
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anplitudes for a |l arge range of source-receiver distances and ray
angles. This forward nodeling was perfornmed for two types of
receivers: an omnidirectional hydrophone | ocated in the reservoir,
and a uni-directional receiver nmounted on either a damface or
crest. For the hydrophone, equation 4 was used for the forward
nodel i ng. For the surface-nounted uni-directional receiver, the

transm ssion coefficient for the concrete/ water boundary (IQGD)

was omtted and a cos® termwas included to account for the
directivity of the receiver. The free surface correction, which
accounts for reflection and phase conversion of seism c energy at
the concrete surface, was al so included. The equation used to
predi ct P-wave anplitudes recorded by a surface-nounted, uni-
driectional receiver is therefore:

|4,.(r)| = %?SR(q))FSC(e)cosee‘” , (5)

where FSC(0) is the free surface correction. The free surface
correction for an incident P wave is given by Aki and Ri chards
(1980, p. 190). In the notation used here, the free surface
correction becones:

J(4p(0)cosB(0)) + (2cos0/(0))’
2
V; jz(e)%_4p (6);9560(6)
i

The definitions of p(6), ¢(0), and f(6) are given on page B-3.

FSC(0) =
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