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EXECUTIVE SUMMARY 

 

Impact pile driving of steel piles in marine environments produces extremely high sound 

levels in the water. It has been shown that current pile driving noise attenuation 

techniques, such as bubble curtains and cofferdams, provide limited noise reduction 

because significant noise is transmitted through the sediment into the water. Similarly, 

the effectiveness of surrounding the pile in the water with a double walled steel tube was 

shown in an earlier Washington State Department of Transportation study [1] to be 

limited to approximately 10 dB because of the unconstrained propagation of Mach sound 

waves [1-3] directly from the sediment into the water. 

 

To address this problem, a double walled pile has been developed to decrease the total 

noise transmitted into the water. The double walled pile consists of two concentric tubes 

connected by a special driving shoe, with an air gap between the two tubes. The double 

walled pile is driven into the sediment by using traditional equipment to strike the inner 

tube only. The air gap between the inner and outer tube prevents the radial deformation 

wave produced by the pile hammer from interacting with the water and the sediment. In 

one embodiment of the double pile design the inner tube can be removed and repeatedly 

reused. 

 

This report discusses the design of the double wall pile and presents the results from 

finite element modeling of the pile, scaled prototype testing, and full-scale field testing in 

Commencement Bay, Puget Sound, Washington. The tests showed that the double walled 

piles reduce the peak sound pressure over 20 dB relative to single walled piles at a range 

of approximately 8 m. They also showed that, in contrast, only a 3- to 6-dB reduction is 

obtained when a bubble curtain is used on a full-scale, single walled pile. 
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1 INTRODUCTION 

 

Impact pile driving of steel piles in marine environments produces extremely high sound 

levels in the water. It has been shown that not only are current noise attenuation 

techniques costly to use, but they also provide limited noise reduction [4-7]. This is 

because the noise from pile driving is transmitted through the sediment into the water [1-

3]. In Reinhall and Dahl [1-3] we showed, using modeling and field data, that the primary 

source of underwater sound from an impact driven pile is radial expansion of the pile as 

the compression wave propagates down the pile after each strike. The radial expansion is 

coupled to the compression wave through the Poisson’s ratio of steel. As discussed in 

Reinhall and Dahl [1-3], the supersonic (with respect to the water) radial expansion wave 

produces an acoustic field in the shape of an axisymmetric cone, or Mach cone. We 

showed in Reinhall and Dahl [1-3] that the ability of any sound shield that surrounds the 

pile only in the water (such as a bubble curtain or a surrounding double wall engagement) 

to attenuate the sound in the water is limited by the fact that an upward moving Mach 

sound wave is produced in the sediment and is transmitted into the water. To improve the 

performance of bubble curtains and other noise shields in the water, the noise emanating 

from the sediment into the water must also be attenuated. Figure 1 illustrates how sound 

from the seabed leaks out from the sediment, limiting the effect of the surrounding 

bubble curtain. 

 

 Figure 1: Illustration of how sound from the seabed is transmitted unhindered by a 
sound shield surrounding the pile in the water, e.g., a bubble curtain. 
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2 BACKGROUND 

2.1 Marine Pile Driving 

Steel pipe piles are a common aspect of deep foundations. Concrete piles are also often 

used. Each has its advantages and disadvantages. In terms of underwater noise produced 

during impact driving, it is known that for the same diameter, a concrete pile will produce 

less noise [8]. The reason is twofold: a) concrete material has a lower Poisson’s ratio than 

steel, and b) concrete piles are typically solid in cross-section.  These two attributes result 

in lower radial deformation of the pile per unit of axial deformation.  

 

This is shown in Figure 2, and further described in Reinhall and Dahl [1-3]. The hammer 

strike produces a compression wave in the pile and an associated radial displacement 

motion because of the effect of Poisson’s ratio of the pile material. 

 

 

Figure 2: Illustration of the radial displacement wave after a hammer strike. 

 
The speed of the downward traveling radial displacement wave in the pile is higher than 

the speed of sound in the water. This produces an acoustic field in the shape of an 

axisymmetric cone, or Mach cone. Essential properties of the Mach cone were verified by 
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modeling and measurements in Reinhall and Dahl [1-3].  There are, of course, additional 

contributions to the underwater noise field associated with pile vibrations.  However, the 

field associated with this Mach cone is the one that clearly dominates peak pressure, as 

can be seen in Figure 3. 

 

 

Figure 3: Acoustic pressure surface plots showing the acoustic radiation from the pile after 3, 6, 
10, and 16 ms after impact by a pile hammer.  

 

As the deformation wave reaches the bottom end of the pile (approximately 6 ms after 

impact for a 100-ft pile), it is reflected upwards, since there is an impedance mismatch 

between the pile and the sediment. This reflected wave in turn produces an upward 

moving Mach cone.  The sound field associated with this upward moving cone 

propagates up through the sediment and penetrates into the water. For a detailed 

description, refer to the previous WSDOT report [1] and our papers [2,3]. 
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2.2 Underwater Noise and the Environment 

Underwater noise created by impact pile driving can reach peak sounds level in excess of 

210 dB [8]. These levels have deleterious effects on local fauna [9-13]. Because of the 

critical state of many animal populations, U.S. Fish and Wildlife Service and several 

departments within the National Oceanic and Atmospheric Administration, including the 

Office of Protected Resources and the National Marine Fisheries Service, have instituted 

national guidelines regulating underwater noise generation through strict permitting 

procedures. These procedures are explained in detail on the Washington State 

Department of Transportation and Office of Protected Resources websites [14,15]. 

Underwater noise thresholds are shown in Table 1. 

 

  

 
Injury 

Threshold 
Non-Auditory 

Injury Threshold 
Disturbance 
Threshold 

MARBLED MURRELETS 
(Diving Birds) 

202 dB SEL 208 dB SEL N/A 

CETACEANS  
(Whales, Porpoises) 

180 dB RMS N/A 160 dB RMS 

PINNIPEDS  
(Seals, Sea Lions) 

190 dB RMS N/A 160 dB RMS 

FISH  
(≥ 2 Grams) 

187 dB SEL 

N/A 150 dB RMS FISH  
(All Sizes) 

206 dB Peak 

 

 

2.3 Noise Attenuation Using a Sound Shield in the Water 

As mentioned above, under typical conditions noise from pile driving is not effectively 

reduced by simply surrounding the pile with a sound shield in the water, such as a bubble 

curtain or a double walled shroud. Figure 4 shows an axisymmetric surface plot of the 

total acoustic pressure at 5, 8, 11, 13 and 17 ms after impact of a 100-ft long, 30-in steel 

pile with a perfect acoustic shield. It can be seen that the sound shield removes all the 

noise produced by the part of the pile that is submerged in the water. A Mach cone is not 

produced until the compression wave and the associated radial bulge reach the sediment 

and leave the surrounding shield. The radial deformation in the pile and the apex of the 

Table 1: Underwater noise thresholds for Endangered Species Act and Marine Mammal  
 Protection Act listed species in the Pacific Northwest 
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Mach cone, which is now contained within the sediment only, reach the bottom end of 

the pile approximately 6 ms after impact for this particular pile length. As in the case for 

the untreated pile, an upward moving Mach cone is produced after the first reflection of 

the structural wave.  Approximately 8 ms after impact, the upward moving structural 

wave and the apex of the Mach cone reach the shield and the water-sediment interface.  

The wave front is again propagating inside the acoustic shield, and the propagation of the 

Mach cone is ceased. However, the upward moving Mach wave that was produced in the 

sediment reaches the water-sediment after 8 ms and continues to propagate up into the 

water.  

 

 
Figure 4: Acoustic pressure surface plots showing the acoustic radiation from the pile with the 

acoustic shield at 5, 8, 11, 13 and 17 ms after impact by a pile hammer.  

 
The modeling results were confirmed by a full-scale field test (see [2] and the WSDOT 

Report [1]). The difference between the peak pressure from an untreated pile and sound 

shield covered pile was measured to be approximately 10 dB at an approximate range of 

10 meters.    This and other research showed that without containing the sediment borne 

noise, steel pipe piles cannot be installed without exceeding the established underwater 

noise thresholds. 
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3 DOUBLE WALL PILE 

 

Figure 5 shows the double pile as described in Dardis and Reinhall [16-19]. This double 

pile concept was developed to combat the fact that a significant portion of the noise from 

marine pile driving is transmitted through the sediment into the water. The pile consists 

of two concentric pipes separated by an air gap and joined by a driving shoe designed to 

provide a flexible and water tight connection between the inner and outer pipes. The 

double pile assembly is driven into the sediment by striking the inner pile only. The air 

gap between the inner and outer pile prevents the radial deformation wave that is 

produced in the inner pile by the pile hammer strike from interacting with the water. The 

outside pile is effectively decoupled from the noise emanating from the inner pile.  

 

 

Figure 5: Schematic of the double wall pile 

 

An air gap prevents the radial 
expansion of the inner pile to 
disturb the water 

The piles are decoupled via a 
flexible connection 
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Finite element modelling was used to develop and fine-tune the double pile 

configuration. Figure 6 contains axisymmetric contour plots produced by the analysis. 

These plots show where the sound is initiated and how the sound propagates away from 

the pile. Clearly the noise generation at the pile wall has been eliminated. The remaining 

noise is created as the pile toe advances into the soil substrate. The upper left plot is a 

snapshot in time right when the pile compression wave reaches the pile toe and begins to 

be reflected back up the inner pile. The lower right plot shows the pile when the inner 

pile wave has travelled back to the pile toe. 

 

Another key feature of this design is that traditional pile installation methods are 

maintained. It was determined during our early concept exploration that preservation of 

Figure 6: Initial double pile finite element modelling 
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the industry’s capital equipment would be essential if the design would be used in wide 

scale practice.  

 

3.1 Subscale Field Test 

To explore the double pile concept, 3-inch-diameter aluminium piles and 3-inch-diameter 

steel piles were constructed. The small scale was chosen to minimize cost and maximize 

handling.  

 

Initial testing was completed in air. The research team soon discovered that in air, noise 

was challenging to record because of the low pile noise to ambient noise ratio. The next 

series of experiments was conducted by using a hydrophone with the pile toe submerged 

in a large container filled with water.  

 

The latter method produced promising results. These results encouraged the research 

team to create a dedicated subscale testing facility in a local body of water. Six inch 

diameter piles were designed and built.  These piles were used to validate the results 

discovered during the testing of 3-inch-diameter piles. Figure 7 shows more detailed 

finite element modelling of the design. Additional information can be found in Dardis 

and Reinhall [16,18]. 
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The two piles were held concentrically to one another by placing a foam spacer in the 

annulus between the two pipes. This prevented any pile to pile contact during driving. 

 

 
3.1.1 Design/Build of Sub-Scale Piles 

To validate the finite modelling, subscale piles were constructed for testing. The piles 

consisted of a single wall control pile with pile shoe and a double wall test pile with a 

shoe designed to provide a flexible coupling and a watertight seal. The control pile and 

the outer pile of the double wall had an outside diameter of 6 5/8 inch and a wall 

thickness of 0.280 inch. The outside diameter of the inner pile was 5 9/16 inch with a 

wall thickness of 0.258 inch. 

 

3.1.2 Sub-Scale Pile Installation 

An impact hammer was constructed adjacent to a dock in a local lake. The hammer 

consisted of a mass and a guide rod. The mass was elevated above the pile with a hand 

Figure 7: Finite element modelling of the 6-inch double pile 
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operated winch. The guide rod was used to ensure that the mass struck the top of the pile 

in a consistent manner. Figure 8 shows the pile being readied for impact. 

 

 

Figure 8: A subscale pile being prepared for testing 

 

Acoustic monitoring was done with a single Aquarian H2a hydrophone. The hydrophone 

signal was recorded and processed with Audacity and MATLAB software, respectively. 

Both were loaded onto a typical laptop computer. The hydrophone was located 10 m 

from the test pile. The drop height of the mass was set so that the single pile signal was 

near saturation. 

 

3.1.3 Test Results  

Testing matched computational models, and the double pile provided a signal 20 dB 

lower than the single wall pile. This is shown in figures 9 and 10 and documented in 

Dardis and Reinhall [16]. 
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Figure 9: p(t) plots comparing a single wall pile (top) and a double wall pile (bottom) 

 
 

 
 

Figure 10: p(t) pile signals overlaid and magnified 
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3.2 Full-Scale Field Test 

After the success of the sub-scale test, modeling and development of double walled and 

mandrel piles were completed to support a full-scale field test.  

 

 
Figure 11: Delmag D46 Impact hammer being set to the control pile 
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The acoustic radiation from a regular single wall pile and the double wall pile was 

investigated by using dynamic axisymmetric finite element modeling using an implicit 

finite element code (Comsol Multiphysics). The model was made to be consistent with 

the piles used in our full-scale test in Commencement Bay in Puget Sound, Washington. 

The outer diameter of the single wall control pile was 30 inch with a wall thickness of 

0.75 inch. Figure 11 shows the installation of this pile. The outer and inner piles in the 

double wall pile had an outer diameter of 30 inch and 24 inch, respectively. The wall 

thickness of the outer pile was 0.75 inch. The wall thickness of the inner pile was 0.625 

inch. The length of the piles was 80 ft.  

 

A domain of water and sediment of 10 m in radius was included in the finite element 

model. Reflections from the boundaries of the truncated domain were effectively 

prevented by using non-reflecting boundary conditions. 

  

The pressure, p(t), resulting from the impact between the hammer weight and the pile was 

approximated by p(t) = 2.1 108 exp(-t/) Pa, where t is time after impact in seconds and 

the time constant  is equal to 0.004s [1,2].  The water and air sound speeds, cw, ca, were 

set to 1485 m/s and 340 m/s, respectively,  and the sediment was modelled as a fluid with 

sound speed, cs, equal to 1625 m/s.  

 

Figure 12 shows the sound field around a regular single wall pile and our double wall pile 

for different times after hammer strike. It can be seen that high intensity Mach sound 

waves created by the deformation wave in the single pile are not present in the double 

pile. The only significant sound source of the double pile is the pile shoe. This sound 

cannot be removed from the system because the pile toe must move in order for the pile 

to advance in the soil. This movement creates noise. The benefit of a localized noise 

source is that the sound waves decay more rapidly with distance travelled.  

 

Because of the absence of high intensity Mach waves, our model yielded a reduction of 

the peak pressure in the water in excess of 20 dB in comparison to the regular pile.  
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Figure 12: Acoustic pressure surface plots showing the acoustic radiation from the single pile 

(top) and the double pile (bottom) at 3 ms, 6 ms, 10 ms, and 16 ms after impact by a pile hammer.  

 
 
3.2.1 Design for Minimum Cost Solution 

The double pile solution can be realized in three different forms: Double Pile, Filled 

Double Pile, and Mandrel Double Pile.  These are simplistically shown in Figure 13.  

Briefly stated, the advantages of each configuration are as follows: 

 
Double Pile 

 Simple  
 Fast installation 

 
Filled Double Pile 

 Fast installation 
 Higher strength/stiffness 
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Mandrel Pile 
 Reusable inner pile 
 Single wall construction 

 
 

 
3.2.2 Design/Build of Full-Scale Piles 

As described above, sub-scale and full-scale test piles were developed. Each of the 

completed piles consists of similar components: a shoe that helps to attenuate sound 

through the bottom substrate; a stem that affixes the shoe to two short sections of pipe 

(inner and outer) to facilitate welding to full length pipes; spacers to maintain separation 

between the inner and outer pipes; and welding of the stem to the full length pipes to 

form the complete double walled or Mandrel piles.  Each of these components and the 

sequence of building the piles are described below. 

 

Figure 13: Double pile (left), filled double pile (center), mandrel double pile (right) 
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3.2.2.1 Shoe 
 
The design of the shoe for the double pile and the mandrel double pile incorporates as 

many common parts as possible. The assembly consists of a combination of machined 

steel, rolled pipe, and rubber parts. The inner shell parts were welded together to create 

an assembly.  Similarly, the outer shell parts were welded together to create an assembly. 

The two shell assemblies were then mated with the rubber parts, which served as seals, 

spacers, and springs. Last, the shoe chisel was welded to the inner shell, creating a 

complete shoe assembly [20]. 

 

Figure 14 shows the completed shoe before being attached to the pipe. 

 
 
3.2.2.2 Stem 
 
The pile shoe was then welded to short sections of pipe to create a ‘stem’ (see Figure 15). 

The double pile shoe was attached to two sections of pipe, while the mandrel double pile 

was attached to only the outer section of pipe.  The mandrel end was welded to the end of 

a section of pipe to form the ‘stem’ of the mandrel. The alignment between the pile shoe 

Figure 14: Complete double pile shoe 
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and the pipe is critical. To ensure this, an alignment jig was designed and used during 

fabrication of the stem.  

 

 
Figure 15: Double pile stem as delivered to Orion Marine 

 
 
3.2.2.3 Complete Pile 
 
Orion Marine was contracted to complete the final fabrication of the piles. The pile stems 

were delivered to Orion Marine in 40-foot sections.  During this fabrication Orion Marine 

attached pile spacers, as shown in Figure 16. These spacers provided insurance that there 

would be no pile to pile contact during driving.   
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A traditional pile splice bed was used to ensure pile straightness during the welding 

process. A straightness requirement of 0.1 percent was used.  

 

The mandrel was also delivered to Orion Marine as a 40-foot section and had the same 

external dimensions as the inner pile of the double pile. Because the mandrel was 

designed to be removed from the system after the outer pile has been driven, the end of 

the mandrel was equipped with a reinforced toe that also served as a sealing surface to 

Figure 16: Installation of pile spacers 
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prevent water intrusion.  Figure 17 shows the mandrel. The mandrel was also equipped 

with skids to facilitate installation. Figure 18 shows the complete piles ready to be 

installed. 

 
 

Figure 17: Mandrel before and after pile installation 

Figure 18: Full-scale double pile and mandrel double piles before installation 
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3.2.3 Test Preparation 

This section will briefly describe the full-scale test site (location, considerations for 

choosing the site and site characteristics) and acoustic monitoring planned for the test.  

 
3.2.3.1 Test Location and Geotechnical Considerations 

 
The test was located along the northeast shore of Commencement Bay in Tacoma, 

Washington, as indicated by Figure 19.   

 
 
This location was chosen because it was not a site for other construction activities 

(allowing for clearer acoustic monitoring); it had a limited depth to the bearing soil layer 

(allowing for relatively short test pile length); and it provided a water depth of 

approximately 10 m at the test piles (allowing for uninterrupted noise transmission). 

Figure 20 shows the tidal level as a function of time during the days of testing and 

demonstrates sufficient water depth during the test activities. Figure 21 provides an 

overview of the site-specific bathymetry. In addition, the site was chosen to represent soft 

substrate conditions, which are prevalent throughout the region. Boring log data indicated 

extremely soft material to 26 feet and till from 26 to 46 feet. Additional testing in 

significant denser glacial tills will be conducted in Puget Sound at the Vashon Island 

ferry terminal in November, 2015.   

Figure 19: Commencement Bay test site 
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Figure 20: Tidal level on the date of the test 

 
  

 
Figure 21: Bathymetry at the test site. 
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3.2.3.2 Acoustic Monitoring Plan 

A previous report from the University of Washington, Applied Physics Lab, is found in 

the Appendix.  This report provides a detailed summary of the acoustic monitoring plan 

and the results from the test. Figure 22 provides an overview of the location of the 

vertical line array and the individual hydrophones used in the monitoring. Figures 23 and 

24 show areal views of the actual monitoring locations relative to the barge. 

 

 
Figure 22: Locations of the hydrophones 

 
 

 

 

Figure 23: Placement of the near-field hydrophones 
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3.2.4 Full-Scale Pile Installation 

The piles were installed by using a standard D46 hammer without the use of special 

equipment. Figures 25 and 26 depict the lofting and installation of the piles. Figure 27 

shows the double pile and the control pile fully installed. The top end of the piles were 

driven to a few feet above the water level. No bearing capacity was specified due to the 

soft sediment and limited length of the piles (80 ft). 

 
 

 
 

Figure 24: Placement of the far-field hydrophones 

Figure 25: Day of testing 
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Figure 27: Control pile and double pile after driving 

Figure 26: Lofting of the double pile 
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3.2.5 Test Results 

During the installation of the piles, monitoring of the underwater noise was ongoing. The 

following figures provide a summary of the monitoring results from the full-scale field 

test.  

 

Figure 28 shows a typical pressure recording of the sound from the control pile (red) and 

from the double wall pile (black) taken with the second lowest situated hydrophones in 

the VLA. A dramatic decrease in the peak pressure can be seen.                  

 

 
Figure 28: A typical pressure recording after a hammer strike measured at an 
8-m distance from the control pile (red) and the double pile (black). 

 
Figure 29 summarizes the results for underwater noise reduction in terms of SEL, RMS, 

and Peak pressure for the double wall test pile and the mandrel test pile relative to the 

control pile. It can be seen that the attenuation levels were significantly higher with the 

double wall pile and the mandrel pile over a conventional bubble curtain. A reduction of 

the peak pressure in excess of 21 dB was observed with the double and the mandrel piles, 

while the reduction using a bubble curtain was measured to be approximately only 6 dB.  

The RMS and SEL levels showed > 19 dB and >17 dB reduction, respectively.   
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Figure 29: Summary of the results of the acoustic measurements in dB  

 

In comparison to existing biological thresholds that currently inform the regulations of 

underwater noise related to the disturbance and potential injury to sensitive species, the 

noise generated by the impact installation of the test piles largely fell below them.    

 

Table 2 summarizes the measured noise levels at a range of approximately 8 meters in 

comparison to established biological thresholds. The black numbers indicate measured 

sounds levels that are below most thresholds and therefore avoid associated impacts to 

sensitive species. The red numbers indicate sound levels that are above one or more of 

the established thresholds (orange shading). It can be seen that the double wall and the 

mandrel pile only exceed the RMS disturbance threshold for cetacean/pinniped species. It 

can also be seen that the sound levels associated with the control are high enough to 

exceed all thresholds established for fish, cetacean injury, cetacean/pinniped disturbance, 

and pinniped injury. 
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Table 2: Table of measured values at 8m vs. thresholds 

 
 
 
Another advantage associated with the noise reduction provided by the double pile is a 

decrease in the size of the required monitoring zone to avoid harassment and injury to 

sensitive marine wildlife. The noise levels for the double pile at 8 m were below National 

Marine Fisheries Service injury thresholds for all species and below disturbance 

thresholds for all but cetaceans and pinnipeds. The area potentially ensonified to a sound 

level exceeding the disturbance thresholds, i.e., the monitoring zone for disturbance for 

those species, shrunk dramatically, as shown in Figure 30. Whereas the approximate 

radius of the monitoring zone for the control pile (red) was 2.8 km and that for the double 

wall piles (yellow) was only 150 m.  This smaller zone presents a concomitant reduction 

in the probability that sensitive species will occur inside this smaller area, which in turn 

means less risk of potential disturbance to marine species and less potential for work 

stoppage. 
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Figure 30: Comparison of monitoring zones.  

 



  

29 
 

4 ACKNOWLEDGMENTS  

This research was supported by the Washington State Department of Transportation 

(WSDOT) with additional support from the Federal Highway Administration. The 

authors would like to thank Rhonda Brooks, Marion Carey, and Jim Laughlin at WSDOT 

for their strong support throughout this research.  

 

In addition the authors are indebted to Bill Rehe for assistance with permitting. Bill 

interfaced with the following agencies/organizations, allowing the full-scale test to occur: 

US Army Corps of Engineers, City of Tacoma, Port of Tacoma, Washington State 

Department of Natural Resources, Washington Department of Fish and Wildlife, US Fish 

and Wildlife Service, and NOAA Fisheries. 

  



  

30 
 

5 REFERENCES 

1. Reinhall, P.G. and P.H. Dahl. 2011. An Investigation of Underwater Sound 
Propagation from Pile Driving. Research report prepared for Washington Department 
of Transportation. Olympia, Washington. 45 pp.  

2. Reinhall, P. G. and P.H. Dahl. 2011. Underwater Mach wave radiation and pile 
driving: theory and observation. Journal of the Acoustical Society of America. 
February, 2011. 25 pp.  
 

3. Dahl, PH., and Reinhall, PG. "Observations and Parabolic Wave Modeling of 
Underwater Pile Driving Impact Noise." The Journal of the Acoustical Society of 
America 129 (2011): 2461. 
 

4. Petrie, F.S. 2005. Washington State Ferries’ Experience with Bubble Curtains: 
Purpose, Hardware, and Use. Presentation for 2005 Summer Meeting/Conference 
of the Transportation Research Board ADC40 (A1F04) Noise & Vibration 
Committee.  

 
5. Koschinski, S. and K. Luedemann. 2013. Development of Noise Mitigation for 

Offshore Wind Farm Construction. Prepared for the Federal Agency for Nature 
Conservation (Bundesamt für Naturschutz, BfN). Original report published July 
2011, English translation published February 2013. 102 pp.   

 
6. CALTRANS (California Department of Transportation).  2009. Technical 

Guidance for Assessment and Mitigation of the Hydroacoustic Effects of Pile 
Driving on Fish_Prepared by ICF Jones & Stokes and Illingworth and Rodkin. 
Sacramento, CA. February 2009. 298 pp.  

 
7. Applied Physical Sciences. 2010. Mitigation of Underwater Pile Driving Noise 

During Offshore Construction: Final Report. Prepared for Department of the 
Interior, Minerals Management Service Engineering & Research Branch. Herndon, 
VA. 104 pp.  

 
8. WSDOT. 2015. Biological Assessment Preparation – Advanced Training Manual. 

Table 7-12, Unmitigated Sound Pressure Levels Associated with Pile Types in 
WSDOT 2015. Olympia, Washington. Available at: 
http://www.wsdot.wa.gov/NR/rdonlyres/448B609A-A84E-4670-811B-
9BC68AAD3000/0/BA_ManualChapter7.pdf 

 
9. Teachout E. 2006. Evaluating and minimizing the effects of impact pile driving 

on the marbled murrelet (Brachyramphus marmoratus), a threatened seabird. IN: 
Proceedings of the 2005 International Conference on Ecology and Transportation, 
Eds. Irwin CL, Garrett P, McDermott KP. Center for Transportation and the 
Environment, North Carolina State University, Raleigh, NC: p. 32. (Abstract) 

 



  

31 
 

10. Carlson, T.J., S.L. Sargeant, G.E. Johnson. 2004. Plan for Pile-driving Research. 
Technical report prepared for Washington Department of Transportation. Olympia, 
Washington. 106 pp. 

 
11.  Southall B.L., A.E. Bowles, W.T. Ellison, J.J. Finneran, R.L. Gentry, C.R. Greene 

Jr., D. Kastak, D.R. Ketten, J.H. Miller, P.E. Nachtigall, J. Richardson, 
J.A.Thomas, and P.L. Tyack. Marine Mammal Noise Exposure Criteria: Initial 
Scientific Recommendations. Aquatic Mammals, Volume 33, Number 4, 2007. 
121 pp. 
 

12. Marine Mammal Commission Report to Congress, Marine Mammals and Noise: 
A sound approach to research and management, March 2007 

 
13. Halvorsen M.B., Casper B.M., Woodley C.M., Carlson T.J., Popper A.N. 2012. 

Threshold for Onset of Injury in Chinook Salmon from Exposure to Impulsive 
Pile Driving Sounds. PLoS ONE 7(6): e38968. 
doi:10.1371/journal.pone.0038968. 11pp. 

 
14. WSDOT Website for noise thresholds: 

http://www.wsdot.wa.gov/Environment/Biology/BA/BAguidance.htm#MarineMa
mmals 

 
15. NOAA website for Office of Protected Resources: http://www.nmfs.noaa.gov/pr/ 

 
16. Dardis JT and Reinhall PG, “New Methods in Impact Pile Driving Noise 

Attenuation”, Proceedings of UA2014, June, 2014 
 

17. Dardis JT and Reinhall PG, “New Pile for Reduced Underwater Noise” 
Proceedings of 40th Annual Conference on Deep Foundations, Oct, 2015 

 
18. Dardis JT and Reinhall PG, “New Offshore Pile for Reduced Acoustic Emissions 

– Results from Full Scale Testing”, Proceeding of ICSV22, July, 2015 
 

19. Reinhall PG and Dardis JT, “Promising New Method to Reduce Marine Pile 
Driving Noise” PileDriver, 2015 (2), pp 101-104 
 

20. U.S. Patent 8,622,658, Reinhall and Dahl, Pile to Minimize Noise Transmission 
and Method of Pile Driving, 2014 

 
  



  

32 
 

 
  



  

33 
 

6 APPENDIX  

Measurement of Impact Pile Driving Noise from Prototype Piles in 
Commencement Bay, Tacoma, Washington  
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Measurement of Impact Pile Driving Noise from 

Prototype Piles in Commencement Bay, Tacoma, 

Washington 

 

Peter H. Dahl, Per G. Reinhall, Tim Dardis, Jim Laughlin, Dave Marver, Alex Soleway and Dara 

Farrell 

 

University of Washington, Seattle 

 

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. 
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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).   
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Figure B11. History of all 185 strikees made on OOctober 29thh as measureed at range 122 m. 


