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1 Introduction 

1.1 Background 

Construction of fixed foundation offshore wind farms involves the installation of large diameter steel 
piles using high-energy hammers. These piles are installed via vibratory or impact pile driving or using a 
combination of these methods to drive the pile to its desired installation depth. This report focuses on 
impact pile driving, which is when the top of the pile is struck repeatedly by a hammer to force the pile 
into the sediment (much like a hammer hitting a nail into a wall).  

A critical issue related to underwater sounds generated from impact pile driving (and from many other 
high-energy underwater sources) is that high-intensity and impulsive sounds can potentially affect marine 
life (Hawkins and Popper 2018; Popper and Hawkins 2019). These effects may be minimal and transitory, 
or they may result in longer-term behavioral and physiological effects that could impact fitness and 
survival of animals and, in some cases, result in immediate or delayed mortality (Hawkins and Popper 
2018). This report focuses on potential impacts of sounds from pile driving on benthic and epibenthic 
fauna, defined as fishes and invertebrates located on or close to the seafloor. 

Most studies on sounds from pile driving have focused on pressure waves in the water column (e.g., Dahl 
et al. 2015; Lippert et al. 2016; Lippert et al. 2018; Reinhall and Dahl 2011). There has also been some, 
but still far too little, consideration of the particle motionówhich can be measured as particle 
displacement, velocity, or acceleration (see Section 1.2 Terminology for additional background on these 
concepts)óaccompanying the sound pressure in the water column (Hawkins et al. 2020). In addition, 
there has been little consideration of the acoustic energy from the piles being driven into the sediment, 
resulting in acoustic energy propagating at the sediment-water interface and in the sediment (Hawkins et 
al. 2021). Moreover, there has been even less considerationóand researchóon the potential impacts of 
these signals on animals exposed to the signals. 

Adding to the complexity of the system is that the propagation of substrate-borne particle motion (depth 
and range dependent amplitude and polarization) changes as the type or composition of the substrate 
changes (e.g., Amaral et al. 2020a). Thus, within the substrate, which has a material property more like a 
solid than liquid, acoustic energy propagates in the forms of compressional and shear waves. 
Additionally, Scholte waves propagate along the interface between substrate and water column (Ainslie et 
al. 2024; Hawkins et al. 2021; Jensen et al. 2011).  

Because fishes and aquatic invertebrates that have been studied detect acoustic energy in the form of 
particle motion (including substrate-borne vibration) (e.g., Nedelec 2016; Popper and Hawkins 2018), it is 
very likely that much of the benthic fauna can detect the high-energy particle motion resulting from 
impact pile driving (assuming it is above the detection threshold of the animal). Indeed, studies have 
shown that several marine benthic species exhibit behavioral responses when exposed to substrate-borne 
vibration in controlled experimental experiments (e.g., Roberts and Breithaupt 2016; Roberts et al. 2016a; 
Roberts and Elliott 2017; Roberts et al. 2016b). The limited data show that biologically adverse effects on 
benthic species may result from long-term exposure of anthropogenic substrate-borne vibration near the 
pile driving operation (Roberts and Elliott 2017; Roberts and Rice 2023). Moreover, the few studies of 
fishes in shallow water show that at least some species move away from areas of intense pile driving, 
thereby indicating potential behavioral impacts (e.g., Krebs et al. 2016). 

Despite the importance of substrate-borne particle motion resulting from marine engineering activities, 
these disturbances have largely been overlooked and rarely measured (e.g., Amaral et al. 2020b; Guan et 
al. 2024; HDR 2019; 2020). There are very few studies on the propagation or modeling of sediment-borne 



https://www.iso.org/obp/ui/en/#iso:std:iso:18405:ed-1:v1:en
https://www.iso.org/obp/ui/en/#iso:std:iso:18405:ed-1:v1:en
https://dosits.org/tutorials/science/tutorial-what-is-sound/
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1.3 Objectives 

The objectives of this study were to develop a theoretical understanding of substrate-borne wave 
disturbances, in particular, the Scholte waves that occur at the sediment-water interface, produced by 
impact pile driving, and to put that understanding in the context of what is known about the potential 
effects of particle motion on benthic fauna. The goal was to develop numerical models to predict 
substrate-borne wave propagation and use that information to predict the potential impacts of impact pile 
driving on important benthic or epibenthic marine fauna that may be in the vicinity of pile driving 
activities.  

Although the potential for impacts from substrate-borne particle motion from pile driving has been 
recognized for marine benthic organisms, little research has been conducted to address these types of 
disturbances (Popper and Hawkins 2018). To support responsible permitting of offshore renewable 
energy projects, the BOEM provided funding for the current study to better understand the particle motion 
of Scholte waves from impact pile driving during offshore wind farm construction and, potentially, other 
developments using offshore pile driving. 

This study focused on modeling Scholte wave particle motion and pressure at and near the seabed 
generated by impact pile driving. Modelling results predicting particle motion at two distances from the 
pile driving site for an ideal scenario and a scenario integrating seafloor stratigraphy are considered 
within the context of what is known about potential impacts to aquatic life. Given the large data gaps on 
the understanding of the sensitivities of benthic fauna, future studies are needed to determine how 
modeled particle motion may affect various marine fishes and invertebrates. The goal of the study was to 
provide preliminary insight into the particle motion acoustic field created during impact pile driving. 

2 A Brief Literature Review 

While marine mammals use the pressure component of sound for hearing, all fishes and all aquatic 
invertebrates that sense acoustic energy detect and use the particle motion component of sound (e.g., 
Nedelec et al. 2016; Popper and Hawkins 2018). Moreover, some fishes also detect sound pressure in 
addition to particle motion (e.g., Popper and Hawkins 2019). The reader wanting more information is 
referred to the Discovery of Sound in the Sea website (dosits.org) for more authoritative background 
information on how marine fishes detect acoustic energy (https://dosits.org/animals/sound-reception/how-
do-fish-hear/) and how marine invertebrates detect acoustic energy (https://dosits.org/animals/sound-
reception/how-do-marine-invertebrates-detect-sounds/), as well as discussion of pressure and particle 
motion as components of sound (https://dosits.org/animals/advanced-topics-animals/components-of-
sound/).  

Several authors (Roberts and Elliott 2017; Roberts and Wickings 2022) suggest that a ìvibroscapeî exists 
within the sediment and on the seashore resulting from natural environmental sources such as waves, 
turbulence, and earthquakes, as well as from biotic sources such as movement, burrowing, and feeding of 
benthic animals, and falling prey items. Many invertebrates appear to respond to these vibrations (Roberts 
et al. 2016a). For example, the bivalve Scrobicularia plana (peppery furrow shell) is sensitive to vibration 
and may therefore react to the footfall of its avian predator Haematopus ostralegus (Eurasian 
oystercatcher). The anemone Anthopleura elegantissima (aggregating anemone) and the purple sea urchin 
Strongylocentrotus purpuratus can detect vibrations within the frequency range of waves on the shore 
(Roberts et al. 2016a).  

Potty et al. (2023) provided measurements of the Scholte waves of impact pile driving at a range of 1,500 
m at the Coastal Virginia Offshore Wind project, 43 km off the coast of Virginia Beach, Virginia, USA. 
They calculated acceleration levels in dB re 1 µm/s2 of 71.5 at 30 Hz, 73.7 at 35 Hz and 45 Hz, and 76.8 

https://dosits.org/animals/sound-reception/how-do-fish-hear/
https://dosits.org/animals/sound-reception/how-do-fish-hear/
https://dosits.org/animals/sound-reception/how-do-marine-invertebrates-detect-sounds/
https://dosits.org/animals/sound-reception/how-do-marine-invertebrates-detect-sounds/
https://dosits.org/animals/advanced-topics-animals/components-of-sound/
https://dosits.org/animals/advanced-topics-animals/components-of-sound/
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at 83 Hz. This work is furthered in the current study with the development of numerical models of impact 
pile driving to predict substrate-borne wave propagation to ranges of approximately 50 m. 

Putting the model results into the context of potential effects on benthic fauna is limited by the 
availability of data on the sensitivity to particle motion by animals. Indeed, we are only now just 
beginning to understand how many species detect particle motion (Popper and Hawkins 2018; Roberts 
and Elliott 2017). Thus, a major gap in our understanding of the potential impacts of the signals of 
interest is lack of data on how animals detect signals and their sensitivity to acoustic energy. 

Furthermore, few data are available on the behavioral responses of benthic invertebrates to particle 
motion. Establishing the response of an organism to an acoustic or vibratory stimulus typically involves 
determining detection capabilities spanning a range of frequencies. The way to make these determinations 
is by measuring behavioral responses to a stimulus (Popper and Hawkins 2021). However, measuring 
behavior is often very difficult or not possible and so investigators have used electrophysiological 
responses from individual sensory receptors, or measured the auditory evoked potential (AEP) from the 
ear or brain as a partial analog to sound detection. Roberts and Elliott (2017) compiled data from research 
studies of the thresholds and behavioral responses of marine crustaceans to vibrational stimuli. They 
found that crustaceans exhibited behavioral thresholds to vibrations from 0.04 to 0.81 m/s in the range of 
30ñ400 Hz. 

Even fewer data on detection of substrate vibrations are available for fishes since most studies have been 
done in terms of sound pressure, a stimulus that most fishes do not directly detect. Moreover, many of the 
most-studied fishes do not live near the seafloor, thus decreasing the probability of their exposure to 
Scholte waves. However, some commercially important fishes, such as flatfish, including Pleuronectes 
platessa (plaice) and common Limanda limanda (dab), live on or very near the seafloor and may use 
vibrations to sense predators (Chapman and Sand 1974). While data are limited, sensitivity thresholds to 
particle displacement for both species are on the order of 4x10-9 cm at frequencies of best hearing, which 
is from 100 to 200 Hz. 

3 Biological ConsiderationsóTaking the Animals Perspective! 

This study addresses a fundamental issue regarding substrate-borne disturbances and their potential 
impact on animals that live on, in, or just above the substrate (Hawkins et al. 2021). Indeed, the most 
important issues for this and related studies is how the signals from pile driving (or other intense sources) 
may impact animals. Following from this, it is of considerable importance to consider the acoustic energy 
from the animalsí perspectives (Popper et al. 2020)! 

Many species of both fishes and aquatic invertebrates use sound and/or vibration (terminology is still 
being discussed within the scientific communityóvibroacoustic has been proposed as a general term and 
will be used here) as part of their normal lives. Indeed, many species use, and may produce, such signals 
to learn about their environment, including the presence and location of food, predators, and potential 
mates. Moreover, even if these animals do not produce sounds themselves, they can still sense these 
environmental sounds, just as terrestrial animals, including humans, detect, and often use, sounds in their 
environment (e.g., traffic noise as one crosses a street). Such signals are of great value since, in contrast to 
all other sensory signals available to animals, sound travels rapidly and over long distances and can be 
detected from all directions, providing critical situational awareness of objects and the environment.  

The critical issue is that since sound and vibratory signals are important to all fishes and some (probably 
many!) aquatic invertebrates, activities that interfere with the production, detection, or use of such signals 
could have an impact on the animals. The modes of impact can come in a variety of ways, ranging from 
mortal injury or significantly harming animals physically if the signal is of sufficient magnitude, to 
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masking detection of biologically important signals to causing animals to avoid areas that may, otherwise, 
be prime for their normal activities such as breeding or feeding. From the perspective of humans, fishes 
and aquatic invertebrates are especially important since on the order of 17% of all humans get 100% of 
their protein from these animals (McClanahan et al. 2015; Tacon and Metian 2013). Thus, if 
anthropogenic signals interfere with the detection of biologically relevant signals, such as in finding a 
mate or food, the impact on animals and the ecosystem could be significant.  

In summary, the findings of the present study are critical from the perspective of animals. Indeed, as 
pointed out by Popper et al. (2020), one must examine the potential impacts of anthropogenic signals 
from the perspective of the animals rather than from the perspective of the sound producer or mitigating 
device. 

4 Physical ConsiderationsóTypes of Substrate-borne Wave 
Disturbances Produced During Impact Pile Driving 

The impact of the hammer striking the top of a pile is the primary source of sound during impact pile 
driving. Each strike results in high amplitude sound pressure that is generated in the water column and 
radiates away from the pile on an angle that is dependent on the material properties of the pile and the 
sound speed in the surrounding water. This angle is typically between 15° and 19° relative to the vertical 
axis of the pile (Figure 1; Dahl et al. 2015). Characteristics of the resulting sound radiation depend 
strongly upon the pile configuration and its properties, hammer impact energy, and environmental 
properties at the pile location and in the surrounding area (Amaral et al. 2020b; von Pein et al. 2022; 
Wilkes and Gavrilov 2017).  

As the piles being driven extend through the water column and into the seafloor, acoustic energy 
generated from impact piling is transmitted into the seafloor (Hawkins et al. 2021). The transmitted 
energy propagates outward from the pile in all directions as substrate-borne waves, known as 
compressional, shear, and interface waves (Figure 1). Compressional and shear waves travel through the 
substrate. Compressional waves are the fastest traveling waves in the seafloor and are characterized by 
particle motion that is parallel to the direction of wave propagation. Shear waves, which arrive after 
compressional waves, have particle motion that is perpendicular to the direction of the propagating wave. 
The velocities of these waves depend on the elastic properties and density of the material through which 
they propagate. 

Interface waves are those that propagate along the interface that separates media with differing elastic 
properties such as the water and the seafloor. In applications on land, the interface is the boundary 
separating air and ground, and the interface wave is called the Rayleigh wave. For measurements made 
along a water-sediment interface (i.e., the seafloor), the interface waves are known as a Scholte wave. 

Scholte waves spread cylindrically and decay less rapidly with distance compared to spherically 
spreading compressional and shear waves. They are also more easily observed and measured than the 
compressional and shear waves (Meegan et al. 1999). The speed of Scholte waves depends on the type of 
sediment through which they travel, and in highly variable seafloor environments, the speed could vary 
over short ranges. For soft shallow water marine sediments Scholte waves have velocities as low as 10-50 
m/s. For compact sediments such as till or sand, Scholte wave velocities higher than 200 m/s can be 
expected (Bohlen et al. 2004).  

The low frequency and slow-moving Scholte waves propagate over long distances and produce particle 
motion that enters the water column. The amplitude of the Scholte wave particle motion decays 
exponentially away from the water-sediment interface (Figure 1) and therefore any disturbance will be 
noticeable only within a distance of a few wavelengths from the seafloor (Tsouvalas and Metrikine 2016). 
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The energy in a Scholte wave mainly propagates along the water-sediment interface. However, an 
evanescent field of sound pressure can also be generated in the adjacent water, which decays rapidly with 
distance from the interface (Hawkins et al. 2021).  

Figure 1. A pile driver struck by a vertical hammer creates sound pressure waves in water and 
vibrational waves within the substrate. 
The motions of some particles, above, and below the seismic interface waves (representative of Scholte waves) are 
shown using hodographs. (Figure copyright 2021 Anthony D. Hawkins. All rights reserved. Used with permission.) 
(Figure from Hawkins et al. [2021]) 

5 Finite Element Modeling Results 

5.1 Modeling Methodology 

COMSOL Multiphysics (COMSOL) is software that enables users to construct finite element models with 
various physics interfaces such as Pressure Acoustics and Solid Mechanics. These physics interfaces 
contain governing equations for different media types (liquids and solids), with the benefit of describing 
material properties (density, sound speeds, etc.) as well as boundary and domain conditions which 
enhance model fidelity.  

A transient analysis was conducted using COMSOL to observe how the particle motion (acceleration, 
velocity, displacement) and pressure of the Scholte wave changes with time. COMSOL was used to 
develop and investigate the results of two models of impact pile driving situations: (i) an ideal pile driving 
scenario which provides the ability to learn about the software and classical Scholte wave behavior, and 
(ii) in a complex, real-world environment at the Coastal Virginia Offshore Wind (CVOW) Project to
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and respond to particle motion and pressure changes. Only by knowing the sensitivity and responses of 
animals to the signals can we know at what distances will they respond. Popper et al. (2022) and Williams 
et al. (2023) summarize the state of knowledge, data gaps, and research priorities in understanding what 
we need to know about animals and their responses to anthropogenic signals.  

Finally, the models developed in this study could be used to conduct sensitivity studies of anthropogenic 
activities. By varying one parameter at a time within the modeling scenario of the anthropogenic activity, 
the sensitivity of the acoustic field to that parameter could be determined, which could elucidate 
conditions that influence potential impacts for different species. Further research on how marine 
organisms react to different types of wave propagation can be integrated with modeling methods in a 
study such as this to provide a more detailed understanding of the impacts of offshore pile driving to 
marine fishes and invertebrates. 
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A Appendix A: Finite Element Modeling Figures 

 Figure A-1. Rayleigh damping values for both models from (Kim 2014). 

 Figure A-2. Representation of vertical line of probes for both models. 
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 Figure A-3. Radial acceleration of the first model in the sand with relative to z = 0 m at r = 50 m.
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 Figure A-4. Vertical acceleration of the first model in the sand relative to z = 0 m at r = 50 m.



32 

 Figure A-5. Pressure of the first model in the sand relative to z = 0 m at r = 50 m.
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 Figure A-6. Radial velocity of the first model in the water relative to z = 0 m at r = 50 m.
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 Figure A-7. Radial velocity of the first model in the sand relative to z = 0 m at r = 50 m.
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 Figure A-8. Vertical velocity of the first model in the water relative to z = 0 m at r = 50 m.
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 Figure A-9. Vertical velocity of the first model in the sand relative to z = 0 m at r = 50 m.
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 Figure A-10. Radial displacement of the first model in the water relative to z = 0 m at r = 50 m.
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 Figure A-11. Radial displacement of the first model in the sand relative to z = 0 m at r = 50 m.
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 Figure A-12. Vertical displacement of the first model in the water relative to z = 0 m at r = 50 m.
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 Figure A-13. Vertical displacement of the first model in the sand relative to z = 0 m at r = 50 m.
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Figure A-14. Configuration of the ram at the top of the pile to create a loading function for the 
CVOW model. 

 Figure A-15. Velocity (y-axis, m/s) of the ram in Figure A-14 which strikes the top of the pile.
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 Figure A-16. Radial acceleration of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m.
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 Figure A-17. Vertical acceleration of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m.
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 Figure A-18. Pressure of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m.
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 Figure A-19. Radial velocity of the CVOW model in the water relative to z = 0 m at r = 50 m.
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 Figure A-20. Radial velocity of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m.
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 Figure A-21. Vertical velocity of the CVOW model in the water relative to z = 0 m at r = 50 m.
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 Figure A-22. Vertical velocity of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m.
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 Figure A-23. Radial displacement of the CVOW model in the water relative to z = 0 m at r = 50 m.
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 Figure A-24. Radial displacement of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m.
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 Figure A-25. Vertical displacement of the CVOW model in the water relative to z = 0 m at r = 50 m. 
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 Figure A-26. Vertical displacement of the CVOW model in Layer 1 relative to z = 0 m at r = 50 m. 
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Figure A-277. Calculated CVOW model vertical acceleration levels at each range on the interface (z = 0 m) compared to the behavioral 
audiograms of four fish species and measured CVOW field vertical acceleration levels with and without a bubble curtain (HDR 2020, 
Figure 46).



U.S. Department of the Interior (DOI) 

DOI protects and manages the Nation's natural resources and cultural 
heritage; provides scientific and other information about those resources; 
and honors the Nationís trust responsibilities or special commitments to 
American Indians, Alaska Natives, and affiliated island communities. 

Bureau of Ocean Energy Management (BOEM) 

BOEMís mission is to manage development of U.S. Outer Continental Shelf 
energy and mineral resources in an environmentally and economically 
responsible way. 

BOEM Environmental Studies Program 

The mission of the Environmental Studies Program is to provide the 
information needed to predict, assess, and manage impacts from offshore 
energy and marine mineral exploration, development, and production 
activities on human, marine, and coastal environments. The proposal, 
selection, research, review, collaboration, production, and dissemination of 
each of BOEMís Environmental Studies follows the DOI Code of Scientific 
and Scholarly Conduct, in support of a culture of scientific and professional 
integrity, as set out in the DOI Departmental Manual (305 DM 3). 

View publication stats


	Sediment-Borne Wave Disturbances and Propagation and Potential Effects on Benthic Fauna
	Table of Contents

