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Executive Summary 

Underwater noise measurements for the purpose of evaluating the noise reduction performance of two 
new pile designs from the University of Washington were conducted on October 29‐30, 2014 in 
Commencement Bay in cooperation with the Washington State Department of Transportation and Port 
of Tacoma. 

Measurements of the underwater noise from impact pile driving were first made using a standard, 30‐
inch pile (October 29th) followed by measurements on two reduced‐noise pile designs both involving 30 
inch piles; one a double‐walled prototype (October 29th) and the other double‐walled mandrel 
prototype (October 30th). 

Measurements were made at a range of 8 to 8. 5 m from the piles using a 9‐element vertical line array 
(VLA) and at two remote locations, at 122 m and 502 m (October 29th) and at 135 m and 535 m (October 
30th). The underwater sound metrics used for comparison were the peak (absolute value) pressure 
(PEAK) in dB re 1 Pa, the root mean square pressure over time period covering 90% of pulse energy 
(RMS) in dB re 1 Pa, the Sound Exposure Level (SEL) in dB re 1 Pa2‐sec. Of these metrics, SEL is the 
most robust and noise reduction of approximately 18 dB is observed. Higher levels of reduction in the 
PEAK (21‐23 dB) were observed at the VLA site but not at the distant sites. The reduction occurred over 
a broad frequency range (Appendix A) and was not frequency selective. 

In terms of permitting, On October 29th a total of 185 pile strikes were made. At the remote range of 
122 m the cSEL was determined to be 183 dB re 1 Pa2 sec, based on computation of the single SELs for 
all strikes (Appendix B). Based on the modeling the estimated range to the 187 dB cSEL isopleth was 
approximately 60 m. On October 30th, there were a total of 70 strikes of much lower energy level 
(because unmitigated control pile was not used) and cSEL was estimated to be 184 dB re 1 Pa2 sec at 
range of about 8 m, setting the 187 dB cSEL isopleth range to be less than 10 m. 



 

 

 

 

   

   

   

   

 

 

 
 

 

 

    

  

 

 

 

   

     

   

 

   

   

 

       

       

   

 

     

   

     

     

 

   

  

 

 

   

 

 

     

 

 

     

   

 

     

   

     

 

     

   

   

   

  

   

   

 

   

  

     

     

     

   

 

 

     

 

 

   

 

     

   

   

    

   

 

 

     

   

   

 

   

   

   

   

     

        

   

   

 

   

       

  

   

   

     

       

   

 

   

 

 

     

 

I. Introduction 

This reporrt summarizees the results of underwateer noise meassurements foor the purposee of evaluatinng the 
noise reduuction perforrmance of twoo new pile deesigns from thhe University of Washingtoon as part of a 
research eeffort fundedd by the Washhington State Department of Transporttation and FHWA. 

The Port oof Tacoma haas joined the rresearch effoort by identifyying a test sitee in Commencement Bay ((Fig. 
1) for fieldd testing and assisting withh the permit process. Testts were conducted on Octtober 29‐30, 22014. 

The tests are divided innto three bassic phases thee first two connducted on OOctober 29th aand the third 
phase on October 30th: 

(1) A standard 30‐‐inch diameteer steel pile as the control pile (CP). Duuring the first part of this ttest 
ann industry staandard unconnfined bubblee curtain was cycled on andd off to also measure the 
noise reduction efficiency oof the bubble curtain. 

(2) Teest Pile 1: A 330‐inch diameeter steel douuble‐walled prototype pilee (DWP) 

(3) Teest Pile 2: A 330‐inch diameeter steel douuble‐walled prototype manndrel pile (MPP) 

Additionaal details relatting to the three phases arre given in Seec. IV. 

Figure 1. Vicinity mapp of Prototyppe Pile Test PProject in Coommencemeent Bay (bluee shaded areaa). 

II. Fixed UUnderwater AAcoustic Meaasurement Loocations andd Geometry 



 

 

 

   

 

 

 

   

   

   

     

   

   

     

     

  

   

 

     

     

   

 

 

   

   

   

 

 

   

   

     

  

     

   

 

   

 

     

     

   

 

   

     

   

   

     

   

     

   

 

  

 

       

    

        

  

 

 

    

   

       

   

   

    

 

   

 

 

 

 

 

Underwatter acoustic mmeasurementts were madee at three locaations designed to measurre underwateer 
sound oveer an unobstrructed propaagation path bbetween pile source and aacoustic receiver. The firstt was 
a 9‐elemeent vertical linne array (VLA) with hydropphone separaation of 0.7 mm. Hydrophonne sensitivity was 
determineed for each hydrophone and accountedd for separateely with averaage being ‐2006 dB re 1 V/Pa. 
This systeem recorded wwith a single hhydrophone ssampling freqquency of 625500 Hz. The position of thhe 
VLA with respect to the three test ppiles and bargge complex is sketched in FFig. 2, photographs of thee 
three pilees made in shoortly after tessting on October 30th are sshown in Figss. 3a and 3b. The relativee 
position oof the 9 hydroophones within the water column is shoown in Fig. 4. 

Figure 2. Position of tthe VLA withh respect to tthe three tesst piles and bbarge compleex. 



     

 

  

 

 

 

 

Figure 3aa. Photograpph made on OOctober 30th of the 3 pilees shown in oorder of nearest to fartheest: 
Mandrel PPile, Double Pile and Conntrol Pile. Buuoy marker oon left showss approximate position oof the 
VLA. 

Figure 3bb. Photograpph made on OOctober 30th of the 3 pilees shown in oorder of nearest to fartheest: 
Mandrel PPile, Double Pile and Conntrol Pile. Thhe VLA, now under tensioon is shown on the left wwhile 
its range from the pilees is measurred. 



 

 

 

 

   

 

 

   

   

 

    

   

 

 

 

   

     

     

      

   

   

 

     

     

   

 

    

   

 

   

 

   

   

     

     

   

     

   

     

   

   

   

   

     

   

   

   

   

     

     

       

       

 

     

   

 

 

   

 

 

 

 

   

   

 

   

   

     

     

 

 

     

     

 

       

 

   

   

 

      

   

   

 

 

 

   

 

 

   

Figure 4. Position of tthe 9 hydropphones on thhe VLA with rrespect to deepth. Note thhis relation 
changes according too tidal condittions. Tidal eelevation 09000-0930, 30 OOctober is similar to thatt at 
1300 29 OOctober. 

The otherr two measurements weree made at remmote sites witth ranges nomminally at 1000 m (Fig 5), annd 
500 m (Figg. 6) from thee pile. Precisee range depended on deplloyment condditions and foor measuremeents 
on Octobeer 29th these ranges were 122 m and 5002 m, respecttively (applyinng to both Coontrol Pile andd 
Double WWall Pile). For the measureements on October 30th thee ranges fromm the pile souurce were 1355 m 
and 517 mm, applying too the Mandreel Pile tests heeld that day. 

At both reemote sites mmeasurements were made with an autoonomous recoording systemm (Loggerheadd 
Systems) with hydrophhone sensitiviity equal to ‐2206 dB re 1 VV/Pa, sampling frequencyy equal to 500000 
Hz. The closer (~ 100 mm) system waas deployed 11 m off the boottom mounted on the trippod as shownn in 
Fig. 7, andd the farther (~500 m) systtem was deplloyed over‐thhe‐side of thee work vessel operated by 
Citizens foor Healthy Baay at depth 100 m, while thee vessel was aanchored on site. 



 

 

 

 

Figure 5. Notional position of the 100 m hydroophone with respect to thhe pile sourcces (see textt for 
exact depployment rannge from pilees.) 

Figure 6. Notional position of the 500 m hydroophone with respect to thhe pile sourcces (see textt for 
exact rannge from pilees.) 



 

   

   

   

 

 

 

   

   

   

       

 

   

   

     

 

   

     

     

 

   

   

   

     

 

   

   

   

     

   

   

 

   

   

   

    

 

   

   

   

   

     

     

   

    

 

 

   

   

 

Figure 7. System depployed at notional 100 m range (see teext for exactt range from piles). Deptths 
for the thhree key meaasurements aare shown. 

A 4th measurement loccation was used to obtain real‐time estiimates of undderwater souund levels. Att this 
stage of the report, wee are forgoingg interpretatioon of measurrements fromm this locationn because of 
ambiguities relating too the sound paath between pile source and acoustic rreceiver as shown in Figuree 8. 
This path would have nnecessarily beeen under thee barge wouldd differ depending on pilee test. 
Furthermore the 3 ft. ddrop in waterr level betweeen 1300 and 11500 on Octoober 29th further complicattes 
interpretaation becausee a larger fracction of the wwater column is blocked. 



   

 

   

 

   

   

 

 

   

     

      

   

 

 

 

     

      

     

   

 

   

   

 

 

       

   

     

     

 

   

   

   

       

   

 

   

 

 

   

   

   

 

 

 

 

   

     

 

   

   

   

     

     

  

   

 

 

 

Figure 8.  Showing pootential issuees relating too the underwwater sound measuremennts taken ovver-
the-side oof the Crane Barge at thee approximatte location ggiven by the rred arrow heead. The craane 
barge exttends beyond the brown-colored area as shown by the dottedd lines. The draft of the 
barge siggnificantly influences undderwater souund propagaation in the ddirection of thhe red arroww. The 
influencee depends onn the particular pile undeer test. 

III. Geneeral Environmmental Condittions and Water Sound Sppeed 

Conditionns were generrally ideal for the measureements as indicated by calmm sea surfacee conditions 
shown in Figs. 9a and 99b. Water teemperature mmeasured at tthe bottom aat the ~100 mm site from thee 
mini‐tripood (Fig. 7), annd on the VLAA (Fig. 4) was 12o C. A souund speed meeasuring devicce (YSI) was 
deployed from the Citiizens for Heallthy Bay, althoough this wass unfortunateely not recoveered. Howevver 
based on the temperatture recordinngs and the saalinity measurrements madde in Commenncement Bay in 
2013, we can estimatee sound speedd at 1490 m/ss. 



 

 

 

            

 

 

Figure 9.   Photograpphs: Top (a) looking out ffrom the sitee and, bottomm (b) lookingg towards thee pile 
source, bboth documeenting the caalm sea surfaace conditionns in effect dduring the meeasurementss. 

IV. Basicc sequence off Events 



                           

             

                              

            

                                  

                             

            

                                   

              

                                   

                              

                                          

                       

                                      

                                   

                                

                                    

               

For measurement phase 1 on October 29th involving the control pile commencing approximately 12:18 
pm, the basic sequence was as follows: 

(i) A single “deadblow” defined as impacting the pile with weight of the hammer only, without 
additional energy supplied to the hammer. 

(ii) A series of strikes during which the hammer fuel setting was changed from 1 to 4 (involving 
settings 1‐2‐3‐4) and bubble curtain activation was either on or off. This series started 
about 10 min after the deadblow. 

(iii) A final series of strikes during which hammer fuel setting was at maximum = 4. This series 
started about 24 min. after sequence (ii). 

The complete record involving the control pile is shown in Fig. 10 (showing just channel 9 for simplicity) 
with exception of the single “deadblow” that occurred at approximately 12:20 pm. Data from sequence 
(ii) measured by channel 9 of the VLA is shown in upper figure and sequence (iii) in the lower figure (no 
strikes occurred within the 2‐minute gap of the upper and lower figures.) 

At the time of the writing of this draft report, the meta data required to establish the precise actions 
and their timing during sequence (ii) relating to changes in fuel settings and the bubble curtain, is not 
available. These changes modulated the peak pressure by approximately 10 dB (e.g., as shown in Fig. 
11). Thus, for purposes of comparison between the control pile and the test pile we will only show 
results from the deadblow and sequence (iii). 



 

 

   

  

 

 

Figure 100. Pressure rrecording froom channel 99 (lowest chaannel) of thee VLA for serries of hammmer 
9thstrikes mmade on the ccontrol pile oon October 22 . Upper pplot shows period duringg which the 

hammer ffuel setting wwas changedd and/or the bubble curtaain was activvated and deeactivated. Loower 
plot showws final set oof strikes durring which thhe hammer fuuel setting wwas held connstant at settting = 
4. Data aare absolute pressure expressed in ddB re 1 Pa. 



 

 

 

 

 

 

   

 

 

   

 

   

 

 

   

 

   

   

     

   

 

 

 

     

     

 

 

   

    

  

     

     

   

     

 

       

   

   

 

   

     

     

 

 

   

   

   

   

   

   

   

   

     

  

   

   

   

     

     

   

    

     

     

     

   

   

    

     

   

     

   

     

     

     

 

   

 

   

 

   

      

   

   

   

 

   

       

     

        

  

   

 

     

 

 

 

   

 

 

   

  

Figure 111. Expandedd view of the first 30 sec ffrom Fig. 10 (upper).  NOOTE:  pressure is absolutte 
pressure expressed in dB re 1 PPa, up to 10 ddB changes aare seen.  

For measuurement phasse 2 on Octobber 29th involvving the doubble wall test ppile commenccing 
approximately 14:18 ppm, the basic sequence waas as follows: 

(i) Two “deaddblows” definned as impactting the pile wwith weight oof the hammeer only, without 
additional energy supplied to the haammer. 

(ii) A series off strikes durinng which the hhammer fuel setting was cchanged fromm 1 to 4 (invollving 
settings 1‐‐2‐3‐4). No bubble curtainn was involvedd. This seriess started abouut 3 min afterr the 
deadblow.. 

(iii) A final seriies of strikes during which hammer fueel setting was at maximumm = 4. This serries 
constituted the last porrtion of seriess of strikes that started with sequence (ii) 

The compplete record innvolving the ddouble wall teest pile is shoown in Fig. 122. Starting at approximateely 
minute 4 (on the time scale of the ffigure) fuel seettings were cchanged in ann unknown mmanner and 
duration ccausing the mmodulation shhown in yelloww shade. Thee blue shade ddenotes the pperiod wheree fuel 
setting waas definitivelyy set to, and hheld at constaant setting = 44, and thus, oonly this segmment of data wwill 
be used foor comparison between thhe control pilee and the testt pile. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

   

 

   

 

   

     

     

   

   

     

     

     

   

 

 

   

    

  

     

     

   

   

   

   

   

   

   

   

   

     

     

 

 

 

   

     

   

       

     

     

   

   

  

   

   

   

     

     

   

     

 

   

   

     

     

   

    

     

    

     

     

   

    

     

 

 

   

 

   

 

       

   

 

   

      

   

 

   

       

     

        

     

      

     

   

     

     

 

 

   

 

 

 

   

 

 

 

 

Figure 122. Pressure recording frrom channel 9 (lowest chhannel) of thee VLA showiing all hammmer 
strikes mmade during ddouble wall ppile test on OOctober 29th..  (No strikess occurred duuring the perriod 
between approximateely 2 and 3 mmin.) Startingg at approximmately minutte 4 on this sscale fuel 
settings wwere changeed in an unknnown manneer and duratioon causing tthe modulation shown inn 
yellow shhade.  The blue shade deenotes the peeriod where ffuel setting wwas definitivvely set to, annd 
held at coonstant setting = 4.  NOTTE: pressuree is absolutee pressure exxpressed in dB re 1 Pa.. 

For measuurement phasse 3 on Octobber 30th involvving the manndrel test pile commencingg approximately 
09:16 pm, the basic sequence was aas follows: 

(i) Three “deaadblows” deffined as impacting the pilee with weight of the hammmer only, withhout 
additional energy supplied to the haammer. 

(ii) A series off strikes durinng which the hhammer fuel setting was cchanged fromm 1 to 4 (invollving 
settings 1‐‐2‐3‐4). No bubble curtainn was involvedd. This seriess started abouut 1 min afterr the 
deadblowss. 

(iii) A final seriies of strikes during which hammer fueel setting was at maximumm = 4. This serries 
started about 2 min. aftter completioon of with seqquence (ii) 

The compplete record innvolving the ddouble wall teest pile is shoown in Fig. 133. Note in this case we have 
chosen too show the record as meassured at the remote site loocated 135 m from the pilee. The same 
situation as regards to meta data exxists on Octobber 30th, and the changes made duringg the period 
denoted bby the yelloww shade cannoot as yet be fuurther interprreted. The blue shade dennotes the period 
where fueel setting wass definitively sset to, and heeld at constannt setting = 4.. Thus, dataa from three 
deadblowws, and the blue shaded area will be useed for comparison betweeen the control pile and thee 
mandrel ttest pile. 



 

 

   

 

 

 

 

 

   

     

   

   

 

 

   

 

 

 

 

     

   

   

 

   

   

     

 

     

   

   

 

     

     

   

 

   

   

 

   

     

   

   

   

     

 

   

   

     

   

 

     

     

   

   

     

   

   

   

     

     

     

     

     

 

     

     

 

   

 

   

     

      

     

     

   

 

   

 

     

 

   

     

   

        

   

  

 

     

   

   

   

    

 

   

 

     

   

   

       

   

   

     

     

       

   

   

   

    

     

   

   

    

     

     

   

 

   

     

     

   

     

 

 

 

 

 

   

 

    

 

 

 

Figure 133. Pressure rrecording froom the autonnomous systtem at rangee 135 m on alll hammer sttrikes 
made durring mandrel wall pile tesst on Octobeer 30th. Startting at approoximately minnute 4.5 on this 
scale fueel settings weere changed in an unknoown manner aand durationn causing thee modulationn 
shown inn yellow shadde. The bluee shade denootes the periood where fueel setting waas definitivelyy set 
to and heeld at constaant setting = 44. NOTE:  prressure is abbsolute pressure expresssed in dB re 1 
Pa.  

V. Compparisons betwween the Control and the TTest Piles 

Comparisons at the Veertical Line Arrray (VLA) 

Three souund metrics are computed from the acooustic measurrements for uuse in comparring the sounnd 
fields origginating from the control ppile and the twwo test piles. The first is tthe peak presssure defined as 
the maximmum absolutee value of thee pressure forr a given strikke, expressed in dB re 1 PPa. For exampple, 
Figs. 10‐13 show somee “quick look”” estimates off this metric. 

The remaining two aree Sound Expossure Level (SEEL) and RMS ppressure, deffined over thee time span 
corresponnding to 90% of the energyy of the receivved pulse as sshown in by tthe red segment in Fig. 144. 
The RMS pressure and SEL are simpply related by the 90% eneergy time spann, and an opeeration as shoown 
in Fig. 14 is done on evvery pressure time series aassociated witth pile strike,, received on each hydrophone. 

Figure 15 examples of PEAK, RMS and SEL as meeasured on chhannels 1 andd 9 on the VLAA, from controol 
pile (left ccolumn) and tthe double wall test pile (rright column); these channels chosen tto give a 
representtative picture of the shalloowest (channeel 1) and deeppest (channel 9) measuremment. The 
shaded arreas in each ccase denote the section of steady condiitions during which the haammer fuel seetting 
equaled 44, and over which averagess are made off the metrics comparison. For example, the blue shhaded 
area for the double waall test pile coorresponds too the blue shaaded area in FFig. 12. 



 

 
   

 

 

   

 

 

 

   

 

   

 

   

   

   

   

  

 

 

   

 

 

   

   

     

   

    

     

     

 

 

     

   

    

 

 

   

     

   

  

     

   

     

     

     

   

   

   

 

     

     

     

   

 

   

     

     

     

     

   

   

   

 

   

   

     

 

   

     

       

     

   

      

   

 

   

   

   

   

    

     

   

     

   

   

        

     

 
   

    

   

   

   

     

 

    

   

     

   

   

   

     

   

 

   

  

 

   

     

       

     

   

   

   

   

   

 

         

     

 

     

   

    

   

     

   

     

   

       

 

   

   

   

 

     

       

       

     

   

      

     

   

     

 

     

 

     

 

  

        

   

 

   

  

   

     

     

     

     

   

   

 

     

     

     

 

     

 

 

 

   

 

 

 

 

 

 

 

    

 

   

   

 

 

Figure 144. Illustratingg the definition of the timme span corrresponding to 90% of thee energy of aa 
broad band pulse.  Thhe time spann, red segmeent in lower leeft figure is ddetermined bby squaring and 
integratinng the pulse in a cumulattive sense (uupper left figure) after whhich the 0.055 –to- 0.95 ennergy 
time duraation is deterrmined.  SELL is then commputed over tthis time durration as shoown in right 
panel. 

The key reesults from thhe testing on October 29th as measuredd at the VLA ssite are shownn in Fig. 16. The 
legend ideentifies the thhree metrics wwith color code. The metrrics as a functtion of depthh for individuaal 
strikes aree shown by thhinner lines oof the same coolor, with ressults from conntrol pile (CP)) distinguished 
from the ddouble wall test pile (DW) by the solid and dashed tthick lines, resspectively, ussed to represeent 
the linearr average (i.ee, non‐decibel average) of the strike datta expressed in decibels. 

Note thatt depths for thhe CP and DWW cases differr for the Octoober 29th owinng to the 0.9 m tidal difference 
between about 1 pm (CP) and 3 pmm (DW). The individual strike data from the CP and DDW are not 
comparabble, however, the linear avverages are coomparable. The difference in dB betwween the CP aand 
DW for eaach hydrophoone, i.e., comparing hydropphone 1 withh 1, 9 with 9, eetc., is shownn by the threee 
columns oof 9 numbers each represeenting in ordeer left to rightt: SEL, RMS and PEAK. 

Of the thrree metrics, PPEAK will typiccally have thee highest variiance becausee it is literallyy based on onne 
time sampple. In contraast, SEL is thee most robustt measure beccause of its time‐integratioon property. In 
terms of tthe individuall strike data wwe generally oobserve a higgher degree flluctuation in the PEAK datta 
(red) and lower fluctuaation in SEL data (blue). 

The row oof larger numbers at the boottom of the plot is as follows: for RMS and PEAK thhese numberrs 
are the avverage of the column of deecibel‐numbeers directly abbove which arre associated with each 
channel. A true depth‐average of PPEAK is somewwhat ill‐defineed, and this is also the casse for RMS for a 
transient pulse. Howeever the averaage values as we have commputed them do representt the central 
tendency of the noise reduction forr these metriccs. 

For SEL thhe number (177.2 dB) represents the deccibel difference of the summ of time inteegrated squarred 
pressuress (Fig. 14), oveer all channels. This is the most robust estimate of nnoise reductioon as it attemmpts 
to capturee all the noisee energy at leeast over the 5.6 m span off the VLA. 



 

 

 

 

 

 

 

 

 Figure 155. Channelss 1 and 9 of thhe VLA correesponding too the Octobeer 29th series of test, withh 
control ppile data showwn in left collumn and doouble wall tesst pile data sshown in righht column. TThe 
shaded aareas in eachh case denotee the sectionn of steady cconditions duuring which the hammer fuel 
setting eqqualed 4, andd over whichh averages aare made of PPeak Pressurre, SEL and RMS pressuure, 
for compparison.  For example, thee blue shadeed area for thhe double waall test pile corresponds to 
the blue sshaded area in Fig. 12.  NNote the diffeering time sccales that refflect the last sequence oof 
strikes foor the control pile and a longer sequeence of strikees for the doouble wall pille with this 
sequencee ending withh fuel settingg 4. 



   

   

 

   

 

   

   

 

 

   

   

   

   

 

 

     

   

     

   

   

    

 

     

 

   

     

   

   

     

     

 

 

        

   

 

 

 

 

 

   

Figure 166. Key resultts of the fuel-setting-4 tests made onn the control pile (CP) andd double wall 
(DW) testt pile on Octoober 29th as measured att the VLA.  Leegend identiifies the threee metrics annd 
color codde with thicker solid line (CP) or dashhed line (DWW) showing thhe linear average over the 
strikes. Inndividual strrike data shoown by thinneer lines of saame color (inn some cases hidden by 
thicker linne). The threee columns oof numbers ccorrespond to the decibeel differencee in mean vallue 
for the 9 hydrophonees, with colummns going frrom left to rigght represennting SEL, RMMS and PEAK. 
Bottom roow of larger numbers is the depth avverage of eacch column foor PEAK andd RMS.  For SSEL 
the bottoom number iss the differennce in depth integrated SSEL as discussed in the ttext. 

The VLA rresults from OOctober 30th ttesting involving the Manddrel pile are shown in Figs.. 17 and 18. AAs 
with the ddouble wall teest pile, results in terms off estimating nnoise reductioon are compaared with the 
control pile measuremments made on October 299th. Figure 17 shows as sammple of the sttrikes measurred at 
the VLA during fuel‐settting‐4 and Fiig. 18 is comppletely analoggous to Fig. 166. 



 

 

 

Figure 177. Channels 1 and 9 of thhe VLA correesponding too the October 30th series of tests invoolving 
the manddrel pile. This data is commpared with control pile data shown in left colummn of Fig. 15. 
Data fromm shaded areeas used in tthe comparisson. 



 

 

   

 

 

   

 

   

 

     

     

   

     

   

   

   

   

 

 

       

     

 

   

   

   

   

   

    

 

     

     

   

  

   

 

   

     

 

     

   

    

   

 

   

     

        

   

 

     

     

     

 

     

   

     

     

     

   

   

 

 

 

     

   

   

     

   

   

 

 

 

 

   

 

 

 

 

  

Figure 188. Key resultts of the fuel-setting-4 tests made onn the control pile (CP) andd Mandrel teest 
pile (MP) on October 30th as meassured at the VLA.  Legennd identifies tthe three meetrics and coolor 
code withh thicker solid line (CP) oor dashed linne (MP) showwing the lineaar average oover the strikkes. 
Individuaal strike data shown by thhinner lines oof same coloor (in some ccases hiddenn by thicker lline). 
The threee columns off numbers coorrespond too the decibel  difference inn mean value for the 9 
hydrophoones, with coolumns going from left too right repressenting SELL, RMS and PPEAK.  Bottom 
row of larrger numberrs is the deptth average off each colummn for PEAK and RMS. FFor SEL the 
bottom number is thee difference iin depth inteegrated SEL aas discussedd in the text.. 

For continnuing to the rremote measuurements it iss worthwhile to revisit thee two SEL reduction numbeers 
17.2 dB foor the DW and 18.0 dB for the MP. Thee SEL data froom the VLA teest are shownn below in Fig. 19 
where now the horizonntal axis is simmply hydrophhone number. As in Figs. 116 and 18, fluuctuations in tthe 
individuall strikes is evident (thoughh less than thee RMS and PEEAK metrics). Reasons for the slightly 
greater deegree of flucttuation for the MP tests arre possibly asssociated withh leakage in aa seal that alloowed 
water to eenter the space between tthe two piles.. However booth DW and MMP settle intoo similar lineaar 
averages over the strikkes (black squuares.) Thesee averaged daata are then summed (in linear space) oover 
the 9 hydrophones to represent a kkind of depth‐‐integrated SEEL, with the ddecibel differeences shown. 



 

 

   

   

 

 

   

   

 

 

 

   

 

     

   

   

   

   

     

   

   

   

       

     

     

   

   

   

   

   

 

   

     

   

   

   

     

   

 

 

 

   

   

   

   

     

   

   

     

    

 

     

 

     

    

 

   

  

   

     

     

 

     

   

 

     

     

   

     

   

       

   

     

     

    

   

     

   

     

       

     

     

   

   

   

      

   

     

   

   

 

 

   

 

 

 

   

 

   

Figure 199. SEL as a fuunction of hyydrophone cchannel for inndividual strrikes (thin bluue lines) for the 
control ppile (CP), douuble wall testt pile (DW) annd mandrel ttest pile (MP)). Black squuares denotee the 
linear aveerage of individual strikee SEL for eacch hydrophone. These ddata are thenn summed ovver 
all hydrophones (in liinear space) with the result decibel ddifference shhown for each test (17. 2 dB 
for the DWW test, and 118 dB for thee MP test. 

Comparisons at the twwo remote sitees 

The resultts from Octobber 29th testinng as measureed at the twoo remote sitess are shown in Fig. 20, andd 
from the OOctober 30th testing in Fig. 21. 

Here the legend color code also ideentifies the three metrics. Individual strrike data is inndicated by 
asterisks aand these corrrespond onee‐to‐one with those measuured at the VLLA. The linear averages off the 
strike data are shown by the closedd squares for tthe control pile (CP) on Occtober 29th, and open squaares 
for the doouble wall pilee (DW) and mmandrel pile (MMP). 

The rows of numbers aare the decibeel difference in mean values going fromm left to rightt: SEL, RMS and 
Peak, which are measuured at range, 122 m (loweer row) and 5502 m (upper row) for Octoober 29th, andd 
ranges 1335 m and 517 m for Octobeer 30th. 

We obserrve that the 17.2 dB value for differencee in depth inttegrated SEL aat the VLA haas reduced to ~14 
dB at rangge 122 m, theen increased bback to at moore consistentt 16 dB at rannge 502 m. TThe mandrel pile 
test resultts, although nnecessarily coompared withh control pile test from thee day before, are very simiilar to 



the double wall pile results insofar aas we also obbserve a ~14 ddB at range 1135 m, which then increaseed 
back to att more consisstent 16 dB att range 517 mm. 

 

   

 

 

 

 

 

     

   

 

   

     

     

     

 

     

    

 

           

 

   

 

 

 

Figure 200. Key resultts of the fuel-setting-4 tests made onn the control pile (CP) andd double wall 
(DW) testt pile on Octoober 29th at the two remoote sites, rannge 122 m (11.4 m off the bottom) andd 
range 5022 m (10 m meeasurement depth).  Legend identifiees the three mmetrics with closed squaares 
(CP) or open squaress (DW) showiing the linear average ovver the strikees. Individual strike data 
shown byy asterisks aand which coorrespond onne-to-one witth those meaasured at thee VLA.  The rrows 
of numbeers correspoond to the decibel differennce in mean values going from left too right:  SELL, 
RMS and Peak, measured at rangge, 122 m (lowwer row) andd 502 m (uppper row). 



 

 

   

   

 

 

   

   

 

 

 

 
 

 

   

 

 

   

   

     

     

     

         

   

   

   

    

 

   

      

   

 

   

     

     

     

 

 

 

 

 

 

   

     

   

   

     

   

   

     

    

 

 

 

 

   

   

 

   

   

   

   

       

 

 

 

 

 

 

   

    

 

 

     

     

 

 

 

 

 

     

     

   

     

     

 

 

 

 

 

     

   

   

     

   

     

   

 

 

 

   

 

   

 

Figure 211. Key resultss of the fuel--setting-4 tessts made on the control ppile (CP) andd Mandrel tesst at 
the two reemote sites, range 135mm (1.4 m off thhe bottom) and range 5177 m (10 m measurement 
depth).  LLegend identtifies the threee metrics wwith closed sqquares (CP) or open squuares (MP) 
showing the linear avverage over tthe strikes. Inndividual strrike data shoown by asterrisks and which 
correspoond one-to-onne with thosee measured at the VLA. The rows off numbers coorrespond too the 
decibel ddifference in mean valuess going from left to right::  SEL, RMS and Peak, mmeasured at 
range, 1335 m (lower rrow) and 517 m (upper roow). 

VI. Summmary of Undeerwater Noisee Attenuationn Results 

Table 1 beelow summarrizes the results for underwwater noise rreduction perrformance forr the SEL, RMS and 
Peak presssure metrics,, for the double wall test ppile measuredd on Octoberr 29th (yellow shade) and 
mandrel ttest pile meassured on Octoober 30th (greeen shade), wwhere in bothh cases the reeduction is rellative 
to the conntrol pile meaasurements mmade on Octoober 29th. 

At first glaance it may seeem curious tthat for a giveen metric thee performance depends onn the range 
measuredd. For exampple, for the doouble wall tesst pile measurement madee on October 29th, SEL 
reductionn was 17‐18 dB at the VLA, decreased too ~14 dB at thhe 122 m andd 135 m sites, and then 
increased to 16 dB at tthe 502 m andd 535 m sitess. 

Measuremment Range VLA: 8‐88.5 m Remotee 1: 122‐135 m Remoote 2: 502‐5355 m 
SEL Reducction (dB) 17.2 18.0 13.8 13.9 16.1 16.3 
RMS Reduuction (dB) 19.1 20.7 14.0 15.9 18.7 19.8 
PEAK Redduction (dB) 21.2 23.2 12.0 13.5 16.4 17.1 

Table 1. Summary off noise reducction in decibbels for the SSEL, RMS annd peak presssure metricss. 
Yellow shhaded valuess are for douuble wall testt pile (Oct 299th test), and green shadeed values aree the 
mandrel pile (Oct 30thh test). Slighhtly differentt ranges appply to the remmote measureements madde on 
October 229th and 30th. 



However, the field fromm impact pilee driving is complex and sppatially varyinng. Figure 22 shows a notiional 
field strenngth of a metric proportional to SEL from impact pilee driving, alonng with the approximate 
bathymettry for the Taccoma site, and locations of the VLA andd two remotee measurements. The field is 
produced using the parabolic wave equation andd implementiing the phaseed Mach‐wavee approach 
outlined in Reinhall and Dahl1. An important chaaracteristic off this field is tthe spatially‐vvarying field sseen 
reflecting from the surrface and botttom and adjuusting to the iincreasing depth. It is antiicipated that the 
acoustic field from a noise‐suppresssed pile will hhave less of thhis characteriistic. 

Thereforee, at some remmote measurement locatioons it is possiible to measuure a reducedd level of sounnd 
from impaact pile drivinng, in comparison with thee level associaated with thatt from a noisee‐suppressedd pile. 
Such a loccation might bbe in the vicinnity of 700 m at depth 10 m, which is oone reason wee avoided thiss 
range. Thhis might havee also influenced the meassurements att range 122 mm (and 135 m)). 

 

 

 

 

   

  

 

 

   

 

                  
   

     

     

     

     

   

     

     

     

   

   

   

 

      

     

   

   

                       
       

     

   

 

   

   

      

   

 

   

     

   

 

     

 

    

     

                   
 

     

     

     

   

 

 

   

     

 

   

     

   

 

   

   

 

   
     

   

   

     

 

 

     

     

     

   

       

 

 
 

   

     

   

 

   
 

 

   

   

   

       

 

 

   

   

     

     

 

   

      

   

   

      

     

 

 

 

      

   

   

     

   

     

   

   

 

   

   

 

     

   

   

   

     

   

    

 

     

  

   

 

   

 

 

 

    

 

 

 

 

Figure 222. Notional field strengthh in decibels for SEL (i.e., proportionaal to) from immpact pile drriving 
based appproximately bathymetry (white dashed line) for tthe Tacoma ssite and tidal conditions in 
effect at 11300 on Octoober 29th. Thhe black marrks show appproximate loocations of thhe vertical linne 
array neaar range 8 m,, and the twoo remote meaasurements at ranges 1222 m and 5022 m. 

Appendixx A: Spectral Content of SSound Exposure Level (SEEL) 

Figure A11 shows the Sound Exposuure Level (SELL) as a functioon of frequenncy for measuurements maade 
on the VLLA (channel 9). The results indicate thaat the reducttion of SEL mmeasured for tthe two test cases 
occurred over a broadd range of frequencies without necessaarily being freequency selective. 

1 Reinhall, P.G. and P. H. Dahl, “Underwwater Mach waave radiation frrom impact pille driving: Theoory and 
observatioon’, J. Acoust. SSoc. Am., 130, SSep. 2011, pp. 1206‐1216. 



 

 

 

 

 

 

 

   

   

 

     

  

   

   

      

     

        

       

     

    

   

     

       

       

     

   

     

   

   

    

 

       

      

    

     

 

   

     

       

   

     

       

     

 

     

     

     

   

     

     

 

   

     

   

     

   

     

       

   

     

 

     

     

     

 

     

     

     

 

     

   

     

   

 

   

 

   

     

     

     

   

   

 

 

 

   

 

 

   

   

Figure AA1. Frequencyy distribution of SEL for the Control Pile and twoo test piles. 

Appendixx B: Cumulative SEL (cSELL) for Octobeer 29th and Occtober 30th 

On October 29th there was a total oof 185 strikes made as partt of the Contrrol Pile and thhe Double Waall 
Pile testinng . At the remote range oof 122 m the ccSEL is 183 dBB re 1 Pa2 seec, based on ccomputation of 
the singlee SELs for all the strikes shoown below inn Fig. B1. Therrefore, the 1887 dB cSEL isoopleth radius was 
less than 122 m on Octtober 29th. Based on the mmodeling shoown in Fig. 22 we estimate the range to the 
187 dB cSSEL isopleth aas approximattely 60 m. 

On October 30th, theree was a total oof 70 strikes involving the Mandrel pile, which put th 68.3e he cSEL at 16 
dB re 1 PPa2 sec at thee 135 m remoote measuremment range. At the VLA siite, the typicaal single SEL oon 
channel 99 was 166 dB (see Fig. 18)). Assuming tthis value appplied to all 700 strikes, this puts the cSELL at 
184 dB re 1 Pa2 sec att the VLA range of about 88 m. Therefoore the 187 dBB cSEL isopletth radius wass less 
than 10 mm on October 30th. 



 Figure B11. History of all 185 strikees made on OOctober 29thh as measureed at range 122 m. 
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	Executive Summary 
	Underwater noise measurements for the purpose of evaluating the noise reduction performance of two new pile designs from the University of Washington were conducted on October 29‐30, 2014 in Commencement Bay in cooperation with the Washington State Department of Transportation and Port of Tacoma. 
	Measurements of the underwater noise from impact pile driving were first made using a standard, 30inch pile (October 29) followed by measurements on two reduced‐noise pile designs both involving 30 inch piles; one a double‐walled prototype (October 29) and the other double‐walled mandrel prototype (October 30). 
	‐
	th
	th
	th

	Measurements were made at a range of 8 to 8. 5 m from the piles using a 9‐element vertical line array (VLA) and at two remote locations, at 122 m and 502 m (October 29) and at 135 m and 535 m (October 30). The underwater sound metrics used for comparison were the peak (absolute value) pressure (PEAK) in dB re 1 Pa, the root mean square pressure over time period covering 90% of pulse energy (RMS) in dB re 1 Pa, the Sound Exposure Level (SEL) in dB re 1 Pa‐sec. Of these metrics, SEL is the most robust and 
	th
	th
	2

	In terms of permitting, On October 29a total of 185 pile strikes were made. At the remote range of 122 m the cSEL was determined to be 183 dB re 1 Pasec, based on computation of the single SELs for all strikes (Appendix B). Based on the modeling the estimated range to the 187 dB cSEL isopleth was approximately 60 m. On October 30, there were a total of 70 strikes of much lower energy level (because unmitigated control pile was not used) and cSEL was estimated to be 184 dB re 1 Pasec at range of about 8 m,
	th 
	2 
	th
	2 

	I. Introduction 
	I. Introduction 
	This reporrt summarizees the results of underwateer noise meassurements foor the purposee of evaluatinng the noise reduuction perforrmance of twoo new pile deesigns from thhe University of Washingtoon as part of a research eeffort fundedd by the Washhington State Department of Transporttation and FHWA. 
	The Port oof Tacoma haas joined the rresearch effoort by identifyying a test sitee in Commencement Bay ((Fig. 
	1) for fieldd testing and assisting withh the permit process. Testts were conducted on Octtober 29‐30, 22014. 
	The tests are divided innto three bassic phases thee first two connducted on OOctober 29aand the third phase on October 30: 
	th 
	th

	(1) 
	(1) 
	(1) 
	A standard 30‐‐inch diameteer steel pile as the control pile (CP). Duuring the first part of this ttest ann industry staandard unconnfined bubblee curtain was cycled on andd off to also measure the noise reduction efficiency oof the bubble curtain. 

	(2) 
	(2) 
	Teest Pile 1: A 330‐inch diameeter steel douuble‐walled prototype pilee (DWP) 

	(3) 
	(3) 
	Teest Pile 2: A 330‐inch diameeter steel douuble‐walled prototype manndrel pile (MPP) 


	Additionaal details relatting to the three phases arre given in Seec. IV. 
	Figure
	Figure 1. Vicinity mapp of Prototyppe Pile Test PProject in Coommencemeent Bay (bluee shaded areaa). 

	II. Fixed UUnderwater AAcoustic Meaasurement Loocations andd Geometry 
	II. Fixed UUnderwater AAcoustic Meaasurement Loocations andd Geometry 
	Underwatter acoustic mmeasurementts were madee at three locaations designed to measurre underwateer sound oveer an unobstrructed propaagation path bbetween pile source and aacoustic receiver. The firstt was a9‐elemeent vertical linne array (VLA) with hydropphone separaation of 0.7 mm. Hydrophonne sensitivity was determineed for each hydrophone and accountedd for separateely with averaage being ‐2006 dB re 1 V/Pa. This systeem recorded wwith a single hhydrophone ssampling freqquency of 625500 Hz. The posit
	th 

	Figure
	Figure 2. Position of tthe VLA withh respect to tthe three tesst piles and bbarge compleex. 
	Figure
	Figure 3aa. Photograpph made on OOctober 30of the 3 pilees shown in oorder of nearest to fartheest: Mandrel PPile, Double Pile and Conntrol Pile. Buuoy marker oon left showss approximate position oof the VLA. 
	th 

	Figure
	Figure 3bb. Photograpph made on OOctober 30 of the 3 pilees shown in oorder of nearest to fartheest: Mandrel PPile, Double Pile and Conntrol Pile. Thhe VLA, now under tensioon is shown on the left wwhile its range from the pilees is measurred. 
	th

	Figure
	Figure 4. Position of tthe 9 hydropphones on thhe VLA with rrespect to deepth. Note thhis relation changes according too tidal condittions. Tidal eelevation 09000-0930, 30 OOctober is similar to thatt at 1300 29 OOctober. 
	The otherr two measurements weree made at remmote sites witth ranges nomminally at 1000 m (Fig 5), annd 500 m (Figg. 6) from thee pile. Precisee range depended on deplloyment condditions and foor measuremeents on Octobeer 29these ranges were 122 m and 5002 m, respecttively (applyinng to both Coontrol Pile andd Double WWall Pile). For the measureements on October 30thee ranges fromm the pile souurce were 1355 m and 517 mm, applying too the Mandreel Pile tests heeld that day. 
	th 
	th 

	At both reemote sites mmeasurements were made with an autoonomous recoording systemm (Loggerheadd Systems) with hydrophhone sensitiviity equal to ‐2206 dB re 1 VV/Pa, sampling frequencyy equal to 500000 Hz. The closer (~ 100 mm) system waas deployed 11 m off the boottom mounted on the trippod as shownn in Fig. 7, andd the farther (~500 m) systtem was deplloyed over‐thhe‐side of thee work vessel operated by Citizens foor Healthy Baay at depth 100 m, while thee vessel was aanchored on site. 
	Figure
	Figure 5. Notional position of the 100 m hydroophone with respect to thhe pile sourcces (see textt for exact depployment rannge from pilees.) 
	Figure
	Figure 6. Notional position of the 500 m hydroophone with respect to thhe pile sourcces (see textt for exact rannge from pilees.) 
	Figure
	Figure 7. System depployed at notional 100 m range (see teext for exactt range from piles). Deptths for the thhree key meaasurements aare shown. 
	A 4measurement loccation was used to obtain real‐time estiimates of undderwater souund levels. Att this stage of the report, wee are forgoingg interpretatioon of measurrements fromm this locationn because of ambiguities relating too the sound paath between pile source and acoustic rreceiver as shown in Figuree 8. This path would have nnecessarily beeen under thee barge wouldd differ depending on pilee test. Furthermore the 3 ft. ddrop in waterr level betweeen 1300 and 11500 on Octoober 29further complicatte
	th 
	th 

	Figure
	Figure 8.  Showing pootential issuees relating too the underwwater sound measuremennts taken ovverthe-side oof the Crane Barge at thee approximatte location ggiven by the rred arrow heead. The craane barge exttends beyond the brown-colored area as shown by the dottedd lines. The draft of the barge siggnificantly influences undderwater souund propagaation in the ddirection of thhe red arroww. The influencee depends onn the particular pile undeer test. 
	-


	III. Geneeral Environmmental Condittions and Water Sound Sppeed 
	III. Geneeral Environmmental Condittions and Water Sound Sppeed 
	Conditionns were generrally ideal for the measureements as indicated by calmm sea surfacee conditions shown in Figs. 9a and 99b. Water teemperature mmeasured at tthe bottom aat the ~100 mm site from thee mini‐tripood (Fig. 7), annd on the VLAA (Fig. 4) was 12C. A souund speed meeasuring devicce (YSI) was deployed from the Citiizens for Heallthy Bay, althoough this wass unfortunateely not recoveered. Howevver based on the temperatture recordinngs and the saalinity measurrements madde in Commenncement Bay in 
	o 

	Figure
	Figure 9.   Photograpphs: Top (a) looking out ffrom the sitee and, bottomm (b) lookingg towards thee pile source, bboth documeenting the caalm sea surfaace conditionns in effect dduring the meeasurementss. 
	IV. Basicc sequence off Events 
	For measurement phase 1 on October 29involving the control pile commencing approximately 12:18 pm, the basic sequence was as follows: 
	th 

	(i) 
	(i) 
	(i) 
	A single “deadblow” defined as impacting the pile with weight of the hammer only, without additional energy supplied to the hammer. 

	(ii) 
	(ii) 
	A series of strikes during which the hammer fuel setting was changed from 1 to 4 (involving settings 1‐2‐3‐4) and bubble curtain activation was either on or off. This series started about 10 min after the deadblow. 


	(iii) A final series of strikes during which hammer fuel setting was at maximum = 4. This series started about 24 min. after sequence (ii). 
	The complete record involving the control pile is shown in Fig. 10 (showing just channel 9 for simplicity) with exception of the single “deadblow” that occurred at approximately 12:20 pm. Data from sequence 
	(ii) measured by channel 9 of the VLA is shown in upper figure and sequence (iii) in the lower figure (no strikes occurred within the 2‐minute gap of the upper and lower figures.) 
	At the time of the writing of this draft report, the meta data required to establish the precise actions and their timing during sequence (ii) relating to changes in fuel settings and the bubble curtain, is not available. These changes modulated the peak pressure by approximately 10 dB (e.g., as shown in Fig. 11). Thus, for purposes of comparison between the control pile and the test pile we will only show results from the deadblow and sequence (iii). 
	Figure
	Figure 100. Pressure rrecording froom channel 99 (lowest chaannel) of thee VLA for serries of hammmer 
	th
	9

	strikes mmade on the ccontrol pile oon October 22 . Upper pplot shows period duringg which the hammer ffuel setting wwas changedd and/or the bubble curtaain was activvated and deeactivated. Loower plot showws final set oof strikes durring which thhe hammer fuuel setting wwas held connstant at settting = 
	4. Data aare absolute pressure expressed in ddB re 1 Pa. 
	Figure
	Figure 111. Expandedd view of the first 30 sec ffrom Fig. 10 (upper).  NOOTE:  pressure is absolutte pressure expressed in dB re 1 PPa, up to 10 ddB changes aare seen.  
	For measuurement phasse 2 on Octobber 29involvving the doubble wall test ppile commenccing approximately 14:18 ppm, the basic sequence waas as follows: 
	th 

	(i) 
	(i) 
	(i) 
	Two “deaddblows” definned as impactting the pile wwith weight oof the hammeer only, without additional energy supplied to the haammer. 

	(ii) 
	(ii) 
	A series off strikes durinng which the hhammer fuel setting was cchanged fromm 1 to 4 (invollving settings 1‐‐2‐3‐4). No bubble curtainn was involvedd. This seriess started abouut 3 min afterr the deadblow.. 


	(iii) A final seriies of strikes during which hammer fueel setting was at maximumm = 4. This serries constituted the last porrtion of seriess of strikes that started with sequence (ii) 
	The compplete record innvolving the ddouble wall teest pile is shoown in Fig. 122. Starting at approximateely minute 4 (on the time scale of the ffigure) fuel seettings were cchanged in ann unknown mmanner and duration ccausing the mmodulation shhown in yelloww shade. Thee blue shade ddenotes the pperiod wheree fuel setting waas definitivelyy set to, and hheld at constaant setting = 44, and thus, oonly this segmment of data wwill be used foor comparison between thhe control pilee and the testt pile. 
	Figure
	Figure 122. Pressure recording frrom channel 9 (lowest chhannel) of thee VLA showiing all hammmer strikes mmade during ddouble wall ppile test on OOctober 29..  (No strikess occurred duuring the perriod between approximateely 2 and 3 mmin.) Startingg at approximmately minutte 4 on this sscale fuel settings wwere changeed in an unknnown manneer and duratioon causing tthe modulation shown inn yellow shhade.  The blue shade deenotes the peeriod where ffuel setting wwas definitivvely set to, annd held at coonst
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	For measuurement phasse 3 on Octobber 30involvving the manndrel test pile commencingg approximately 
	th 

	09:16 pm, the basic sequence was aas follows: 
	(i) 
	(i) 
	(i) 
	Three “deaadblows” deffined as impacting the pilee with weight of the hammmer only, withhout additional energy supplied to the haammer. 

	(ii) 
	(ii) 
	A series off strikes durinng which the hhammer fuel setting was cchanged fromm 1 to 4 (invollving settings 1‐‐2‐3‐4). No bubble curtainn was involvedd. This seriess started abouut 1 min afterr the deadblowss. 


	(iii) A final seriies of strikes during which hammer fueel setting was at maximumm = 4. This serries started about 2 min. aftter completioon of with seqquence (ii) 
	The compplete record innvolving the ddouble wall teest pile is shoown in Fig. 133. Note in this case we have chosen too show the record as meassured at the remote site loocated 135 m from the pilee. The same situation as regards to meta data exxists on Octobber 30, and the changes made duringg the period denoted bby the yelloww shade cannoot as yet be fuurther interprreted. The blue shade dennotes the period where fueel setting wass definitively sset to, and heeld at constannt setting = 4.. Thus, dataa from
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	Figure
	Figure 133. Pressure rrecording froom the autonnomous systtem at rangee 135 m on alll hammer sttrikes made durring mandrel wall pile tesst on Octobeer 30. Startting at approoximately minnute 4.5 on this scale fueel settings weere changed in an unknoown manner aand durationn causing thee modulationn shown inn yellow shadde. The bluee shade denootes the periood where fueel setting waas definitivelyy set to and heeld at constaant setting = 44. NOTE:  prressure is abbsolute pressure expresssed in dB re 1 Pa.  
	th


	V. Compparisons betwween the Control and the TTest Piles 
	V. Compparisons betwween the Control and the TTest Piles 
	Comparisons at the Veertical Line Arrray (VLA) 
	Comparisons at the Veertical Line Arrray (VLA) 

	Three souund metrics are computed from the acooustic measurrements for uuse in comparring the sounnd fields origginating from the control ppile and the twwo test piles. The first is tthe peak presssure defined as the maximmum absolutee value of thee pressure forr a given strikke, expressed in dB re 1 PPa. For exampple, Figs. 10‐13 show somee “quick look”” estimates off this metric. 
	The remaining two aree Sound Expossure Level (SEEL) and RMS ppressure, deffined over thee time span corresponnding to 90% of the energyy of the receivved pulse as sshown in by tthe red segment in Fig. 144. The RMS pressure and SEL are simpply related by the 90% eneergy time spann, and an opeeration as shoown in Fig. 14 is done on evvery pressure time series aassociated witth pile strike,, received on each hydrophone. 
	Figure 15 examples of PEAK, RMS and SEL as meeasured on chhannels 1 andd 9 on the VLAA, from controol pile (left ccolumn) and tthe double wall test pile (rright column); these channels chosen tto give a representtative picture of the shalloowest (channeel 1) and deeppest (channel 9) measuremment. The shaded arreas in each ccase denote the section of steady condiitions during which the haammer fuel seetting equaled 44, and over which averagess are made off the metrics comparison. For example, the blue shhade
	Figure
	Figure 144. Illustratingg the definition of the timme span corrresponding to 90% of thee energy of aa broad band pulse.  Thhe time spann, red segmeent in lower leeft figure is ddetermined bby squaring and integratinng the pulse in a cumulattive sense (uupper left figure) after whhich the 0.055 –to- 0.95 ennergy time duraation is deterrmined.  SELL is then commputed over tthis time durration as shoown in right panel. 
	The key reesults from thhe testing on October 29as measuredd at the VLA ssite are shownn in Fig. 16. The legend ideentifies the thhree metrics wwith color code. The metrrics as a functtion of depthh for individuaal strikes aree shown by thhinner lines oof the same coolor, with ressults from conntrol pile (CP)) distinguished from the ddouble wall test pile (DW) by the solid and dashed tthick lines, resspectively, ussed to represeent the linearr average (i.ee, non‐decibel average) of the strike datta expresse
	th 

	Note thatt depths for thhe CP and DWW cases differr for the Octoober 29owinng to the 0.9 m tidal difference between about 1 pm (CP) and 3 pmm (DW). The individual strike data from the CP and DDW are not comparabble, however, the linear avverages are coomparable. The difference in dB betwween the CP aand DW for eaach hydrophoone, i.e., comparing hydropphone 1 withh 1, 9 with 9, eetc., is shownn by the threee columns oof 9 numbers each represeenting in ordeer left to rightt: SEL, RMS and PEAK. 
	th 

	Of the thrree metrics, PPEAK will typiccally have thee highest variiance becausee it is literallyy based on onne time sampple. In contraast, SEL is thee most robustt measure beccause of its time‐integratioon property. In terms of tthe individuall strike data wwe generally oobserve a higgher degree flluctuation in the PEAK datta (red) and lower fluctuaation in SEL data (blue). 
	The row oof larger numbers at the boottom of the plot is as follows: for RMS and PEAK thhese numberrs are the avverage of the column of deecibel‐numbeers directly abbove which arre associated with each channel. A true depth‐average of PPEAK is somewwhat ill‐defineed, and this is also the casse for RMS for a transient pulse. Howeever the averaage values as we have commputed them do representt the central tendency of the noise reduction forr these metriccs. 
	For SEL thhe number (177.2 dB) represents the deccibel difference of the summ of time inteegrated squarred pressuress (Fig. 14), oveer all channels. This is the most robust estimate of nnoise reductioon as it attemmpts to capturee all the noisee energy at leeast over the 5.6 m span off the VLA. 
	Figure
	Figure 155. Channelss 1 and 9 of thhe VLA correesponding too the Octobeer 29series of test, withh control ppile data showwn in left collumn and doouble wall tesst pile data sshown in righht column. TThe shaded aareas in eachh case denotee the sectionn of steady cconditions duuring which the hammer fuel setting eqqualed 4, andd over whichh averages aare made of PPeak Pressurre, SEL and RMS pressuure, for compparison.  For example, thee blue shadeed area for thhe double waall test pile corresponds to the blue
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	Figure
	Figure 166. Key resultts of the fuel-setting-4 tests made onn the control pile (CP) andd double wall (DW) testt pile on Octoober 29 as measured att the VLA. Leegend identiifies the threee metrics annd color codde with thicker solid line (CP) or dashhed line (DWW) showing thhe linear average over the strikes. Inndividual strrike data shoown by thinneer lines of saame color (inn some cases hidden by thicker linne). The threee columns oof numbers ccorrespond to the decibeel differencee in mean vallue for the 9
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	The VLA rresults from OOctober 30ttesting involving the Manddrel pile are shown in Figs.. 17 and 18. AAs with the ddouble wall teest pile, results in terms off estimating nnoise reductioon are compaared with the control pile measuremments made on October 299. Figure 17 shows as sammple of the sttrikes measurred at the VLA during fuel‐settting‐4 and Fiig. 18 is comppletely analoggous to Fig. 166. 
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	Figure
	Figure 177. Channels 1 and 9 of thhe VLA correesponding too the October 30series of tests invoolving the manddrel pile. This data is commpared with control pile data shown in left colummn of Fig. 15. Data fromm shaded areeas used in tthe comparisson. 
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	Figure
	Figure 188. Key resultts of the fuel-setting-4 tests made onn the control pile (CP) andd Mandrel teest pile (MP) on October 30 as meassured at the VLA.  Legennd identifies tthe three meetrics and coolor code withh thicker solid line (CP) oor dashed linne (MP) showwing the lineaar average oover the strikkes. Individuaal strike data shown by thhinner lines oof same coloor (in some ccases hiddenn by thicker lline). The threee columns off numbers coorrespond too the decibel  difference inn mean value for the 9 
	th

	For continnuing to the rremote measuurements it iss worthwhile to revisit thee two SEL reduction numbeers 
	17.2 dB foor the DW and 18.0 dB for the MP. Thee SEL data froom the VLA teest are shownn below in Fig. 19 where now the horizonntal axis is simmply hydrophhone number. As in Figs. 116 and 18, fluuctuations in tthe individuall strikes is evident (thoughh less than thee RMS and PEEAK metrics). Reasons for the slightly greater deegree of flucttuation for the MP tests arre possibly asssociated withh leakage in aa seal that alloowed water to eenter the space between tthe two piles.. However booth DW and MMP sett
	Figure
	Figure 199. SEL as a fuunction of hyydrophone cchannel for inndividual strrikes (thin bluue lines) for the control ppile (CP), douuble wall testt pile (DW) annd mandrel ttest pile (MP)). Black squuares denotee the linear aveerage of individual strikee SEL for eacch hydrophone. These ddata are thenn summed ovver all hydrophones (in liinear space) with the result decibel ddifference shhown for each test (17. 2 dB for the DWW test, and 118 dB for thee MP test. 
	Comparisons at the twwo remote sitees 
	Comparisons at the twwo remote sitees 

	The resultts from Octobber 29testinng as measureed at the twoo remote sitess are shown in Fig. 20, andd from the OOctober 30testing in Fig. 21. 
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	Here the legend color code also ideentifies the three metrics. Individual strrike data is inndicated by asterisks aand these corrrespond onee‐to‐one with those measuured at the VLLA. The linear averages off the strike data are shown by the closedd squares for tthe control pile (CP) on Occtober 29, and open squaares for the doouble wall pilee (DW) and mmandrel pile (MMP). 
	th

	The rows of numbers aare the decibeel difference in mean values going fromm left to rightt: SEL, RMS and Peak, which are measuured at range, 122 m (loweer row) and 5502 m (upper row) for Octoober 29, andd ranges 1335 m and 517 m for Octobeer 30. 
	th
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	We obserrve that the 17.2 dB value for differencee in depth inttegrated SEL aat the VLA haas reduced to ~14 dB at rangge 122 m, theen increased bback to at moore consistentt 16 dB at rannge 502 m. TThe mandrel pile test resultts, although nnecessarily coompared withh control pile test from thee day before, are very simiilar to 
	We obserrve that the 17.2 dB value for differencee in depth inttegrated SEL aat the VLA haas reduced to ~14 dB at rangge 122 m, theen increased bback to at moore consistentt 16 dB at rannge 502 m. TThe mandrel pile test resultts, although nnecessarily coompared withh control pile test from thee day before, are very simiilar to 
	the double wall pile results insofar aas we also obbserve a ~14 ddB at range 1135 m, which then increaseed back to att more consisstent 16 dB att range 517 mm. 

	Figure
	Figure 200. Key resultts of the fuel-setting-4 tests made onn the control pile (CP) andd double wall (DW) testt pile on Octoober 29 at the two remoote sites, rannge 122 m (11.4 m off the bottom) andd range 5022 m (10 m meeasurement depth).  Legend identifiees the three mmetrics with closed squaares (CP) or open squaress (DW) showiing the linear average ovver the strikees. Individual strike data shown byy asterisks aand which coorrespond onne-to-one witth those meaasured at thee VLA. The rrows of numbeers co
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	Figure
	Figure 211. Key resultss of the fuel--setting-4 tessts made on the control ppile (CP) andd Mandrel tesst at the two reemote sites, range 135mm (1.4 m off thhe bottom) and range 5177 m (10 m measurement depth).  LLegend identtifies the threee metrics wwith closed sqquares (CP) or open squuares (MP) showing the linear avverage over tthe strikes. Inndividual strrike data shoown by asterrisks and which correspoond one-to-onne with thosee measured at the VLA. The rows off numbers coorrespond too the decibel ddif

	VI. Summmary of Undeerwater Noisee Attenuationn Results 
	VI. Summmary of Undeerwater Noisee Attenuationn Results 
	Table 1 beelow summarrizes the results for underwwater noise rreduction perrformance forr the SEL, RMS and Peak presssure metrics,, for the double wall test ppile measuredd on Octoberr 29(yellow shade) and mandrel ttest pile meassured on Octoober 30(greeen shade), wwhere in bothh cases the reeduction is rellative to the conntrol pile meaasurements mmade on Octoober 29. 
	th 
	th 
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	At first glaance it may seeem curious tthat for a giveen metric thee performance depends onn the range measuredd. For exampple, for the doouble wall tesst pile measurement madee on October 29, SEL reductionn was 17‐18 dB at the VLA, decreased too ~14 dB at thhe 122 m andd 135 m sites, and then increased to 16 dB at tthe 502 m andd 535 m sitess. 
	th

	Measuremment Range 
	Measuremment Range 
	Measuremment Range 
	VLA: 8‐88.5 m 
	Remotee 1: 122‐135 m 
	Remoote 2: 502‐5355 m 

	SEL Reducction (dB) 
	SEL Reducction (dB) 
	17.2 
	18.0 
	13.8 
	13.9 
	16.1 
	16.3 

	RMS Reduuction (dB) 
	RMS Reduuction (dB) 
	19.1 
	20.7 
	14.0 
	15.9 
	18.7 
	19.8 

	PEAK Redduction (dB) 
	PEAK Redduction (dB) 
	21.2 
	23.2 
	12.0 
	13.5 
	16.4 
	17.1 


	Table 1. Summary off noise reducction in decibbels for the SSEL, RMS annd peak presssure metricss. Yellow shhaded valuess are for douuble wall testt pile (Oct 299 test), and green shadeed values aree the mandrel pile (Oct 30 test). Slighhtly differentt ranges appply to the remmote measureements madde on October 229 and 30. 
	th
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	However, the field fromm impact pilee driving is complex and sppatially varyinng. Figure 22 shows a notiional field strenngth of a metric proportional to SEL from impact pilee driving, alonng with the approximate bathymettry for the Taccoma site, and locations of the VLA andd two remotee measurements. The field is produced using the parabolic wave equation andd implementiing the phaseed Mach‐wavee approach outlined in Reinhall and Dahl. An important chaaracteristic off this field is tthe spatially‐vvarying 
	1

	Thereforee, at some remmote measurement locatioons it is possiible to measuure a reducedd level of sounnd from impaact pile drivinng, in comparison with thee level associaated with thatt from a noisee‐suppressedd pile. Such a loccation might bbe in the vicinnity of 700 m at depth 10 m, which is oone reason wee avoided thiss range. Thhis might havee also influenced the meassurements att range 122 mm (and 135 m)). 
	Figure
	Figure 222. Notional field strengthh in decibels for SEL (i.e., proportionaal to) from immpact pile drriving based appproximately bathymetry (white dashed line) for tthe Tacoma ssite and tidal conditions in effect at 11300 on Octoober 29. Thhe black marrks show appproximate loocations of thhe vertical linne array neaar range 8 m,, and the twoo remote meaasurements at ranges 1222 m and 5022 m. 
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	Appendixx A: Spectral Content of SSound Exposure Level (SEEL) 

	Figure A11 shows the Sound Exposuure Level (SELL) as a functioon of frequenncy for measuurements maade on the VLLA (channel 9). The results indicate thaat the reducttion of SEL mmeasured for tthe two test cases occurred over a broadd range of frequencies without necessaarily being freequency selective. 
	Figure A11 shows the Sound Exposuure Level (SELL) as a functioon of frequenncy for measuurements maade on the VLLA (channel 9). The results indicate thaat the reducttion of SEL mmeasured for tthe two test cases occurred over a broadd range of frequencies without necessaarily being freequency selective. 
	Reinhall, P.G. and P. H. Dahl, “Underwwater Mach waave radiation frrom impact pille driving: Theoory and observatioon’, J. Acoust. SSoc. Am., 130, SSep. 2011, pp. 1206‐1216. 
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	Figure
	Figure AA1. Frequencyy distribution of SEL for the Control Pile and twoo test piles. 

	Appendixx B: Cumulative SEL (cSELL) for Octobeer 29and Occtober 30
	Appendixx B: Cumulative SEL (cSELL) for Octobeer 29and Occtober 30
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	On October 29there was a total oof 185 strikes made as partt of the Contrrol Pile and thhe Double Waall Pile testinng . At the remote range oof 122 m the ccSEL is 183 dBB re 1 Paseec, based on ccomputation of the singlee SELs for all the strikes shoown below inn Fig. B1. Therrefore, the 1887 dB cSEL isoopleth radius was less than 122 m on Octtober 29. Based on the mmodeling shoown in Fig. 22 we estimate the range to the 187 dB cSSEL isopleth aas approximattely 60 m. 
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	On October 30, theree was a total oof 70 strikes involving the Mandrel pile, which put th 68.3
	th

	e he cSEL at 16 dB re 1 PPasec at thee 135 m remoote measuremment range. At the VLA siite, the typicaal single SEL oon channel 99 was 166 dB (see Fig. 18)). Assuming tthis value appplied to all 700 strikes, this puts the cSELL at 184 dB re 1 Pasec att the VLA range of about 88 m. Therefoore the 187 dBB cSEL isopletth radius wass less than 10 mm on October 30. 
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	Figure
	Figure B11. History of all 185 strikees made on OOctober 29 as measureed at range 122 m. 
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