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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 motion—which can be measured as particle 
displacement, velocity, or acceleration (see Section 1.2 Terminology for additional background on these 
concepts)—accompanying 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 consideration—and research—on 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 
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wave disturbances that can provide sound levels at various distances from the source (e.g., Hazelwood 
and Macey 2016; Hazelwood et al. 2018; Miller et al. 2016). Moreover, there is also little data on the 
sensitivity of benthic animals that would allow determining the distance from the source over which 
animals might detect, respond to, or potentially be harmed by the signal. 

There are few studies that investigated substrate-borne particle motions from offshore wind farm 
activities. The amplitudes and frequency content of construction (impact pile driving) and operations were 
measured at select locations, but source models were not developed (e.g., HDR 2019; Potty et al. 2020; 
Sigray and Andersson 2011; Yang et al. 2018). Importantly, results from recent studies funded by the 
Bureau of Ocean Energy Management (BOEM) show that, at ranges of 500 m and 1,500 m, particle 
acceleration levels measured on the seabed during pile driving (up to approximately 300 Hz) were well 
above the behavioral sensitivities for fishes that primarily detect particle motion, such as Salmo salar 
(Atlantic salmon), Pleuronextes platessa (plaice), Limanda limanda (dab), and Gadus morhua (Atlantic 
cod) (HDR 2019; 2020). Such results suggest that economically and environmentally important fish 
species living close to the bottom can potentially detect such signals.  

1.2 Terminology  

There is considerable inconsistency in the terms, units, and measurement methods used to describe 
particle motion. The International Organization for Standardization (ISO) has prepared the International 
Standard ISO 18405:2017 for acoustic terminology (https://www.iso.org/obp/ui/en/#iso:std:iso:18405:ed-
1:v1:en), which is the foundation for the discussions within this report. Nedelec et al. (2021) prepared a 
guide that summarizes best practices for making measurements, data analyses, and reporting of particle 
motion. They were clear that their guide was a first step in advancing the science related to particle 
motion but that much more work was needed as more measurements and reporting were conducted.  

To summarize these foundational documents, sound particle motion describes the movement of particles 
about an equilibrium position; a sound wave propagates because particles next to a vibratory source are 
moving backwards and forwards, causing the particles next to them to oscillate around their equilibrium 
position, etc. Sound pressure is the compression and rarefaction (expansion) of particles in the medium as 
sound energy is passed among particles. For a visual representation of particle motion and sound pressure 
see video at https://dosits.org/tutorials/science/tutorial-what-is-sound/.  

Sound particle motion can be described by sound particle displacement, given in meters (m); sound 
velocity, given in meters per second (m/s); or particle acceleration (m/s2) (Nedelec et al. 2016; Nedelec et 
al,. 2021). The terms are linked by the following equations only in the very special case of single 
frequency plane wave propagation, that is, when sound waves travel as perfectly flat planes: 

�L =  
�Q

2�Nf
(1)  

�Z�K�H�U�H������� ��particle �G�L�V�S�O�D�F�H�P�H�Q�W�����P�������X��� ���S�D�U�W�L�F�O�H���Y�H�O�R�F�L�W�\�����P���V�����D�Q�G�����Œ�I��� ���D�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\�����I��� ��
frequency in Hz), and 

a =  u × 2 �Nf (2)  

�Z�K�H�U�H���D��� ��particle acceleration (m/s2). 

Nedelec et al. (2021, Figure 4) provides a decision tree for determining when these calculations of particle 
motion can be made, but it is highly recommended that particle motion be measured whenever pressure is 
being measured. Their guide provides details on methods for measurements and analyses of particle 
motion. 

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 “vibroscape” 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�����5�H�V�H�D�U�F�K���/�H�D�V�H��, 43 km off  the coast of Virginia Beach, 
Vi rginia, 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 
30–400 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 Considerations —Taking 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 animals’ 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 community—vibroacoustic 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 Considerations —Types 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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understand how Scholte waves propagate due to differences in pile dimensions, impact hammer loading, 
and seafloor stratification. 

Both theoretical models have some similarities regarding geometry, material parameters, boundary and 
domain conditions, mesh construction, and time stepping. The geometry used for each model is 2D-axi-
symmetric, where the coordinate system is defined using polar coordinates (r �  radial, z �  vertical (or 
�G�H�S�W�K�������D�Q�G�������  �D�]�L�P�X�W�K�����D�Q�G���W�K�H���P�R�G�H�O���U�H�Y�R�O�Y�H�V���D�U�R�X�Q�G���W�K�H���Y�H�U�W�L�F�D�O���D�[�L�V���U��� �������P. This assumption 
simplifies the modeling domain, so the particle motion is measured only in the r and z directions. Both 
models also have the same initial value, where the ambient noise field is zero, thus, the results only 
measure the energy generated by the pile strike. The main differences between the models relates to the 
pile dimensions, impact hammer loading, and the addition of more sediment layers. 

Within both models there are point probes located at radial distances of 10 m, 25 m, 35 m, and 50 m away 
from the center of the pile. The radial location of 50 m was chosen as the focus for analysis of the 
modeling results because it allows for the dispersion of the acoustic waves (compressional, shear, and 
Scholte) in time due to their different wave speeds, thus, the data shown in Sections 5.2 and 5.3 are only 
�I�R�U���W�K�H���S�U�R�E�H�V���O�R�F�D�W�H�G���D�W���U��� ���������P�����$�W���H�D�F�K���G�L�V�W�D�Q�F�H�����W�K�H�U�H���D�U�H���Q�L�Q�H���S�U�R�E�H�V�����I�R�X�U���L�Q���W�K�H���Z�D�W�H�U����four in the 
sediment, and one on the interface) that have 0.5 m of vertical spacing relative to the water-sediment 
�L�Q�W�H�U�I�D�F�H���D�W���]��� �������P�����7�K�H�V�H���S�U�R�E�H�V���P�H�D�V�X�U�H���W�K�H���Y�H�U�W�L�F�D�O���D�Q�G���U�D�G�L�D�O���D�F�F�H�O�H�U�D�W�L�R�Q�V�����Y�H�O�R�F�L�W�L�H�V�����D�Q�G��
displacements, as well as pressure at each location. A representation of these probes can be seen in Figure 
A-2.

Additionally, the geometric size of both models is kept as small as possible to minimize the computation 
time because computation time increases as the amount of mesh elements (or model size) increases. The 
material properties chosen for the pile (Steel AISI 4340) and seawater are the same for both models which 
provides consistency between the models and easier implementation. The method of Rayleigh damping 
was applied to the sediment layers in each model to approximate attenuation of higher frequencies, 
expressed below (Kim 2014).  

[�%] = �Ù[�/ ] + �Ú[�- ] (3)  

Where [�%] is the damping matrix of the physical system; [�/ ] is the mass matrix; [�- ] is the stiffness 
matrix; �Ù and �Ú are the mass and stiffness coefficients, respectively. Modal damping ratios (�æ�Ü) are 
expressed as the following in terms of angular frequencies (�ñ�Ü). 

�æ�Ü=  
�Ù

2�ñ�Ü
+

�Ú�ñ�Ü
2

 (4)  

For simplicity, we assume that �Ù= 0 , which leaves �æ�Ü linearly proportional to �ñ�Ü as shown in Figure A-1 
where �Ú= 5 × 10�?�:. These values were taken from Kim (2014) which approximates Rayleigh damping 
for sandy sediments. Each model has the same boundary and domain conditions so they can run properly, 
a brief description of each condition can be found in the table below. 
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Table 1 . Description of boundary and domain conditions.  

Condition  Description  

Sound Soft Boundary 
Condition  

Used for liquid-gas interfaces where the acoustic pressure (�L�ç) vanishes: 
�L�ç= 0 . 

Perfectly Matched Layers 
(PMLs) 

Considered an Artificial Domain which is added to an acoustic model to 
mimic a nonreflecting ‘infinite’ domain. Works with all types of waves, 
oblique angles of incidence, and physics. Appropriate thickness and 
mesh resolution is needed to resolve the minimum and maximum 
wavelengths (�ã�à�Ü�á, �ã�à�Ô�ë).  

Plane Wave Radiation 
Boundary Condition  

Allows an outgoing wave to leave the modeling domain with minimal 
reflections when the angle of incidence is near normal. Can only be used 
with materials governed by Pressure Acoustics physics. Used with PMLs 
to efficiently reduce reflections.  

Damping Domain Condition  
Allows users to implement different types of physical damping, such as 
Rayleigh Damping, for materials governed by Solid Mechanics physics. 

Boundary Load  
Used to apply loading (pressure, force, etc.) functions to boundaries, 
such as the top of the pile to create the load from an impact hammer. 
Solid Mechanics only. 

Low -Reflecting Boundary 
Condition  

Allows waves of near normal angles of incidence to propagate out of the 
model domain without reflection. Only available with Solid Mechanics 
physics. Used to aid PMLs of sediment layers on the exterior boundary. 

Acoustic -Structure Boundary 
Condition  

Used to couple Pressure Acoustics to Solid Mechanics physics on the 
water-sediment and water-pile interfaces. The coupling includes the fluid 
load on the structure and the structural acceleration experienced by the 
fluid. This is automatically handled by COMSOL. 

More information about the boundary and domain conditions can be found on COMSOL’s website 
(https://www.comsol.com/) (COMSOL Multiphysics 2025). The process of mesh construction and time 
stepping are the same for each model. The mesh is a mathematical description of the physical domain in 
the model, where it approximates the size and shape of an object or region by elements. Elements are used 
so that the software’s solver can easily compute changes in variables (pressure, stress, strain, etc.) of 
partial differential equations, over a small area or volume, using model inputs such as material properties, 
loads, and initial conditions. Generally, the most common element shapes are triangular and quadrilateral 
for 2D geometries and tetrahedral for 3D models. To obtain accurate results and maintain computational 
efficiency the models were meshed with triangular elements for each material and quadrilateral elements 
for the PML. The maximum triangular mesh size (�D�à�Ô�ë) is calculated using the slowest wave speed in 
each material (�?), the maximum frequency (�B�à�Ô�ë), and the number of elements per wavelength (�0) 
shown in the equation below, 

�D�à�Ô�ë=
�Ö �Ù�Ø�Ì�ã�¤

�Ç
(5) 

where the numerator can be expressed as the local wavelength (�ã�ß�â�Ö�Ô�ß). The maximum time step (���P�à�Ô�ë) 
is calculated using the Courant-Friedrichs-Lewy (CFL) condition, 

�%�(�.=  
�Ö�ñ�ç

�Û�Ø�Ì�ã
(6) 

The CFL condition was introduced in 1928 and used to express that the distance of information (pressure, 
particle motion, etc.) traveled within one-time step must be less than the size of the element (�D) (Caminha 
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2024). In COMSOL, it is recommended to set �%�(�.= 0.1 and �0 = 5  for the default second-order 
quadratic elements for optimal performance of the implicit solver. By substituting Equation (5) into 
Equation (6), ���P�à�Ô�ë can be calculated by, 

���P�à�Ô�ë=  
�¼�¿�Å

�Ç�Ù�Ø�Ì�ã
(7) 

where �B�à�Ô�ë= 100�*�V for both models, meaning that the mesh and time step can best resolve acoustic 
waves up to 100 Hz and ���P�à�Ô�ë= 2 × 10�?�8�O. A mesh refinement study was conducted in Section 5.2 to 
further explain how higher frequencies are ‘resolved’ (Figure 8). COMSOL automatically has adaptive 
time stepping which is used so any rapid changes in the solution (impulsive signal or impact hammer 
strike) can be measured accurately in time, thus, the actual time step is ���P�Ô�Ö�ç�è�Ô�ß= 1.667 × 10�?�8�O (for the 
first model). Lastly, these models only consider elastic effects of the sediments and do not contain 
porosity parameters reducing the needed inputs of each model (COMSOL 2024). 

5.2 First Model: An ‘Ideal’ Case  

Figure 2 . COMSOL model r epresentation of the first  test case . 

To determine if COMSOL is appropriate for this study, the ‘ideal’ model shown in Figure 2, provides a 
baseline of Scholte wave particle motion data. This model has a 2D axisymmetric geometry and the axis 
�R�I���V�\�P�P�H�W�U�\���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���W�K�H���Y�H�U�W�L�F�D�O���G�D�V�K�H�G���O�L�Q�H�����U��� �������P��. The thin black line on the upper left side 
of the figure represents the pile wall. Seawater (blue) and sand (tan) are the materials of the top and 
bottom domains, respectively. The PML is represented by the diagonal red line regions, which overlap the 
seawater and sand. This overlapping allows for the COMSOL users to observe the behavior of acoustic 
waves as they travel into the PML regions. Also, if the material and physics are not defined for PMLs 
�W�K�H�U�H���Z�L�O�O���E�H���D���V�R�I�W�Z�D�U�H���H�U�U�R�U�����7�K�H���O�L�Q�H���D�W���]��� �������P���U�H�S�U�H�V�H�Q�W�V���W�K�H���V�H�D�Z�D�W�H�U-sand interface where the Scholte 
wave will propagate. Each material has its own dimensions and properties as shown in Table 2.  
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Table 2 . Material properties and dimensions of the first model.  

Parameter  Pile  
(Steel AISI 4340) Seawater  Sand 

�‰�– (
�“
�™

) 5,777.99 1,500.0 1,700.0 

�‰�™ (
�“
�™

) 3,193.91 0.0 200.0 

�Ë (
�‘�•
�“ 
Ü) 7,850.0 1,025.0 1,800.0 

�Š (�“ ) 0.0254 12.5 60.0 

�x (�“ ) 31.9 - - 

�  ̃(�“ ) 0.381 - - 

The compressional wave speed (�‰�–), shear wave speed (�‰�™) , and density (�Ë) of the pile are provided by 
COMSOL’s Material Library found within the software. The seawater and sand �‰�–, �‰�™, and �Ë were 
determined to be generally acceptable values. Steel AISI 4340 is a medium carbon, low alloy steel known 
for its toughness and strength in large sections. Once this steel is hardened, it develops good shock and 
impact resistance (Otai Steel 2024). Model parameters such as the pile dimensions (length (�x), wall 
thickness (�Š), inner radius (�˜)) and a pile load function were copied from Reinhall and Dahl (2011). 

The reason for choosing these pile dimensions is to compare the acoustic energy generated by driving a 
smaller pile against a larger pile used in the CVOW project. In Table 2, the parameter �Š represents the 
thickness of the pile wall, however, for the seawater and sand it represents their depth. The pile 
penetration depth was set to -14 m to ensure adequate transmission of the pressure wave within the pile 
into the sand.  

Figure 3 . Pile load function for the first  test case . 



11 

The pile load function shown in Figure 3 from Reinhall and Dahl (2011) is represented as an 
exponentially decaying pressure with time, 

where �š represents time and �2 is a time constant equal to 0.004 s. In COMSOL, a boundary load condition 
(Table 1) is used at the top of the pile to describe the pressure function as shown in Figure 3. Scholte 
wave speed (�‰�™�‰�Ž�•�’�š�‹) is approximately 90% of the �‰�™ in the sand, therefore, it will equal 180 

�“

�™
. The

expected time of arrival of Scholte wave at each range is shown in Table 3. 

Table 3 . Scholte wave arrival times at each range  for the first model . 

Range (m)  Arrival Time (s)  


Ú
Ù 0.0575 


Û
Þ 0.1408 


Ü
Þ 0.1963 


Þ
Ù 0.2797 

Calculated arrival times of the Scholte wave in Table 3 correspond to the particle motion and pressure 
plots produced in MATLAB. Figure 4 below shows the radial acceleration (�m�˜) at different depths at and 
above the interface. At a time just before 0.05 s, the compressional wave arrives, and the calculated 
�6�F�K�R�O�W�H���Z�D�Y�H���D�U�U�L�Y�D�O���W�L�P�H���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���W�K�H���Y�H�U�W�L�F�D�O���E�O�D�F�N���G�D�V�K�H�G���O�L�Q�H���D�W���W��� �����������������V���� 

Figure 4 . Radial acceleration of the first model in the water relative to z  = 0 m at r = 50 m.  

There is good agreement of �m�˜ with the vertical acceleration (�m� ) and the pressure plots. On the interface 
signal (cyan curve), the detection of �m�˜ �E�H�I�R�U�H���W�K�H���6�F�K�R�O�W�H���Z�D�Y�H�����a���W��� �������������V�����L�V���W�K�H���V�K�H�D�U���Z�D�Y�H. The 
maximum �m�˜ produced by the Scholte wave is ~ 2 x 104 mm/s2 which is expected to occur on the 
interface as seen above. Figure 5 shows �m�  at the same locations as shown in Figure 4. 

Kristen Fisackerly Arnold
Stamp
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Figure 5 . Vertical acceleration of the first model in the water relative to  z = 0 m at r = 50 m.  

In Figure 5, the �m�  arrivals of the compressional, shear and Scholte wave are measured. Since the particle 
motion of the compressional wave is known to be in the direction of propagation, �m�˜ (Figure 4) has a 
larger amplitude than �m�  (Figure 5). The compressional wave can also be thought of as a conical Mach 
wave due to the measured acceleration in both directions, which was also observed in the COMSOL 
modeling results of Reinhall and Dahl (2011). Likewise, shear waves have particle motion perpendicular 
to the direction of propagation, thus, the amplitude of �m�  > �m�˜ �D�W���W�K�H���W�L�P�H���R�I���a�W��� �������������V�����6�L�P�L�O�D�U�O�\���W�R���m�˜, 
the maximum �m�  produced by the Scholte wave is ~ 5 x 104 mm/s2, located at the interface. Additionally, 
the arrival of the Scholte wave shows that �m�˜ and �m�  are out of phase about 90 degrees on the interface by 
observing the direction (+/ 
F) �R�I���H�D�F�K���V�L�J�Q�D�O���D�W���W��� �����������������V�� 
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Figure 6 . Pressure of the first model in the water relative to z = 0 m at r = 50 m. 

The pressure data in Figure 6 also shows the arrivals of the compressional, shear, and Scholte at the same 
locations as Figure 4 and Figure 5. The Scholte wave has a maximum pressure of approximately 80 kPa 
which represents an approximation of the peak pressure that fish and invertebrates which dwell near the 
seafloor can experience for the first modeling scenario. A known characteristic of the Scholte wave is 
shown in the �m�˜, �m� , and pressure plots, that the Scholte wave generates evanescent acoustic energy in 
which its radiated energy exponentially decreases as the distance from the interface increases. This 
exponential decay is also shown in the radial and vertical acceleration, velocity (�‚ �˜, �‚ �  ), displacement 
(�p�˜, �p�  )�����D�Q�G���S�U�H�V�V�X�U�H���P�H�D�V�X�U�H�P�H�Q�W�V���D�W���D�O�O���S�U�R�E�H���G�H�S�W�K�V�����L�Q���W�K�H���Z�D�W�H�U���D�Q�G���V�D�Q�G���I�R�U���U��� ���������P�� 

The plots of �m� ,̃�™�‡�”�Š, �m� ,�™�‡�”�Š ,�‚ �˜, �‚ � , �p�˜, �p� , and pressure can be found within Appendix A (Figures A-3 
to A-13). In addition, the �p�˜ measurements within the sand as seen in Figure A-11 show a change in the 
�G�L�U�H�F�W�L�R�Q���R�I���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���6�F�K�R�O�W�H���Z�D�Y�H���Z�L�W�K���G�H�S�W�K���E�\���F�R�P�S�D�U�L�Q�J���W�K�H���V�L�J�Q�D�O�V���D�W���]��� �������P�����L�Q�W�H�U�I�D�F�H����
�E�O�X�H���F�X�U�Y�H�����W�R���]��� ���������F�P�����J�U�H�H�Q���F�X�U�Y�H�������7�K�L�V���F�K�D�Q�J�H���U�H�S�U�H�V�H�Q�W�V���F�O�D�V�V�L�F�D�O���6�F�K�R�O�W�H���Z�D�Y�H���E�H�K�D�Y�L�R�U���R�I��
retrograde (clockwise) and prograde (counterclockwise) motion and has also been observed in other 
modeling efforts (Hazelwood and Macey 2016). In the particle motion animations (see supplementary 
data), hodographs were created at each probe location to plot �p�˜ �œ�™.�p�  with time which also shows this 
behavior.  
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Figure 7 . Pressure signal on the water/bottom interface (top) and its spect rogram at r = 50 m (first 
model) (bottom).  
Note: Color bar has units of dB re �������3�D. 

Figure 7 shows the pressure signal on the interface and the spectrogram of that signal. A spectrogram is 
useful to visualize the frequency content within a signal as a function of time and the color bar represents 
the power spectrum of each frequency in decibels (dB �U�H���������3�D). As shown above, the compressional 
wave arrives just before 0.05 s and has frequency content up to 1.5 kHz, due to the broadband impact pile 
driving load. These color bar limits allow for the frequency and energy content of the Scholte wave to be 
observed more easily. �$�W���W��� �����������������V, there is a high-intensity region (dark red) at frequencies up to 100 
Hz, which matches other research that Scholte waves predominately have high energy at low frequencies 
(Roberts et al. 2016b). Additionally, supplementary spectrogram data of �m� ,̃, �m�  ,�‚ �˜, �‚ � , �p�˜, �p� , at all 
probe locations (ranges and depth) confirm this result.  

To understand the model’s accuracy, a mesh refinement study was conducted as shown in Figure 8. In 
this study, the same model is run with a mesh tuned to two different maximum frequencies (100 Hz and 
500 Hz). By comparing the model output of these two cases the impact of mesh size on the accuracy of 
the model can be assessed.  
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Figure 8 . Mesh refinement study for the first model �����3�R�Z�H�U���R�I���W�K�H���S�U�H�V�V�X�U�H���V�L�J�Q�D�O�����G�%���U�H���������3�D�����D�W���U��
= 50 m and z = 0  m.  
Note: X-Axis represents frequency (f) in Hz. 

Figure 8 shows the results of the mesh refinement study within the first model of the measured pressure 
signal at �U��� ���������P���D�Q�G���]��� ���� m. Figure 8 compares the model output of pressure at two different mesh 
sizes (tuned to 100 Hz and 500 Hz: magenta and black curves respectively). With respect to the 
spectrogram shown in Figure 7, the high frequency content is a result of high sampling frequency of 
6 kHz, with a Nyquist frequency of 3 kHz; which depends on �Â�P�Ô�Ö�ç�è�Ô�ß of the model. Additionally, the pile 
driving load used for this model (Figure 3) is a broadband signal, which contains higher frequencies than 
100 Hz. The mesh and time step of this model will ‘resolve’ acoustic waves higher than 100 Hz, however, 
the accuracy of the solution will decrease for those frequencies. Therefore, the goal of this analysis is to 
understand how well the mesh and time step based on �B�à�Ô�ë= 100�*�V ‘resolves’ higher frequencies and 
up to what frequency is the solution still considered ‘reasonable.’  

This modeling scenario was computed twice with �B�à�Ô�ë= 100 �*�V and �B�à�Ô�ë= 500 �*�V; no other 
parameters, boundary or domain conditions were changed. The pink and black lines represent the power 
���G�%���U�H���������3�D�� of the original model (�B�à�Ô�ë= 100 �*�V) and the higher resolution version of this model 
(�B�à�Ô�ë= 500 �*�V), respectively. The blue line represents the difference between the black and pink curves, 
which correspond to �B�à�Ô�ë= 500 �*�V which is more accurate than the model with �B�à�Ô�ë= 100 �*�V. This 
difference is used to assess the accuracy of the model based on �B�à�Ô�ë= 100 �*�V. Lastly, the red line is a 
threshold of 5 dB which represents a ‘significant’ difference in the two solutions. The difference curve 
(blue) exceeds this value at a frequency of roughly 240 Hz, thus, the modeling results calculated using 
�B�à�Ô�ë= 100 �*�V are ‘ reasonable’ up to 240 Hz. 

A mesh refinement study can be done for the CVOW model (as shown in Figure 8), however, that model 
is limited due to the computation time and potential storage needed to save the model on a computer. For 
reference, the ‘ideal’ case (mesh and time step based off 100 Hz) took about three hours to compute and 
was small enough to save on to a standard drive. When the ideal case for 500 Hz was computed, it took 
approximately two days and required 1TB (terabyte) of computer storage. It is expected that the CVOW 
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model, with a mesh and time step based off 500 Hz, will require even more computational resources then 
currently available due to how the maximum mesh size is calculated (as stated in Section 5.1). 

Figure 9 . Visual of the pressure field in the water and vertical velocity in t he sand of the first 
model at t = 0.2798 s.  

Figure 9 shows the pressure field (right color bar) and the vertical velocity (left color bar) in the water and 
sand, respectively. The axes on the bottom and left are in meters and represent the �  ̃and � , respectively. 
The values next to the black arrows above and below the color bars represent the maximum and minimum 
of each variable, respectively. The color bar limits are less than the values next to the black arrows for 
each variable, so the Scholte and Shear waves are easier to see. The time in the top left corner 
�F�R�U�U�H�V�S�R�Q�G�V���W�R���W�K�H���D�U�U�L�Y�D�O���R�I���W�K�H���6�F�K�R�O�W�H���Z�D�Y�H���D�W���U��� ���������P��and compressional wave has already been 
absorbed by the PML. As seen above, the shear wave propagates in front of the Scholte wave and extends 
spherically down in the sediment with depth. Behind the Scholte wave, there are smaller interface wave 
modes which propagate with smaller amplitudes due to the rebound effect within the pile. This effect is 
caused by the impedance mismatch between the sand and the bottom of the steel pile, which traps the 
compressional wave within the pile wall which was generated by the impact hammer strike.  
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5.3 Second Model: CVOW Project  

Figure 10. CVOW model setup with the sediment layers shown as L1 –L4. 

The second test case simulated in COMSOL incorporates seafloor stratification as shown in Figure 10. 
The pile penetration depth of -25 m was chosen in accordance with the CVOW Commercial Construction 
and Operations Plan Sections 1-3 report from Dominion Energy (2023). Pile dimensions were taken from 
Dominion Energy (2024) while the pile load function was approximated from available descriptions of 
hammer energy. The dimensions such as the length, inner radius, and wall thickness of the pile for the 
CVOW model is 83 m, 4.75 m, and 0.1 m, respectively. 

Material properties (�?�ã, �?�æ, �!�����D�Q�G���O�D�\�H�U���W�K�L�F�N�Q�H�V�V�H�V�� of each layer (L1–L4) were derived from sediment 
borings (Fugro Consultants Inc 2023), which was collected near the CVOW Lease Area, and other 
sources. For layer one, there was no boring log data available, so, the density and compressional wave 
speed was found using a table of sediment properties in Hamilton (1980). The shear wave speed for layer 
1 was calculated using a regression equation from Hamilton (1979) shown below, where �‰�– and �‰�™ are the 
compressional and shear wave speeds, respectively.  

�?�æ= 21.05 
F24.617�?�ã + 7.215�?�ã�6 (9)  

Layer 1’s material properties determined from Hamiliton 1979 and 1980 are as follows: �?�ã � ����,646 m/s, �?�æ 
� �� ������������ �P���V�����?�æ�Ö�Û�â�ß�ç�Ø � � � � �� �� �� �� �� � �P���V���� �!� � � � � � �,772 kg/m3, and a thickness of 5 m. The table below shows the 
calculated arrival times of the Scholte wave at each range. These approximate arrival times help to interpret 
the COMSOL model outputs. 
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Table 4 . Scholte wave arrival times at each range for the second model (CVOW).  

Range (m)  Arrival Time (s)  


Ú
Ù 0.1299 


Û
Þ 0.3433 


Ü
Þ 0.4855 


Þ
Ù 0.6988 

The pile load function used for the CVOW model is shown in Figure 11 which was calculated using another 
transient analysis COMSOL model, similarly, conducted in Reinhall and Dahl (2011). Figure A-14 shows 
the setup of this other model where only the ram and pile are used to measure the pressure on the top of the 
pile. The maximum hammer energy (�-�' �à�Ô�ë) used within a modeling effort of the CVOW project was 
found to be 4,000 kJ from the Appendix Z: Underwater Acoustic Assessment (Dominion Energy 2023). 
For this model, 4,000 kJ was used as a conservative estimate which neglects the loss of transferred energy 
into the pile due to heat and friction. 

Figure 11. Pile load function used for the CVOW model.  

Since the actual impact hammer used for the CVOW project is unknown, the IHC-S4000 Hydrohammer 
which is manufactured by IQIP was chosen, which can produce 4,000 kJ of kinetic energy. Technical data 
about the IHC-S4000 such as ram mass and max blow energy was found in IQIP (2024). The ram mass of 
this hammer is �I �å�Ô�à � �����������������������N�J���W�K�X�V�����W�K�H���G�R�Z�Q�Z�D�U�G���Y�H�O�R�F�L�W�\���R�I���W�K�H���U�D�P���Z�D�V���F�D�O�F�X�O�D�W�H�G���W�R���E�H�� 
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A stroke distance of one meter was assumed to determine the time of impact. Figure A-15 shows the 
velocity of the ram that was used within the model setup shown in Figure A-14. The data was analyzed 
further in MATLAB using the Exponential Weighting Method to create the exponentially decaying 
function shown. With this method, a forgetting factor (�ô�ô) between zero and one can be applied to a 
signal which smooths the data as �ô�ô increases towards one. First, �ô�ô was set to 0.60 on the original 
pressure signal, thus creating a second signal that is smoother. Then, �ô�ô was increased by 0.10 and 
applied to each successive function until the smoothest possible signal was created. Lastly, the new signal 
was reflected and shifted so that it occurs earlier in time (Figure 11). The goal of creating the smooth 
pressure signal above was to aid the internal solver in COMSOL for model efficiency, which resulted in 
the time step for this model to be �Â�P= 2 × 10�?�8s. 

Figure 12. Radial acceleration for the CVOW model in the water relative to z = 0 m a t r = 50 m.  

Figure 12 shows the measured �m�˜ �R�I���W�K�H���&�9�2�:���P�R�G�H�O���D�W���G�L�I�I�H�U�H�Q�W���G�H�S�W�K�V���Z�K�H�Q���U��� ���������P. The arrival of 
the compressional wave is seen at approximately 0.1 s while the Scholte wave arrival is shown by the 
�Y�H�U�W�L�F�D�O���G�D�V�K�H�G���E�O�D�F�N���O�L�Q�H���D�W���W��� �����������������V. The Scholte wave speed of the first layer is 70.32 m/s, and the 
�O�R�F�D�W�L�R�Q���R�I���W�K�H���S�U�R�E�H�V���D�U�H���D�W���U��� ���������P. Compared to the first model, there are variations of �m�˜ seen before 
and after the Scholte wave arrival time, making the Scholte wave more difficult to see. These variations 
are due to reflections within the top layer of sediment from compressional and shear waves.  

Kristen Fisackerly Arnold
Stamp
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Figure 13. Vertical acceleration for the CVOW model in the water relative to z = 0 m at r = 50 m.  

Figure 13 �V�K�R�Z�V���W�K�H���Y�H�U�W�L�F�D�O���D�F�F�H�O�H�U�D�W�L�R�Q���I�R�U���W�K�H���&�9�2�:���P�R�G�H�O���U�H�O�D�W�L�Y�H���W�R���]��� �������P���D�W���U��� ���������P�����&�R�P�S�D�U�H�G��
to Figure 12, there is less variation seen before the Scholte wave at the interface (cyan curve) so the shear 
�Z�D�Y�H���L�V���P�R�U�H���Y�L�V�L�E�O�H���D�Q�G���F�D�Q���E�H���V�H�H�Q���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\���W��� �������������V. Similar to the first model, �m�˜ > �m�  for 
�W�K�H���F�R�P�S�U�H�V�V�L�R�Q�D�O���Z�D�Y�H���Z�K�L�F�K���D�U�U�L�Y�H�V���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\���W��� �������������V���D�Q�G���m�  > �m�˜ for the shear wave which 
�D�U�U�L�Y�H�V���D�W���W��� �������������V���G�X�H���W�R���W�K�H���N�Q�R�Z�Q���S�D�U�W�L�F�O�H���P�R�W�L�R�Q���R�I���H�D�F�K���Z�D�Y�H���L�Q���U�H�O�D�W�L�R�Q���W�R���L�W�V���G�L�U�H�F�W�L�R�Q���R�I��
propagation. The maximum vertical acceleration of the Scholte wave at the interface is approximately 1.5 
x 104 mm/s2. 

Figure 14. Pressure of the CVOW model in the water relative to z = 0 m at r = 50 m. 
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Figure 14 �V�K�R�Z�V���W�K�H���P�H�D�V�X�U�H�G���S�U�H�V�V�X�U�H���R�I���W�K�H���&�9�2�:���P�R�G�H�O���L�Q���W�K�H���Z�D�W�H�U���U�H�O�D�W�L�Y�H���W�R���]��� �������P���D�W���U��� ���������P����
�7�K�H���S�U�H�V�V�X�U�H���G�D�W�D���D�E�R�Y�H���V�K�R�Z�V���D���V�W�U�R�Q�J���D�U�U�L�Y�D�O���R�I���W�K�H���F�R�P�S�U�H�V�V�L�R�Q�D�O���Z�D�Y�H���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\���W��� �������������V��
with three distinct peaks which represent the initial Mach wave and its reflections from the bottom and 
surface. As seen in results of the first model (Figure 4–Figure 6), there is the same evanescent decay of 
the Scholte wave energy as the distance away from the interface increases as compared to the CVOW 
results (Figure 12–Figure 14).  

Figure 15. Pressure signal on the interface (top) and its spectrogram at r = 50 m (CVOW model) 
(bottom).  
Note: Color bar has units of dB re �������3�D. 

Figure 15 shows the measured pressure signal on the interface and the respective power spectrum (dB re 1 
���3�D�� �D�W���U��� ���������P�����&�R�P�S�D�U�H�G���W�R��Figure 7, there are higher intensities of the compressional wave arrival 
�V�K�R�Z�Q���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\���W��� �������������V���I�U�R�P�����������+�]–600 Hz and has a maximum frequency content of 
approximately 1 kHz. The Scholte wave, which arrives at 0.70 s, contains substantial energy at 
�I�U�H�T�X�H�Q�F�L�H�V���”��100 Hz which relates to the frequencies observed in the first model, shown previously in 
Figure 7. The plots of �m� ,̃�™�‡�”�Š, �m� ,�™�‡�”�Š ,�‚ �˜, �‚ � , �p�˜, �p� , and pressure for the CVOW model can be found 
within Appendix A (Figures A-16 to A-26). 
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Figure 16. Visual of the pressure field in the water and vertical velocity in the sediment (CVOW 
model).  
Notes: Pile is represented by the vertical line at a range of 4 m and the vertical line at 60 m represents the boundary 
between the computational domain (left of the line) and the PML (right of the line). 

Figure 16 shows the pressure field (right color bar) and the vertical velocity (left color bar) in the water 
and sediment layers, respectively. The time in the top left corner corresponds to the time of the Scholte 
�Z�D�Y�H���D�U�U�L�Y�D�O�����L�Q���O�D�\�H�U���R�Q�H�����D�W���U��� ���������P. Compared to the ideal scenario (Figure 9), there is much more 
variation of the Scholte wave within the sediment layers due to internal reflection in each layer and the 
transmission of waves through layers. Even though Rayleigh damping is applied equally to each model, 
there appears to be a stronger reduction in the amplitude of the waves within the CVOW model due to 
destructive interference of the internal reflections in the layers. There are also other interface waves that 
propagate on the water and sediment due to the rebound effect within the pile. 
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Figure 17. Calculated CVOW model  radial acceleration  levels  at each range  on the interface (z = 
0 m) compared to  the behavioral audiograms of four fish species and  measured  CVOW field  radial 
acceleration levels  with and without a bubble curtain   
Source: HDR (2020), Figure 47 

Figure 17 shows a comparison of radial particle acceleration levels (dB re 1 ��m/s2) from the CVOW 
model to the behavioral audiograms of four different fish species and measured CVOW field data with 
and without a bubble curtain. The light blue, red-orange, purple and orange curves represent the radial 
particle acceleration levels from the CVOW model at 10 m, 25 m, 35 m, and 50 m, respectively. The fish 
audiograms are of Atlantic salmon (thick red curve) (Salmo salar, Hawkins and Johnstone 1978), dab 
(thick green curve) (Limanda, Chapman and Sand 1974), Atlantic cod (thick magenta curve) (Gadus 
morhua, Chapman and Hawkins 1973), and plaice (thick dark blue curve) (Pleuronectes platessa, 
Chapman and Sand 1974). The solid black and dashed black lines represent the measured CVOW field 
data without and with a bubble curtain; this data was measured using an Ocean Bottom Sensor (OBX) at a 
range of ~1.5 km from the pile driving activity. As shown above, the radial acceleration levels of the 
model data at 10 m, 25 m, 35 m, and 50 m away from the pile on the interface exceed the behavioral 
sensitivity data of all the fish species for frequencies from 30 Hz to 350 Hz. Similarly, the measured 
CVOW model vertical acceleration levels at the same ranges on the interface was compared with the 
same fish species and measured CVOW field data in Figure A-27. The vertical acceleration levels also 
exceed the behavior sensitivities of all fish for the same range of frequencies. 
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6 Discussion  

Modeling results from this study provide a better understanding of both ideal wave propagation during 
impact pile driving of steel piles and how field conditions can influence how energy produced during pile 
driving propagates into the seabed. Moreover, these results give a quantitative analysis of how the water 
and near seabed sediments are influenced by pile driving activities.  

Further, model results from this “ideal” model demonstrates the validity of COMSOL to illustrate Scholte 
wave propagation at and near the boundary between the seabed and water column. This ideal model is 
then enhanced by integrating field data from CVOW in the second model, which illustrates how different 
sediment layers can complicate wave propagation due to internal reflection of energy within and between 
the layers. Finally, results demonstrate that site specific conditions, such as seafloor stratification, can 
significantly influence the measured particle motion and pressure at various locations within the water 
and sediment.  

Knowledge of the acoustic field generated during impact pile driving activities, which can be predicted 
with the modeling presented in this study, and knowledge of the sensitivity and behavioral responses of 
animals to such signals can lead to an understanding of how benthic fishes and invertebrates may be 
impacted by pile driving (Popper et al. 2020). The modeling results demonstrate that the Scholte waves 
created during the CVOW pile driving had a maximum vertical acceleration of 15 m/s2 (as seen in Figure 
13) and a maximum pressure of 80 kPa (as seen in Figure 14) at approximately 50 m from the center of
the pile. This can be compared with what is known about the sensitivities of a small number of marine
crustaceans studied to date, all of which have been shown to have behavioral thresholds of 0.4–0.81 m/s2

(peak) at 20–300 Hz (Roberts and Elliott 2017), suggesting that at least these species would detect the pile
driving signal at 50 m. Therefore, these studied species would potentially be able to detect these Scholte
waves. Additionally, the measured CVOW model radial and vertical acceleration levels (dB re 1 ��m/s2) at
all ranges on the interface were compared to audiograms of four fish species and CVOW field data
measured at a range ~1.5 km (Figure 17, and Figure A-27). From this comparison, the model data exceeds
the behavioral sensitivities of the four fish species from 30 Hz to 350 Hz at each range.

Figure 16 demonstrates the propagation of the acoustic energy from the modeled pile driving, from which 
the potential for benthic fauna to detect the energy can be estimated. As described in the modeling results, 
the top layer of sediment, which in this modeling scenario extends down to a depth of 5 m, traps the 
acoustic energy in almost a waveguide fashion. This results in higher intensity sounds within this layer, 
which would likely be detectable by some benthic fauna. What is now needed, however, is much more 
research on animal sensitivities before any definitive conclusions can be made on the potential impact of 
Scholte wave particle motion at different distances from pile driving activity on these benthic animals.  

Future investigations examining how various marine invertebrates and fishes detect and react to 
environmental stimuli would be enhanced by using the source model described in this study with the 
actual field measurements from CVOW to better characterize sediment influences (e.g., porosity) on 
acoustic energy propagation in the vicinity of pile driving activities. Beyond the work reported here, the 
modeling methods used in this study can be applied broadly to different scenarios to better estimate the 
acoustic field and predict the ranges of potential impact.  

In conclusion, this study demonstrates a method for modeling impact pile driving as a sound source for 
both sound pressure and particle motion. The next step is to couple this source model with a three-
dimensional (3D) propagation model that can predict the acoustic far field environment. This research is 
being done under another BOEM study grant, which is just getting started. 

However, it must also be recognized that a critical corollary to modeling and doing actual measurements 
is that far more research is needed on how different marine organisms, in particular benthic fauna, detect 
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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.
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 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.



34 

 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 t o 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 loadi ng 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. 



53 

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 acce leration levels with and without a bubble curtain (HDR 2 020, 
Figure 46).
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