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1. Introduction

On 31 October 2005, JASCO Research Ltd performed measurements of underwater
acoustic pressure and particle veloérym marine pile driving at the Washington State
Ferries (WSF) Eagle Harbor maintenance facibgated on Bainbridgksland in

Washington State. Ten piles were being installed at the ferries’ maintenance facility as
part of aconstruction project to upgradewalk-on slip to a drive-on slip. Underwater
measurements @coustic pressure and particle velocity were obtained during impact
hammering for a total afight piles. In addition, the construction contractor utilized a
bubble curtain while hammering to reduce underwater noise levels generated by the pile
driving. For two of the piles, acoustic measurements were taken with the bubble curtain
in both active and inactive state to determineetfiectiveness of that equipment in

reducing pile driving noise levels.

This report presents the results of the aforementioned measurements. In the sections that
follow the pile driving and bubble curtain equipment are discussed amaetiheds and

apparatus used to obtain the acoustic measurements are described. The analyzed acoustic
data are then presented, including examples of several pile driving waveforms and

spectra, and the results are used to evaluate the effectiveness of thebriblvidor

reducing sound pressua@d velocity levels from impact hammer pile driving.

2. Project description

This project will improve the efficiency of operations and the Eagle Harbor Maintenance
Facility by converting an existing walk-on slip (Slip B) to a drive-on slip. The project
involves demolition of existing structures and construction of new structures for the slip
conversion. The projeatvolves removal of existing structures and construction of new
structures for slip conversion. Specifically the project includes the following:

* Removal of the two existing steel wing dolphins and one gaedplank and
it's single support pile.

* Installation ofa newconcrete trestle, a hydraulically actuated bridge support
structure and bridge seat, two wing dolphins, steel dolphin, and
modifications to existing Pier 1 including site/slip utilities.

63 creosote-treated wood pilings will be removed from the area surrounding the Eagle
Harbor Maintenance Facility to compensfatethe habitat lost from adding up to 36 new

pilings.



3. Experimental description

Acoustic pressure and particle velocity levels were measured while aftetght

cylindrical steel piles were installed next to a pier at the maintenance facility. The
outside diameter of the piles was 301d the walthickness was 1"The length of the

steel piles ranged from 75 ft. to 80 ft. and the weight of the piles per unit length was 311
Ibs/foot. The piles werdriven into the substratesing a Delmag 62 single-action diesel
impact hammer suspended from a floating cranghotograph of the impact hammer is
shown in Figure 1(a). The weight of the hammiston was 14,600 Ibs. and the unit was
capable of 36-50 blowser minute. The impact hammer featured four energy settings,
labeled 1-4; energy setting 4 was used to hammer the first pile (T7) bubsdiquent

piles were hammered using energy setting 2.

The bubble curtain, which was used to mitigate underwater noise levels from the pile
driving, was custom built by theonstruction contractor. Figure 1(b) shows a photograph
of the active bubbleurtain during the hammering of pile T7. The bubble curtain
apparatugonsisted of 4" thick cylindrical PVCsleeve, 44 ft. long and 4 dutside

diameter, with two interior perforated aerating tubes. The diameter aétheng tubes

was 3 the diameter of the air-hole perforatiomas 1/8"and the hole spacing varied

from 1.5"to 4”. Figure 2(a) shows a photograph of the bubble curtain sheath during
construction and Figur&(b) shows a photograph of the aerating tubes inside the bubble
curtain. Oneaerating tube was located at the bafstéhe sleevand the other was 10 ft.
above the base. The bubble curtain sleeve was lowered over each pile before hammering
and four heavy ballast chains at the base of the sleeve, with a combined weight of 2000
Ibs., anchored the bubble curtain in place. While the bubble curtain was active, an air
compressor supplied tlaerating tubeat a rate of 300-350 CFM (culiieet per minute)

via four air hoses. Thmaximum capacity of the air compressor was 1600 CFM.

In order to measure underwater sound pressure and particle velocity levels during the pile
driving, an acoustic sensor (described in detail in Section 4.2) was lowered off the side of
an adjacent pier. Theater depth at the pile driving location was 10 meters and the
acoustic sensor was deployed mid water column at a depth of 5 mefgian VAew

diagram of the pile layout, showing the approximate deployment locations of the acoustic
sensor, is presented in Figure 3. The ten pileke construction site wegeven the

unique designations T1 through T10 in #mgineering plan; in this report, specific piles

are referred to by their designated names. Prior to each acoustic recording, the range
from the acoustic senstw each pile was measured usingushnell laserange finder.

Table 1 lists the time, pile, ranged deploymenbcation for each acoustic recording.



(b)

Figure 1: (a) Photograph of impact hammer and bubble curtain suspendedrom a floating crane. (b)
Photograph of active bubble curtain during hammering of pile T7.

Figure 2: (a) Photograph of bubble curtain sheathduring construction. (b) Photograph of oneof the
3""diameter aerating tubesaffixed to the inside of the bubble curtain — yellow arrows indicate the
positionsof the 1/8" diameter air holes.
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Figure 3: Plan view diagram of construction site showingthe layout of the steelpiles (labelled T1
through T10) and approximate deploymentlocations ofthe acousticsensor(Loc #1, Loc #2and Loc
#3).

Table 1: Time of day, pile designation,measurementrange and deploymentlocation for each
acousticrecording on 31 October 2005.

Rec # Time Pile Range (m) Position Rec Type
1 12:07:04 T7 10 Loc #1 pressure only
2 12:32:17 T9 10 Loc #2 pressure only
3 12:55:14 T8 10 Loc #2  pressure and velocity
4 13:08:00 T6 15 Loc#2  pressure and velocity
5 13:19:19 T4 19 Loc #2  pressure and velocity
6 13:41:53 T5 16 Loc #2  pressure and velocity
7 14:54:58 T1 10 Loc #3  pressure and velocity
8 15:06:11 T2 9 Loc #3  pressure and velocity

4. Methodology

4.1. Theory

Acoustic particle velocitgan be measured using the presgueglient method, as
described for example by Fahy (1977). It can be demonstrated mathematically, using
Euler’s linearized momentum equation, that the acoustic particle vetoaityoe

computed from the time integral of theoustic pressurmgradient:

V= —J‘iDpdt (Eq. 1)
o
wherev is the vector particle velocity s the fluid density and p is the acoustic

pressure. Experimentally, the pressgradientmay be measured from the differential
pressure between two closely spaced hydrophones:
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wherep is acoustic pressure, i the componerdf velocityalong a single axis and hiis
the hydrophone spacing, which is small compared to the acoustic wavelength. The finite
differenceapproximation of Equation 2 depends on small hydrophone separations
relative to the acoustic wavelength and consequently thareuppeirfrequency limit for
its practical application. It may be demonstrated that the amplitude error, in decibels, due
to this finite-difference approximation lisss than the quantity:

(Eq. 2)

k,h
£ = 20l0g,)| — Eq.3
gl‘{ Zsin(kxh/Z)] (Ea-3)

wherek, = 2xf/c is theacoustiovavenumber, is thefrequencyof soundandc is the
speedf soundin water.

4.2. Measurement apparatus

Forthecurrentstudy,theacoustigpressurgradientwas measured usingcastombuilt,
multi-componenhydroacousticensordesignedy JASCOResearchtd. Thepressure
gradientsensowas composed d pyramidalframesupportingfour ResonTC4043
hydrophones and $ASCOAIM attitude/depthsensor. TheTC4043hydrophones athad
currentNIST traceablecalibrationstheir nominalsensitivitywas —201 dBe V/pPa. The
four hydrophones werseparatedy 50 cm alongthreeorthogonalaxes (denoteds x,y
andz) to measurehe acoustigpressurggradientalongeachdirection;the AIM sensor
was orientedlongthe x-axis tomonitorthe orientationof the sensor. A schematic
diagram anghotograplof the pressurggradientmeasuremergystemarepresentedn
Figure4.

Pressursignals fromthefour hydrophones werted viaa shieldedsubseaableto a
notebookPCbasedacquisitionsystemandsampledat 25 kHz perchannelwith 16-bit
resolution. Subsequergoftwareprocessingvas usedo computedifferential pressure
from theraw pressuravaveforms. Depth,pitch andheadingdatafrom the AIM werefed
via a separateableto a PalmPDA andloggedusingcustomsoftware. Initial reference
measurements @coustigpressuraveretakenusingasingleResonTC4034hydrophone
(nominalsensitivity—218dB re V/uPa)connectedria shieldechydrophonecables taan
Ithaco451M programmablgainamplifier. Pressurevaveforms fronthesingleTC4034
hydrophonevererecordedo the notebookPC basedacquisitionsystemat 100 kHz
samplerate.
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Figure 4: (a) Schematicdiagram of the pressuregradient sensorshownin isometric projection. Four
ResonTC4043hydrophonesare locatedat the positionsindicated HO (origin) HX (x-axis)HY (y-
axis)and HZ (z-axis). The AIM attitude/depth sensoris oriented in the X-direction. The axial
hydrophones HX,HY and HZ are all located50 cm from the origin hydrophone HO. (b) Photograph
of the pressuregradient sensorwith attachedhydrophone cables.

Sensitivitydifferences between theydrophonesverepreciselycharacterizegostfield
deploymentvia a cross-calibratiomprocedurecarriedout as follows:thefive hydrophones
(four TC4043andoneTC4034)weretaped togetheandsimultaneouslgxposedo a
sweptreferencesignal(from 100Hz to 2 kHz) from anunderwatefoudspeaker.The
outputsignals fromthe hydrophones wersimultaneouslyecordedandthe frequency
dependensensitivityof the hydrophones was computed frahe Fouriertransforms of
thecalibrationsignals. Thecross-calibratiofrouriertransforms weresedto apply
frequencydependensensitivitycorrections tdherecordedpressurevaveformdata.

4.3. Data processing

Customsoftware writtenin the IDL dataanalysis language, was usedctumpute
acoustigoarticlevelocity traces frontheraw pressurevaveforms. Theprocessingteps
wereas follows:

1. Thehydrophonereamplifiers’DC offsetwas removedrom the pressure
waveforms and frequencydependensensitivitycorrection basedon the cross-
calibration,wasappliedto the data(seeFigure5).

2. Thepressurdraces werdow-pass filterecat 1330Hz to limit errors inthe
differentialpressurecalculationcausedy aliasingof higherfrequencies1330Hz
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corresponds to the dB errorpointin thefinite differenceapproximation, as
givenby Equation3.

Thesignals athethreeaxial hydrophonestHX, HY andHZ, weresubtracted
from theorigin hydrophone, HOto yield theacoustigressuraeyradienttrace,
Op(t) . Thepressuragyradienttracewas converted twectorparticleacceleration,

ovlat, by dividing by thewaterdensity,po, andthe hydrophonespacingh (see
Equation2).

Theacceleratioriracewas high-pass filteredt 15 Hz to removecumulative
integrationerrors introduced biow-frequencynoisein theacceleratiordata.
High-pass filterings requiredbecauseheintegraloperatoreffectivelymultiplies
the spectrunof theaccelerationtraceby theinverseof frequencypreferentially
amplifying low frequencynoise.

Theacceleratioriracewas integrated ovdime to yield thethree-component
velocitytrace,v(t). Thevelocitytracewas de-trended arfuiigh-pass filtered &
Hz to removesmallcumulativeerrors inthe numericalintegration.

Acoustic metrics

Sound pressure levels

Forthecurrentstudythefollowing metrics havédeenusedfor reportingreceivedsound
pressurdevels fromimpulsivepile-driving noise:

1.

Peak Sound Pressure Levemeasuredn dB re pPa:

£ Ly, = 20l0g,,(maxg p(t)))
Both peakoverpressuré+L) andpeakunderpressuré-Ly) areprovided.

90% RMS Sound Pressure Levelmeasuredn dB re uPa. This metricis
definedas theroot-mean-squargoundpressurdevel overa periodthatcontains
90% of the pulseenergy:

1
Loy = 20Iogl{ /T— [ p(t)zdtJ
90 90

Sound Exposure Levelmeasuredh dB re uP&-s. Forasinglepulse thesound
exposuras defined as thentegralof thesquaredsoundpressurevertheduration
of the puIseevent(seesectior»3.54of ANSI S1.1-1994):

Le =10log,,||. p(t)? dt

For multiple impulsiveevents, theotal soundexposurdevelis computeds the
decibelsum ofthe soundexposureof theindividual events.

Lt =10log,, ZlOL‘E/10

In addition, pressurspectralevels areeportedn units ofdB re pPafAHz. Notethatno
frequencyweighting(e.g., A-weightingor C-weighting)has beemppliedto theacoustic
measurements presentedhis report.
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Figure 5: Plot of relative hydrophone sensitivity, versus frequency,as determinedby cross-
calibration procedure. Nominal hydrophone sensitivity is —201dB re V/pPa.

4.4.2. Particle velocity levels

Vector-valuedacoustigparticlevelocity traces X, y andz) werenumericallycomputed
from differentialpressureneasurementss describeth Sectiord.3. Foreachpulse, a
velocity amplitudetracewas constructettom thevectormagnitudeof the threeaxial
traces:

V(1) =[V(D)| = |V, ()7 +, (1) +V,(1)?
From theparticlevelocity amplitudetrace two velocity level metrics werecomputed:

1. Peak Velocity Leve] themaximum dBlevel of the velocity amplitudetrace:
I-VPk = 20|Og 1O(VPeak)

2. 90% RMS Velocity Level theroot-mean-squaréB level of thevelocity
amplitudetraceoveratime window containing90%of theintegratedsquare
velocity:

Lyoo = 20Iogm(,/J'Tgov(t)2dt)

Notethatthereferencdor particlevelocity levels is nm/sas definedn ANSI standard
S1.1-1994.In addition, particlevelocity spectralevels arereportedn units ofdB re
nm/shHz.

5. Measurement results

During thepile driving constructioractivities atEagleHarbormaintenancéacility on 31
October2005,underwatesoundpressureaneasurements weobtainedfor atotal of
eightpiles andacoustigarticlevelocity measurements weadbtainedfor atotal of six
piles. All piling measurements wetakenoff the sideof apier (as showrin Figure3), at



adepthof 5 meters inl0 meterdeepwater,closeto severaldockedvessels anfloating
constructiorbarges.

Theraw pressuravaveform datavereprocessea@ccordingo the procedures describead
Sectiord.3to obtaindecibelsoundpressurdevel andparticlevelocity level metrics.
Averagevalues forthe soundpressureandparticlevelocity metrics foreachpile are
givenin Table2 andTable3. Notethatatthestartof hammeringor eachpile therewere
oneor two blows whergheimpacthammeipistondid notdeliverafull stroketo thepile;
theseweakinitial blowswerediscardedrom theaveragenetrics presenteih thetables.
Forpiles T7andT8, separatenetricsareprovidedin Table2 for pressuraneasurements
with the bubblecurtainactiveandinactive. Thesedatashowthat,on averagetheactive
bubblecurtainreducedoeakpressurdevels by9.1dB (combinedoverpressurand
underpressureggndRMS pressurdevels by8.6dB. Similarly, the velocity datafor pile
T8 in Table3 showthat,on averagetheactivebubblecurtainreducedpeakvelocity
levels byl1.4dB andRMS velocity levels by12.1dB. In addition,theactivebubble
curtainconsistentlyincreasedhe pulselength, Too, of boththe pressureandvelocity
traces. The peakpressureisetime could not be computedecausehe bubblecurtain
alteredthe shapeof the pile driving pulsesothatthe maximum pressureas observed
manyoscillations aftetheinitial onset(c.f., Figure6). This madehe calculationof the
initial rise-timeproblematicat best,sinceit was notpossibleto identify anunambiguous
peakin thepile driving data.

Twentypressurdraces from théhammeringof pile T8 arepresentedn Figure6 showing
the comparisorbetweerthe activeandinactivebubblecurtain. Multiple peaks inthe
pressurevaveforms inFigure6 werecausedy multipathreflections fromthe water
surfaceandseabedndfrom thehulls of nearbyvessels antdarges.A comparisorof
averagepressurespectralevels forpile T8 with the bubblecurtainactiveandinactiveis
presentedn Figure7. Thesespectrashowthat,althoughthe bubblecurtainattenuated
thepile hammeringhoiseat mostfrequenciesthe attenuatiorwas notuniform. Indeedat
certainfrequencies(e.g., at245Hz and1230Hz) the bubblecurtainappears tthhave
enhancediatherthanattenuatedthe hammeringhoise. Notethattheseenhancegeaks
werearepeatabldeaturefor all strikes onpile T8, sincethe spectrgresentedn Figure7
aremeanspectralevelsoverall hammerblows; however the contributionof these
narrowpeaks taheoverallreceivedevelis verysmall. Absorptionandscatteringof
soundby a bubblecurtainis acomplexphysicalprocess and is beyondthe scopeof the
currentstudyto identify the precisephysicalmechanism thatauses thesesonances.

Triaxial velocity traces forpile T8, for the sametwentyhammerblows,arepresentedn
Figure8. This figureshows thataximum peakevels from pileT8 wereobservedn
the X-channel(radial) velocity trace. This observatioms consistentvith thelogged
orientationof the pressurgradientsensoduringthe measurementhedigital compass
indicatedthatthe X-axis of theinstrumentwas pointedn thedirectionof pile T8 to
within 10 degrees.In addition,whenthe bubblecurtainwas inactivethe Z-channel
(vertical)velocity traceconsistentlyexhibiteda strongnegativedeviationat the onsetof
the pile hammeringpulse. This downwardparticlemotionis likely attributableto the
downwardmovemenbf the pile uponimpactof the pile driving hammer. Figure9
shows averageelocity spectralevels forpile T8 for thethreemeasuremerdaxes with
thebubblecurtainactiveandinactive. As with pressurethe bubblecurtain’s attenuation



of thevelocity spectravas notuniform with frequency.In addition, comparindrigure9
with Figure7 onecanseethatlower frequencies inthevelocity spectralevels areclearly
enhancedelativeto the pressurespectralevels. This amplificationof lower frequencies
in thevelocity traceis dueto theintegrationprocess linkingrelocity anddifferential
pressuren Equationl: theintegraloperatoreffectivelydivides thedifferential pressure
spectrum byfrequencyf, thus attenuatingigh frequencies inthevelocity tracerelative
to low frequencies.This is arealphysicalconsequencef therelationshipbetween
differential pressurdor, equivalently,accelerationpndvelocity andis notanartefactof
thedataprocessindgechnique.

Table 2: Mean sound pressurelevels andtotal soundexposurelevelsmeasuredduring hammering of
eachindividual pile. The five metrics provided in the table are meanpeak overpressure(+Peak),
meanpeak underpressure(—Peak),mean90% RMS level (RMS90), total soundexposurelevel (SEL)
and mean90% pulseperiod (Ty). Separatelevels aregivenfor recording periods wherebubble
curtain was active(on) and inactive (off).

Sound Level (dB re uPa')
Pile Range (m) Bubbler Strikes +Peak —Peak RMS90 SEL Tgo(msec)

TS5 16 *OFF 25 203.7 2022 1925 193.0 40.4
T7 10 OFF 9 2021 2035 192.2 188.7 45.5
T8 10 OFF 15 2028 204.2 192.6 190.6 38.1
T1 10 ON 13 1935 196.6 182.6 183.1 84.1
T2 9 ON 8 1957 196.6 1855 182.1 53.2
T4 19 ON 15 1925 1904 1814  180.9 52.8
T6 15 ON 18 1955 192.7 185.0 184.0 39.0
T7 10 ON 11 1943 1941 184.2 182.0 49.9
T8 10 ON 12 193.2 1944 1833 181.9 55.6
T9 10 ON 9 1911 189.7 180.3 177.1 49.3

" Units of sound pressure (Le, Leoo) are dB re uPa and units of sound exposure (Lg) are dB re pPa’s.

¥ The bubble curtain sheath was altogether absent during hammering of pile T5.

Table 3: Mean velocity levelsmeasuredduring hammering of eachindividual pile. The three metrics
provided are meanpeakvelocity (Peak), mean90% RMS velocity (RMS90) and mean90% pulse
period (Ty). Separatelevelsare givenfor recordings wherebubble curtain was active(on) and
inactive (off).

Velocity Level (dB re nm/s)

Pile Range (m) Bubbler Strikes Peak RMS90 Ty (Mmsec)
T5 16 'OFF 25 137.9 128.3 58.1
T8 10 OFF 15 140.5 129.4 61.7
T1 10 ON 13 130.5 117.6 223.9
T2 9 ON 8 132.7 119.2 185.3
T4 19 ON 15 129.1 114.6 198.5
T6 15 ON 18 130.7 119.0 82.2
T8 10 ON 12 129.1 117.3 141.9

f The bubble curtain sheath was altogether absent during hammering of pile T5.
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Figure 6: Pressurewaveformsfrom impact hammering of pile T8 showingcomparisonbetween
inactive bubble curtain (left) and active bubble curtain (right). Measurements werdgaken at 10
meters horizontalrange and 5 meters depth.
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Figure 8: Triaxial particle velocity traces from hammering of pile T8 showingcomparisonbetween
inactive bubble curtain (left) and active bubble curtain (right). Measurements werdaken at 10

meters horizontal range and 5 meters depth.
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in red.
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6. Summary

Acousticsoundpressureandparticlevelocity measurements weabtainedirom impact
hammerpile driving of eight30in. diametersteelpiles atthe EagleHarbormaintenance
facility on 31 October2005. Soundpressurendparticlevelocity waveforms were
measuret5 meters depthn 10 meters ofwater,at horizontalranges from 90 19
meters. Underwatemnoiselevels from thepile driving weremitigatedusinga 47 in.
diameterbubblecurtainsleevearoundthe piles,with anairflow rateof approximately
350CFM,; theeffectiveness ofhe bubblecurtainwas evaluately comparingpile
driving soundlevels withthe bubblecurtainactivatedanddeactivated.With the bubble
curtaindeactivatedhe highestsoundlevels weremeasuredrom pile T8 at 10 meters
range:204.2dB re uPapeakpressurend190.6dB re uPaRMS pressure140.5dB re
nm/s peakvelocityand132.7dB re nm/s RMSvelocity. With thebubblecurtain
activatedthe highestsoundlevels weraneasuredrom pile T2 at 9 metersrange:196.6
dB re uPapeakpressureand185.5dB re uPaRMS pressurel32.7dB re nm/s peak
velocityand119.2dB re nm/s RMSvelocity. Measurements from pil€7 andT8 at 10
meters rangendicatedthat,on averagethe activebubblecurtainattenuategeakpile
driving soundpressurdevels by9.1dB andpeakparticlevelocity levels byl1.4dB.
Thus thebubblecurtainprovedeffectivein mitigatingboth soundpressureandparticle
velocity levels generatedy thepile driving.

7. Literature cited
ANSI S1.1(1994)American National Standard Acoustical Terminology.

Fahy,F.J.(1977). “"Measuremenbf acoustidntensityusingthe cross-spectralensityof
two microphonesignals.” J. Acoust.Soc.Am. 62(4), pp. 1057-1059.

-13-





