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1 Introduction

1.1 Background

Construction of fixed foundatiooffshore wind farms involves the installation of large diameter steel
piles using higkenergy hammers. These piles are installed via vibratory or impact pile driving grausin
combination of these methods to drive the pile to its desired installation deptheftisfocuses on
impact pile driving, which is when the top of the pile isiskrrepeatedly 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 damthdrom many other
high-energy underwatesirce$ is that highintensity and impulsive sounds can potentially affect marine
life (Hawkins and Popper 2018; Popper and Hawkins 20I8se effects may be minimal and transitory,
or they may result in longgéerm behavioral and physiological effects that could impact fithess and
survival of animals and, in some cases, result in immediate or delayed mdtalitkins and Popper
2018) This report focuses on potentiaipacts of sounds fromile driving on benthic and epibenthic
fauna, defined as fishes and invertebrates located on or close to the seafloor.

Most studies on sounds frgpile driving have focused on pressure waves in the water cdleugn Dahl
et al. 2015; Lippert et al. 2016; Lippert et al. 2018; Reinhall and Dahl ZDdde has also been some,
but still far too little, consideration of the particle motiewhich can be measured as particle
displacement, velocity, or acceleration (see Section 1.2 Terminology for addi@mkground on these
conceptsy-accompaning the sound pressure in the water column (Hawkins et al. 202&gdition

there has been little consideration of the acoustic energy from the piles being drovéreisediment,
resulting in acoustic energy propagating at the sediwater interface and in the sediment (Hawkins et
al. 2021) Moreover, there has been even less considerathmil 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 subktrate particle motioxdepth

and range dependent amplitude and polarizatbahgess the type or composition of the substrate
changege.g., Amaral et al. 2020a)hus, within the substrate, which has a material property more like a
solid than liquid, acoustic energy propagates in the forms of compressional and shear wave
Additionally, Scholte waves propagate along the interface between substrate and hvatefAmslie et

al. 2024; Hawkins et al. 2021; Jensen et al. 2011)

Becauseifshesand aquatic invertebrates that have been stubiatt acoustic energy in the form of
particle motion (including substraterne vibration) (e.g., Nedelec 2016; Popper and Hawkins 21018)
very likely that much of the benthic fauna can detect the-bigigy particle motion resulting from
impact pile driving (assuming it is above the detection threshold of the animal). Istieids have
shown that several marine benthic specidshéxbehavioral responses when exposed to subdioate
vibration in controlled experimental experiments (e.g., Roberts and Breit?@l@t Roberts et al. 20164,
Roberts and Elliott 2017; Roberts et al. 2018le limited data show that biologically adverse effects on
benthic species may result from letegm exposure of anthropogenic substiatene vibration near the
pile driving operation (Roberts and Elliott 2017; Roberts and Rice 20&8fover, the few studies of
fishes in shallow water show that at least some species move away from areas opileteinséng,
thereby indicating potential behavioral impa@&sy., Krebs et al. 2016).

Despite the importance of substrai@ne particle motion resulting from marine engineering activities,
these disturbances have largely been overlooked and rarely me@sgrgimnaral et al. 2020b; Guan et
al. 2024; HDR 2019; 2020T here arevery few studies on the propagation or modeling of sedkinermnte



wave disturbances that can provide sound levels at various distances from the source ébagnotiaz
and Macey 2016; Hazelwood et al. 2018; Miller et al. 20W®yeover, therés alsolittle data on the
sensitivity of benthic animals that would allow determining the distance from theesmoer which
animals might detect, respond to, or potentially be harmed by the signal.

There are few studies that investigated substratee particle motions from offshore wind farm
activities. The amplitudes and frequency content of construction (impact pile diévidg)perations were
measured at select locations, but source modelsnatigevelopede.g., HDR 2019; Potty et al. 2020;
Sigray and Andersson 2011; Yang et al. 208portantly, results from recestudies funded by the
Bureau of Ocean Energy Management (BOER)w thatat ranges of 500 m and 1,500 m, particle
acceleratia levels measured on the seabed during pile driftipgo approximately 300 Blavere well
above the behavioral sensitivities for fishes that primarily detect particle msudicim asSalmo salar
(Atlantic salmon)Pleuronextes platesgalaice),Limanda limandgdab), andsadus morhugAtlantic
cod) (HDR 2019; 2020Q)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 gsetd¢o de
particle motion. The International Organization for Standardization (ISO) Bparned the International
Standard 1SO 18405:2017 for acoustic terminoldgipé://www.iso.org/obp/ui/en/#iso:std:is0:18405:ed
1:v1:er), which is the foundation for the discussions within this repetelec et al. (202Prepared a
guide that summarizes best practices for making measurements, data analyses, arglokpartiole
motion. They were clear that their guide was a first step in advancing the science relattidléo

motion but that much more work was ded as more measurements and reporting were conducted.

To summarize these foundational documents, sound particle motion describesdheemtoof particles
aboutan equilibrium position; a sound wave propagates because particles next to a vibratenasour
moving backwards and forwards, causing the pastioctxt to them to oscillate around their equilibrium
position, etc. Sound pressure is the compression and rarefaction (expansion)lesparie medium as
sound energy is passed among particles. For a visual representation of particle ndogimmapressure
see video ahttps://dosits.org/tutorials/science/tutonethatis-sound/

Sound particle motion can be described by sound particle displacement, given in metsosirioh
velocity, given in meters per second (m/s); or particle acceleratiof) (éslelec et akR016 Nedelecet
al,. 202). The terms are linked by the following equations only in the very special caselef sing
frequency plane wave propagation, that is, when sound waves travel as perfectly flat planes:

Q
L= — 1
>N 1)
ZKHU iparticle GLVSODFHPHQW P X SDUWLMRIH XOIDWRFUWT XPIQF\DQG
frequency in Hz), and

a=ux2N (2)
Z K H U Ipafficleacceleration (m#.

Nedelec etl. (2021 Figure 4)providesa decision tree for determining when these calculations of particle
motion can be made, but it is highly recommended that particle motion be measuredexipeessure is
being measured. Their guide provides details on methods for measurements and ahpbsiele

motion.
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1.3 Objectives

The objectivesof this sudy wereto develop dheoreticalundestanding of substratebornewave
disturbancesn particular,the Scholte waves thatcuratthe sedimentvaterinterface producedby
impactpile driving, and toput thatunderstanding ithe contextof whatis known aboutthe potential
effects ofparticle motionon benthic faunaThe goalwas todevelopnumericalmodels topredict
substratebornewave propagation and ugbatinformation o predictthe potentialimpactsof impactpile
driving onimportantbenthic or epibenthicmarinefaunathatmay bein thevicinity of pile driving
activities.

Althoughthepotentialfor impactsfrom substrateéborneparticle moton from pile driving hasbesn
recognizedor marine benthic organismekitle researcthas beerconductedto address these types of
disturbancesRopperand Hawkins2018) To supportresponsiblgpemitting of offshorerenewable
energy projectghe BOEM provided funding foithe currentstudy to betteundestand thepatticle motion
of Scholtewavesfrom impactpile driving during offshorewind farm construction andpotentally, other
devdopmentsusng offshorepile driving.

This gudy focused on modelingcholte wave particlemotion and pressureat andnearthe seabed
generatedby impact piledriving. Modelling resultspredictingparticle motion at two distancefrom the
pile driving ste for anidealscerario ard a scenariontegratingseafoor stratigraphyare considered
within the contextof whatis known aboutpotentialimpactsto aquatidife. Given thelargedaa ggpson
the undestandng of the sensitivitiesof benthicfauna futurestudiesare needed to determinkow
modeledparticle motionmay affect various marine fishes andvertebratesThe goal of the studywas to
providepreliminary insightinto theparticle motion acoustidield created during impagile driving.

2 A Brief Literature Review

While marinemammals use the pressuranponentof saundfor hearing,all fishes anall aquatic
invertebragsthatserse acoustic energietectard use the particle motiooomponentof saund(e.g.,
Nedekcetal 2016;Popperand Hawkins2018) Moreover,sane fishes alsdetectsaund pressure in
additionto particle motion (e.g.,Popperand Hawkins2019) The reademwanting moranformation is
referred to thdiscovery ofSound in theSeawebsite(dosits.org)for more authoritativebackground
informationon how marine fishes deteatoustic energyhttps://dosits.org/animals/souneception/how
do-fish-hear) ard how marine invertebrates detexbustic energyhttps://dosits.org/animals/sound
reception/howdo-marineinvertebratesletectsounds), as wellasdiscussiorof pressure angdarticle
motion ascomponent®f sound [ittps://dosits.org/animals/advanced-topanimals/componentsf-
soundy.

Severalauhors(Robertsand Elliott 2017; Robertsand Wickings2022)suggesthata “vibroscape” exists
within the sedimenand on the seashore resultifigbm naturalernvironmentalsaurces suclas waves,
turbulenceand earthquakess well as from biotic sourcessuch asmovementpurrowing,and feeding of
benthic animalsand falling prey itemaVany invertebrategppearto respondd thesevibrations(Roberts
etd. 20169. For example, thebivalve Scrobicularia plangpepperyfurrow shell)is sensitiveo vibration
andmay therefore readb the footfallof its avianpredatorHaematopu®4dralegus(Eurasian
oystercatcher)The anemonénthopleuraelegantissimdaggregating anemonend thepumle sesaurchin
Strongylocentrotupurpuratuscan detecvibrationswithin thefrequency rangef waveson theshore
(Roberts etl. 2016a).

Potty et al. (2023)provided measurement$ the Scholtewavesof impactpile driving atarangeof 1,500
m atthe CoastaVirginia Offshore Wingroject 5HV H D U F &3 Kril @f \Wthd coasbf Virginia Beach,
Virginia, USA. They cakulatedacceérationlevels indB re 1pm/s* of 715 a 30 Hz,737 at35Hz and
45 Hz,and 76.8
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at 83 Hz. This work is furthered in the current study with the developmeninaérical models of impact
pile driving to predict substrateorne wave propagation to ranges of approximately 50 m

Putting the model results into the context of potential effects on benthic faunaésl lopithe
availability of data on the sensitivity to particle motion by animals. Indeed,evendy now just
beginning to understand how many species detect partatien (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 acougyc ener

Furthermore, few data are available on the behavioral responses of benthic inverieipeatadd

motion. Establishing the response of an organism to an acoustic or vibratory stimulus typicaies
determining detection capabilities spanning a range of frequencies. The way to makettéreseations
is by measuring behavioral responses to a stin{®lapper and Hawkins 2021jlowever, measuring
behavior is often very difficult or not possible and so investigators have used electrogigaiolo
regponses from individual sensory receptors, or meaithe auditory evoked potential (AEP) from the
ear or brain as a partial analog to sound deted®oberts and Elliott (201 ®ompiled data from research
studies of the thresholds and behavioral responses of marine crustaceans to vistational hey

found that crustaceans exhibited behavioral thresholds to vibrations from 0.04 to 9iBxha/range of
30400 Hz.

Even fewer data on detection of substrate vibrations are available for fishes since mesthstuelbeen
done in terms of sound pressure, a stimulus that most fishes do not directly deteotzé¥] many of the
moststudied fishes do not live near the seafloor, thus decreasing the probability ekfiesure to
Scholte waveddowever, some commercially important fishes, such as flatfish, incliRllugonectes
platessa(plaice) and commohimanda limandgdab),live on or very near the seafloor and may use
vibrations to sense predat¢f3hapman and Sand 1974%yhile data are limited, sensitivity thresholds to
particle displacement for both species are on the order of>oxfiGat 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 sultstragedisturbances and their potential

impact on animals that live on, in, or just above the substrate (Hawkins et al. [p02&d, the most
important issues for this and related studies is how the signals from pile drivivitpéo intense sources)
may impact animals. Following from this,s of considerable importance to consider the acoustic energy
from the animals’ perspectivéBopper et al. 202D)

Many species of both fishes and aquatic invertebrates use sound and/or vibratiolpgyms still

being discussed within the scientific commusnityibroacoustic has been proposed as a general term and
will be used here) as part of their normal lives. Indeed, many species use, and may puatiusignals

to learn about their environment, including the presence and location of food, precatgdeatial

mates Moreover, even if these animals dot produce sounds themselves, they can still sense the
environmental sounds, just as terrestrial animals, including humans, detéciften use, sounds in their
environment (e.g., traffic noise as one crosses a street). Such signals are of greatceglunecsintrast to

all other sensory signals avdila to animals, sound travels rapidly and over long distances and can be
detected from all directions, providing critical situational awareness of objetth@environment.

The critical issue is that since sound and vibratory signals are important toesldisth some (probably
many!) aquatic invertebrates, activities that interfere with the productiontidatesr use of such signals
could have an impact on the animals. The modes of impact can come in a variety of wayg framgin
mortal injury or significantly harming animals physically if the signal is of siefficmagnitude, to



masking detection of biologically important signals to causing animals to avoid lzaeasaly, otherwise,
be prime for their normal activities such as breeding or feeding. From the pemspéttumans, fishes
and aquatic invertebrates are especiallydartant since on the order of 17% of all humans get 100% of
their protein from these animg8lcClanahan et al. 2015; Tacon and Metian 20T8Ws, if
anthropogenic signals interfere with the detection of biologically relevant signals 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 perspectivenalsarindeed, as
pointed out byPopper et al. (2020), one must examine the potential impacts of anthropogeng signal
from the perspective of the animals rather than from the perspective of the soune@pooduitigating
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 dyraty pite

driving. Each strike results ihigh 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 properégslefand the
sound speed in the surrounding water. This angle is typically between 159°amdalive to the vertical
axis of the pilgFigure 1; Dahl et al. 2015¢haracteristics of the resulting sound radiatiepend

strongly upon the pile configuration and its properties, hammer impact energy, and eadtadnm
properties at the pile location and in the surrounding area (Amaral et al. 2020bjrven &e2022;

Wilkes and Gavrilov 2017)

As the piles being driven extend through the water column and into the seafloor, acougtic ene
generated from impact piling is transmitted into the seafldawkins et al. 2021)The transmitted
energy propagates outward from the pile in all directions as sublstnate waves, known as
compressional, shear, and interface waves (Figure 1). Compressional and shear wavestighehe
substrate. Compressional waves are the fastest traveling waves in the seafloor and arezgthigcteri
particle motim that is parallel to the direction of wave propagation. Shear waves, which a®ive aft
compressional waves, have particle motion that is perpendicular to the diredherpobpagating wave.
The velocities of these waves depend on the elastic prapartiedensity of the material through which
they propagate.

Interface waves are those that propagate along the interface that separates medianvithedi§tic
properties such as the water and the seaflo@pplications on land, the interface is the boundary
separating air and ground, and the interface wave is called the Rayleigh wave. Formmaasurede
along a watesediment interface (i.ethe seafloor), the interface waves are known as a Scholte wave.

Scholte waves spread cylindrically and decay less rapidly with distance compared to $pherical
spreading compressional and shear waves. They are also more easily observed and measured than the
compressional and shear waves (Meegan et al. 1988)speed of Scholte waves depends on the type of
sedimenthrough 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 aB-&@v as 1
m/s. For compact sediments such as till or sand, Scholte wave velocities higher thas 9 Ine/
expectedBohlen et al. 2004)

The low frequency and slemoving Scholte waves propagate over long distances and produce particle
motion that enters the water column. The amplitude of the Scholte wave padiia decays
exponentially away from the wateediment interface (Figure &jhd therefore any disturbance will be
noticeable only within a distance of a few wavelengths from the seéflsouvalas and Metrikine 2016)



The energy in a Scholte wave mainly propagates along the-setgnent interfacédowever,an
evanescent field of sound pressure can also be generated in the adjacent water, which ddgayishrapid
distance from the interface (Hawkins et al. 2021)
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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 eletneels with
various physics interfaces such as Pressure Acoustics and Solid Mechanics. These phigies inter
contain governing equations for different media types (liquids and solids), with thé& bédekcribing
material properties (density, sound speeds, etc.) as well as boundary and dom#onsamidich
enhance model fidelity.

A transient analysis was conducted using COMSOL to observe how the particle motitergtiooe
velocity, displacement) and pressure of the Scholte wave changes with time. COMSOL was used t
develop and investigate the results of two models of impaetpiWing situations: (i) an ideal pile driving
scenario which provides the ability to learn about the software and classical Schelteelavior, and
(i) in a complex, realvorld environment at the Coastal Virginia Offshore Wind (CVOW) Prdject



understand how Scholte waves propagake to differences in pile dimensions, impact hammer loading,
and seafloor stratification.

Both theoretical models have some similarities regarding geometry, materraepens, boundary and

domain conditions, mesh construction, and time stepping. The geometry used for eack 2Ddal-i

symmetric, where the coordinate system is defined ysifay coordinates (r radial, z vertical (or

GHSWK DJ@8XWK DQG WKH PRGHO UHYROY HMistassBY@68 WKH YHUWL
simplifies the modeling domain, so the particle motiomé&asured only in the r and z directions. Both

models also have the same initial value, where the ambient noise field is zero, thus|tthenigsu

measure the energy generated by the pile strike. The main differences between theatateglto 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 nan8b5®d,m away

from the center of the pile. Thadial 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 (compressianainghe

Scholte) in time due to their different wave speeds, thuglateeshown in Sections 5.2 and 5.3 are only

IRU WKH SUREHV ORFDWHG DW U P $WRXWDHRK GM&UNDHRWH UW K H U F
sediment, and one on the interface) that have 0.5 m of vertical spacing rel#tiwevetersediment

LOQWHUIDFH DW ] P 7KHVH SUREHV PHDVXYHORKHWIHUW LDFP® D Q (
displacements, as well as pressure at each location. A representation of these probes can hgween in F

A-2.

Additionally, the geometric size of both models is kept as small as possible timitlie computation
time because computation time increases as the amount of mesh elements (or modeteazesi The
material properties chosen for the piBgel AISI 4340and seawater are the same for both models which
provides consistency between the models and easier implementation. The method gh Rayiging

was applied to the sediment layers in eaxduel toapproximate attenuation of higher frequencies,
expressed beloyKim 2014)

[%= U/]+ Q-] ®3)

Where[ %is the damping matrix of the physical systérh] is the mass matriX;-] is the stiffness
matrix; Uand Uare the mass and stiffness coefficients, respectiidglal damping ratio &) are
expressed as the following in terms of angular frequeridigs
U U
- -, 0
®F 28, 2 @)

For simplicity, we assume thai= 0, which leavesaginearly proportional tofias shown in Figure A

where U= 5x 107", These values were taken fréim (2014)which approximateRayleighdamping

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.



Table 1. Description of boundary and domain conditions.

Condition Description

Sound Soft Boundary Used for liquid-gas interfaces where the acoustic pressure ( LJ vanishes:
Condition L.=0.

Considered an Artificial Domain which is added to an acoustic model to
mimic a nonreflecting ‘infinite’ domain. Works with all types of waves,

Perfectly Matched Layers oblique angles of incidence, and physics. Appropriate thickness and

(PMLs) mesh resolution is needed to resolve the minimum and maximum
wavelengths (83548 04-
Allows an outgoing wave to leave the modeling domain with minimal
Plane Wave Radiation reflections when the angle of incidence is near normal. Can only be used
Boundary Condition with materials governed by Pressure Acoustics physics. Used with PMLs

to efficiently reduce reflections.

Allows users to implement different types of physical damping, such as

Damping Domain Condition Rayleigh Damping, for materials governed by Solid Mechanics physics.

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

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.

Low -Reflecting Boundary
Condition

Used to couple Pressure Acoustics to Solid Mechanics physics on the
Acoustic -Structure Boundary water-sediment and water-pile interfaces. The coupling includes the fluid
Condition 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 COMBElsite
(https://www.comsol.com{ICOMSOL Multiphysics 2025). The process of mesh construction and time
stepping are the same for each model. The mesh is a mathematical description of thedumyaioah

the model, where it approximates the size and shape of an object or region by eldemetststare used
sothat the software’s solver can easily compute changes in variables (pressure, stress, $todin, etc.
partial diferential equations, over a small area or volume, using model inputs such as rpeipgdies,
loads, and initial conditions. Generally, the most common element shapes ardariandwjuadrilateral
for 2D geometries and tetrahedral for 3D models. To obtain accurate results anchncamiaiitational
efficiency the models were meshed with triangular elenfentsach material and quadrilateral elements
for the BVIL. The maximum triangular mesh sizé), ¢ J is calculated using the slowest wave speed in
each materigl 9, the maximum frequendyB s 8, and the number of elements per waveleidh

shown in the equation below,

- O g
Ooé C (5)

where the numerator can be expressed as the local waveléagthe §he maximum time step R g4
is calculated using the CourdatiedrichsLewy (CFL) condition,
Ong
(= =
6(= 5 (6)

la

The CFL condition was introduced in 1928 and used to express that the distance of infopredsure,
particle motion, etc.) traveled within otiene step must be less than the size of the ele(m@rfCaminha



2024) In COMSOL, it is recommended to s# ( = 0.1 and 0 =5 for the default secondrder
guadratic elements for optimal performance of the implicit solver. By substitujogtien (5) into
Equation (6), R ¢ scan be calculated by,

Yaé A

Roe= CWYia

(7)
where B g s= 100 * Vfor both models, meaning that the mesh and time stepesiresolve acoustic
waves up to 106z and R gs= 2 x 107?80A mesh refinement study was condudiedection 5.2 to
further explairhow higher fregancies are ‘resolvedFigure8). COMSOL automatically has adaptive
time stepping which is used so any rapid changes in the solution (impulsive signal or impaet ham
strike) can be measured accurately in time, thus, the actual time stepgs .3 4.667 x 10 ?8Qfor 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

m

20

o pie”?

Water \PML\ _
N z (:féer-)sediment interface “ \
E . . [
o 10 _
g » Sand PM'—
O s \ 7
NN\
Range( )

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

To determine if COMSOL is appropriate for this study, the ‘ideal’ model showigime2, provides a

baseline of Scholte wave particle motion data. This model has a 2D axisymmetric geochétiy ais

Rl VIPPHWU\ LV UHSUHVHQWHG E\ WKethiv blatkMihd-dd he@ppet kel €GdeOLQH U
of the figure represents the pile wall. Seawater (blue) and sand (tan) are the méatdeispand

bottom domains, respectively. The PML is represented by the diagonal red line regichsowerlap the

seavater and sand. This overlapping allows for the COMSOL users to observe the behaviastit aco

waves as they travel into the PMégions. Also, if the material and physics are not defined for PMLs

WKHUH ZLOO EH D VRIWZDUH HUURU 7 K4dar@ in@ihcB Whefe the Schdlte SUH V H
wave will propagate. Each material has its own dimensions and propertiesvasisiiable?2.



Table 2. Material properties and dimensions of the first model.

Parameter (Steel i:lgl 4340) Seawater Sand
%o(;T)n 5,777.99 1,500.0 1,700.0
%o(;T 3,193.91 0.0 200.0
E( 'L) 7,850.0 1,025.0 1,800.0
S() 0.0254 12.5 60.0
x(“) 31.9
() 0.381

The compressional wave speeidy, shear wave spe€déy , and density B of thepile areprovided by

COMSOL’s Material Library found within the software. The seawater and %arféyand Ewere

determined to be generally acceptable values. Steel AlISI 4340 is a medium carbon yleteallbnown
for its toughness and strength in large sections. Once this steel is harddeeelops good shock and

impact resistanc@Otai Steel 2024)Model parameters such as the pile dimensions (I€ngttwall

thicknesq 9, inner radiug 7)) 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 gendrated b

smaller pile against a larger pile used in the CVOW projedabie2, the parametefrepresents the
thickness of the pile wall, however, for the seawater and sand it represents their lokejpite T
penetration depth was set-tBd mto ensure adequate transmission of the pressure wave within the pile

into the sand.

0.3

8
55210 . |
2 - —
© 1 —
F15)
g
=}
w
723
g
o 14 -
0.5 =
0 | l | l |
0 0.05 0.1 0.15 0.2 0.25
time, s

Figure 3. Pile load function for the first  test case .
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The pile load function shown irigure3 from Reinhall and Dahl (20113 represented as an
exponentially decaying pressure with time,

where Srepresents time anéis a time constant equal to 0.004 s. In COMSOL, a boundary load condition
(Tablel) is used at the top of the pile to describe the pressure function as sHégureB. Scholte

wave speed %w «, 7 )-is.approximately 90% of thésin the sand, therefore, it will equal 189 The
expected time of arrivalf Scholte wavet each range is shownTiable3.

Table 3. Scholte wave arrival times at each range

Range (m) Arrival Time (s)
uu 0.0575
Up 0.1408
Up 0.1963
pU 0.2797

Calculated arrival times of the Scholte wavd able3 correspond to the particle motion and pressure
plots produced in MATLABFigure4 below shows the radial acceleratiom) at different depths at and
above the interface. At a time just before 0.05 s, the compressional wave arrives, and ldtedtalcu

for the first model

6FKROWH ZDYH DUULYDO WLPH LV UHSUHVHQWH& E\ WKH YHUWLFD
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Figure 4 . Radial acceleration of the first model in the water relative to z

There is good agreement at with the vertical accelerationm) and the pressure plots. On the interface
signal (cyan curve), the detectionof EHIRUH WKH 6FKROWH ZDYH

time, s

=0matr=50m.

a. e

maximum m produced by the Scholte wave is ~ 2 £ &n/s which is expected to occur on the
interface as seen abowgure5 shows m at the same locations as showrrigure4.
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Figure 5. Vertical acceleration of the first model in the water relative to

z=0matr=50m.

In Figure5, 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 propagati{figure4) has a

larger amplitude thamm (Figure5). 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 (2Q1llikewise, shear waves have particle motion perpendicular

to the direction of propagation, thus, the amplituderof m DW WKH WLPH RI aW m,

V G6LPL

the maximumm produced by the Scholte wave is ~ 5 % an/<, located at the interface. Additionally,
the arrival of the Scholte wave shows tmatand m are out of phase about 90 degrees on the interface by

observing the directioft/ F) R

HDFK VLIJQDO DW W
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Figure 6 . Pressure of the first model in the water relative to z =0 m at r=50m.

The pressure data Figure6 also shows the arrivals of the compressional, shear, and Scholte at the same
locations agrigure4 and Figureb. The Scholte wave has a maximum pressusppfoximately 80 kPa

which represents an approximation of the peak pressure that fish and invertebrates whichatwed n

seafloor can experience for the first modeling scenario. A known characteristic of tite 8atve is

shown in them, m, and pressure plots, that the Scholte wave generates evanescent acoustic energy in

which its radiated energy exponentially decreases as the distance from the interfacesinthéase

exponential decay is also shown in the radial and vertical accelenaionity( , -, , ), displacement

(p~p) DQG SUHVVXUH PHDVXUHPHQWY DW DOOW WUREP GHSWKV LQ

The plots of m w 4 »gn w -5, ~ , , P~ P , and pressure can be found within AppendigFRyures A3

to A-13). In addition, thep~ measurements within the sand as sadfigure A11show a change in the
GLUHFWLRQ RI GLVSODFHPHQW RI WKH 6FKRIOWHDAD YH ZBWKQGHISINI
EOXH FXUYH WR ] FP JUHHQ FXUYH TROWHEDYHHEHKBYHRUH QRW
retrograde (clockwise) and pnagle (counterclockwise) motion and has also been observed in other

modeling efforts (Hazelwood and Macey 2Q16)the particle motion animations (see supplementary

data), hodographs were created at each probe location tp-plet ¥ with time which also shows this

behavior.

13



i %10° ‘ PressureI (P): r=50m,z=0cm

I T
A\
/1
05— I‘\ \I‘ A -
© o wlE L E
n: 0 M_A\,.'\"(lnMUNW«MMWM-r--v—ﬁmw-n—v-w---—w-*--*-*—-— — __“Mﬁmw\mﬁ‘v"'\‘\j“‘u‘l \ ™ f ‘\I ‘.‘I "I “ \\ ’w‘ \‘ i e T i v
o il B T
Ny
05— 'H i -
V
4 | \ I \ I \
] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045
Time, s
Spectrogram of Pressure (P): r = 50m, z = Ocm
2000 220
B 1500 8
é 180
5 1000
= 160
o
w500 . - 140
0 C e cataan ke "SR - . v e -
0.05 0.1 015 02 025 03 035 04
Time, s
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 3D

Figure7 shows the pressure signal on the interface and the spectrogram of that signal. A specrogram i
useful to visualize the frequency content within a signal as a function of time andahkbacaepresents

the power spectrunof each frequency in decibels (dBH ). A®shown above, the compressional

wave arrives just before 0.05 s and has frequency content up to 1.5 kHzlueleremdbandmpact pile
driving load. These color bar limits allow for the frequency and energy content aflibkeSvave to be
observed more easihd W W , there 6 a higlintensity region (dark red) at frequencies ugQo

Hz, which matches other research that Scholte waves predominately have high energyegulenefs
(Roberts et al. 2016bAdditionally, supplementary spectrogram datawf m, , ~,, , p~, p , atall

probe locations (ranges and depth) confirm this result.

To understand the modekscuracy, a mesh refinement study was condwgeldown inFigure8. In
this study, the same model is run wittmesh tuned to two different maximum frequencies (100 Hz and

500 Hz). By comparing the model output of these two cases the impact of mesh sizacourthey of
the model can be assessed.
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Figure 8 . Mesh refinement study for the first model 3RZHU RI WKH SUHVVXUH VLJQDO G% U
=50mandz=0 m.
Note: X-Axis represents frequency (f) in Hz.

Figure8 shows the results of the mesh refinement study within the first model of the mgamssde
signal atU P D Q f. Rigure 8 compares the model output of pressure at two different mesh
sizes (tuned to 100 Hz and 500 Hz: magenta and black curves respedfifglyespect to the
spectrogranshown inFigure?, the high frequency contentasresult ohigh sampling frequencyf

6 kHz, with a Nyquist frequency of BHz; which depends oA B4 ¢ e@fdhe modelAdditionally, the pile
driving load used for this moddFigure3) is a broadband signal, which contains higher frequencies than
100Hz. The mesh and time step of this model will ‘resolveuastic waves higher than 16{x, however,

the accuracy of the solution will decrease for those frequencies. Therefore, the gahoélysis is to
understandhow well themesh and time step based Bry = 100 * V'resolves’ higher frequenciesd

up to what frequency is the solution stifinsidered ‘reasonable

This modeling scenariwas computed twice withy 4 s= 100 * Vand B 5 <= 500 *\/ no other
parametersyoundary or domain conditions were changdte pink and black lines represent the power

G % UH of thebriginalmodel( B 3 s== 100 *\J andthehigher resolutiorversion of this model
(Bpe= 500 *V, respectively. The blue line represents the difference between the black andrpéask
which correspond td® ¢ = 500 * Vwhichis more accuratthanthe model withB 4 s= 100 * V This
difference isused toassess the accuracytbé model based oB g s= 100 * V Lastly, the red linds a
threshold of 5 dBvhich represents a ‘significant’ difference in the tsadutions.The differenceurve
(blue)exceeds this valuat a frequencyf roughly 240Hz, thus,the modeling results calculated using
Bas= 100 * Vare‘reasonableup to 240Hz.

A mesh refinement study can be done for the CVOW model (as shdviguire8), however, tat model

is limited due to the computatidime and potential storage needed to save the model on a computer. For
reference, the ‘ideal’ case (mesh and time step Ef6d@0Hz) took about three hours to compute and
was smalkenoughto save on to a standard drive. When the ideal case fadb0@s computed, it took
approximatelytwo 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 offl320will require even more computational resources then
currently availablelue tohow the maximum mesh siiecalculatedas stated in Section 5.1)

Time=0.2798 s Surface: Total acoustic pressure (Pa) Surface: Velocity, Z-component (mmy/s)
m T T T T T T T T T
mm/s Pa
A 145 15} 4 A 1.71x108
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100 10k | 5
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Figure 9. Visual of the pressure field in the water and vertical velocity in t he sand of the first

model att =0.2798 s.

Figure9 shows the pressure field (right color bar) and the vertical velocity (left colpinbidne water and
sand, respectively. The axes on the bottom and left are in meters and repreSanttherespectively.
Thevalues next to the black arrows above and below the color bars represent the maximumranch mini
of each variable, respectively. The color bar limits are less than the values next &chhartdws for

each variable, so the Scholte and Shear waves are easierftbeséme in the top left corner
FRUUHVSRQGV WR WKH DUULY D @ndcbnvgriédsiobdt Wav©nASHIréday ided W U
absorbed by the PML. As seen above, the shear wave propagates in front of tteev@orehlnd extends
spherically down in the sediment with depth. Behind the Scholte wave, there aer smetface wave
modeswhich propagate with smaller amplitudes due to the rebound effect within thelpdesffect is
caused by the impedance mismatch between the sand and the bottom of the steel pile, wiineh trap
compressional wave within the pile wall which was generated by the impact hammer strike.
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5.3 Second Model: CVOW Project
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Figure 10. CVOW model setup with the sediment layers shownas L1  —L4.

The secondest cassimulated in COMSOL incorporates seafloor stratification as showigure10.

The pile penetration depth 65 m was chosen in accordance with the CVOW Commercial Construction
and Operations Plan Section8 teport fromDominion Energy (2023)Pile dimensions were taken from
Dominion Energy (2024While the pile load function was approximated from available descriptions of
hammer energy. The dimensions such as the leimgigr radiusand wall thicknessf the pile for the

CVOW model is 83 n4.75 m, and 0.In, respectively.

Material properties®%, %! DQG OD\HU awdathHaE KLY ¥)kvere derived from sediment
borings(Fugro Consultants Inc 2023yhich was collected near the CVOW Lease Area, and other
sources. For layer one, there was no boring logalat#able so, the density and compressional wave
speed was found using a table of sediment propertidanmlton (1980). The shear wave speed for layer
1 was calculated using a regression equation flamilton (1979)xshown below, wherédwand %sare the
compressional and shear wave speeds, respectively.

%= 21.05 F24.617 %+7.215 % 9)

Layer 1's material properties determined from Hamiliton 1979 and 1980 areaassfoly  ,646 m/s, 7.

P Y%aarco P V ,772 kg/ni, and a thickness of . The table below shows the
calculatedharrival times of the Scholte wave at each rafifpese 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)
uu 0.1299
Ub 0.3433
Up 0.4855
pU 0.6988

The pile load function used for the CVOW model is showFigure11 which was calculated using another
transient analysis COMSOL modsimilarly, conducted in Reinhall and Dahl (201E)gure A14 shows
the setup of this other model where only the ram and pile are used to measure the pressuop of the
pile. The maximum hammer ener@y' 354 used within a modeling effort of the CVOW project was
found to be 4,000 kJ from the Appendix Z: Underwater Acoustic Assessment (Dominigy 2028)
For this model, 4,000 kJ was used as a conservative estimate which neglects the losgmétramsrgy
into the pile due to heat and friction.

7
35 ><10 T T T T T

Pressure (Pa)

0 L I 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time (s)

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

Since the actual impact hammer used for the CVOW project is unknown, th846(@ Hydrohammer

which is manufactured by IQIP was chosen, which can produce 4,000 kJ of kinetic dreetgyical data

about the IHES4000 such as ram mass and max blow energy was found in IQIP.(2624am mass of

this hammer isl 3¢5 NJ WKXV WKH GRZQZDUG YHORFLW\ RI WKH UD
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A stroke distance of one meter was assumed to determine the time of impact. Figusbdws the
velocity of the ram that was used within the model setup shown in Figlide Bhe data was analyzed
further in MATLAB using the Exponential Weighting Methtwicreate the exponentially decaying
function shown. With this method, a forgetting fadtdrd between zero and one can be applied to a
signal which smooths the data agincreases towards one. Firgt,Gwas set t®.60 on the original
pressure signal, thus creating a second signal that is smoother.6l'évegs increased b§.10 and
applied to each successive function until the smoothest possible signal was createdhkastly signal
was reflected and shifted so that it occurs earlier in (Figure11). The goal of creating the smooth
pressure signal above was to aid the internal solver in COMSOL for model efficiericly,re$ultedn
the time stegor this model to beA B 2 x 107 %,
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Figure 12. Radial acceleration for the CVOW model in the water relativetoz=0ma tr=50m.

Figurel2 shows the measureth R1 WKH &92: PRGHO DW GLIIHURI@Wri@HhE WKY ZKH
the compressional wave is seen at approximately 0.1 s while the Scholte wave arrival is sti@vn by
YHUWLFDO GDVKHG E O Dhe Sclolte@vidveDspéeof the first layer is 70.32 antb the
ORFDWLRQ RI WKH S.C&niparad O thelfirBtWiodiel, thereRire variationsnaseen before

and after the Scholte wave arrival time, making the Scholte wave more difficult fthese. variations

are due to reflections within the top layer of sediment from compressional and shear wave
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Figure 13. Vertical acceleration for the CVOW model in the water relativeto z=0m atr=50m.

Figurel3 VKRZV WKH YHUWLFDO DFFHOHUDWLRQ IRU WKRRPIDBRGHO |
to Figurel12, there is less variation seen before the Scholte wave at the interface (cyan curve) so the shear
ZDYH LV PRUH YLVLEOH DQG FDQ E HSwmtaH®hD fikst h&dslphR [ mPAD WH O\ W
WKH FRPSUHVVLRQDO ZDYH ZKLFK DUUm¥HWVfobthe dh&abvhiRewhitdd WH O\ W
DUULYHV DW W V GXH WR WKH NQRZQLE&EQUWR AO\HY FRIWIHRFEQV RR ¢
progagati(;n. The maximum vertical acceleration of the Scholte wave at the intedppeaximately 1.5

X 10'mm/s.
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Figure 14. Pressure of the CVOW model in the water relative to z = 0 m at r=50m.

20



Figurel4 VKRZV WKH PHDVXUHG SUHVVXUH RI WKH &92P PRIGHO L@ WKH
7KH SUHVVXUH GDWD DERYH VKRZV D VDWUWHRRQW D$EIURD OPRMWWM BN WR |
with three distinct peaks which represent the initial Mach veankits reflections from the bottom and

surface. As seen in results of the first modéd(re4—igure6b), 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 Figure1l2-Figurel14).
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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 3D

Figure15 shows the measured pressure signal on the interface and the respective power gtigcadm
3DDW U P & RABrBJtHe® akeRigher intensities of the compressional wave arrival

VKRZQ DW DSSUR[LPDWH O30 Hzand hag alraaRimium freglienoyntentof

approximately 1 kHz. The Scholte wave, which arrives at 0.70 s, contains substangilaéner

IUHT X H Q®IHA Whith relates to the frequencadsserved in the first model, shown previously

Figure7.The plots ofm w 4 »gM w -5, ~ , , P~ P , and pressure for the CVOW model can be found

within Appendix A (Figures AL6 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).

Figure16 shows the pressure field (right color bar) and the vertical velocity (left colpmbiue water

and sediment layers, respectively. The time in the top left corner correspondstintetbéthe Scholte
ZDYH DUULYDO LQ O.[okhpare&d@Hhe i&dl dd¢enaficigBre9), there is much more
variation of the Scholte wave within the sediment layers due to internal reflecgach layer and the
transmission of waves through layers. Even though Rayleigh damping is applied equally to edch mode
there appears to be a strengeduction in the amplitude of the waves within the CVOW model due to
destructive interference of the internal reflections in the layers. There are alsotttiace waves that
propagate on the water and sediment due to the rebound effect withilethe p
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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

Figure17 shows a comparison oédial particle acceleratidavels (dB re 1 m/s’) from the CVOW
model to the behavioral audiograms of four different fish specidaneasured CVOW field datath

and without a bubble curtaifihe light bluered-orange purpleandorangecurves represent thradial
particle acceleration levels from the CVOW model atr,®@5m, 35m, and 50m, respectively. The fish
audiogramsre ofAtlantic salmon(thick red curve)Salmo salarHawkins and Johnstone 19783b
(thick green curvejLimandg Chapman an8and 1974), Atlanticod (thickmagenta curve)3adus
morhug Chapman and Hawkins 1973), and plaice (thick dark blue cuPle)ronectes platessa
Chapman and Sand 1974). The solid black and ddsheki lines represent the measured CVOW field
data without and with a bubble curtaihis data was measured usimgGcean Bottom Sensor (OBX) at a
range of ~1.%m from the pile driving activityAs shown above, the radial acceleration leeélhe
model dataat 10m, 25m, 35m, and 50m away from the pilen the interfacexceed the behavioral
sensitivity data of all the fish specifes frequencies fron30 Hz to 350Hz. Similarly, the measured
CVOW model vertical acceleration levels at the saamgeson the interface wasompared with the
same fish species and measured CVOW field idatggure 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 propagéation dur
impact pile driving of steel pilemndhow field conditions can influence how energy produced during pile
driving propagates into the seabBthreover, 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 CQM&@ustrate Scholte
wave propagation at and near the boundary between the seabed and water column. Thisaetisal mod
then enhanced by integrating field data from CVOWhmsecond model, which illustrates how different
sediment layers can complicate wave propagation due to internal reflection of ertaigyand between
the layers. Finally, results demonstrate that site specific conditions, such as seafiificattn, can
significantly influence the measured particle motion and pressure at variousrisagitioin the water

and sediment.

Knowledge of the acoustic field generated during impact pile driving activitieshwhn be predicted

with the modeling presented in this study, and knowledge of the sensitivity and behagpoalses of
animals to such signals can lead to an undetstgrof how benthic fishes and invertebrates may be
impacted by pile driving (Popper et al. 2020he modeling results demonstrate that the Scholte waves
created during the CVOW pile driving had a maximum vertical acceleration of 1gasiseen ifFigure

13) and a maximum pressure of 80 kPa (as se€igire 14 at approximately 50 m from tleenter of

thepile. This can be comparedth 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 thresh®l0s8df /3

(peak) ak0-300 Hz(Roberts and Elliott 2017¥uggesting that at least these species would detect the pile
driving signal at 50n. Therefore, these studied species would potentially be able to detect these Scholte
waves Additionally, the measured CVOW model radial and vertical acceleration levels (dBmés?) at

all rangeon the interfacevere compared to audiograms of four fish species and CVOW field data
measured at a range ~kf (Figurel7, and Figure A27). Fromthis comparison, the model data exceeds
the behavioral sensitivities of the four fish species frorii3@ 350Hz at each range

Figurel6 demonstrates the propagation of the acoustic energy from the modeled pile drivingthfobm
the potential for benthic fauna to detect the energy can be estimated. As described iretimg mesdilts,
the top layer of sediment, which in this modeling scenario extends down to a depth ofsiera
acoustic energy in almost a waveguide fashion. This results in higher intensity satinashis layer,
which would likely be detectable by some benthic fauna. What is now needed, however, maneich
research on animal sensitivities before any definitive conclusions can be made on tii@lgotpact of
Scholte wave particle motion at different distances from pile driving actvithese benthic animals.

Future investigations examining how various marine invertebrates and fishesaddteeact to
environmental stimulivould be enhanced by using the source model described in this study with the
actual field measurements from CVOW to better characterize sediment influences (esity)pam
acoustic energy propagation in the vicinity of pile driving activities. Beyond thle nieported here, the
modeling methods used in this study can be applied broadly to different scenarios tetieidée ¢the
acousic field and predict the ranges of potential impact.

In conclusion, this study demonstrates a method for modeling impact pile driving as aaogeadar
both sound pressure and particle motion. The next step is to couple this source modéiredth a t
dimensional (3D) propagation model that can predetitoustic far field environment. This research is
being done under another BOEM study gravttichis just getting started.

However, it must also be recognized that a critical corollary to modeling and doiajraeasurements
is that far more research is needed on how different marine organisms, in partictiar faena, detect
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and respond to particle motion and pressure chafupdg by knowing the sensitivity and responses of
animals to the signals can we know at what distances will they respopider et al. (2022ndWilliams

et al. (2023summarize the state of knowledge, data gaps, and research priorities in understaading wh
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 studi¢sadagenic
activities. By varying one parameter at a time within the modeling scenahie ahthropogenic activity,
the sensitivity of the acoustic field toathparameter could be determined, which could elucidate
conditions that influence potential impacts for different species. Further reseanchiv marine
organisms react to different types of wave propagation can be integrated with modétodsie 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
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Figure A-1 . Rayleigh damping values for both  models from (Kim 2014).
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Figure A-2 . Representation of vertical line of probes for both models.
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Figure A-4. Vertical acceleration of the first model in the sand relative to z = Omatr=50m.
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Figure A-7 . Radial velocity of the first model in the sand relative to z = Omatr=50m.
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Figure A-8. Vertical velocity of the first model in the water relative toz =0 matr=50m.
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Figure A- 10. Radial displacement of the first model in the water relative to z =0matr=50m.
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Figure A- 11. Radial displacement of the first model in the sand relative to z = Omatr=50m.
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Figure A- 13. Vertical displacement of the first model in the sand relative to z=0matr=50m.
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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.

0.5F T T T T T T

0.5

1.5

25

mtl{t] (mfs)
o
T

3.5

4.5+

5.5 |

|
.

|

.

@
i
{=1
w

a1 0.15 0.2 0.25
E s}

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 relativetoz=0m atr = 50 m.
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Figure A- 17. Vertical acceleration of the CVOW model in Layer 1  relative to z=0m at r = 50 m.
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Figure A- 18. Pressure of the CVOW model in Layer 1 relativetoz=0m atr =50 m.
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Figure A- 19. Radial velocity of the CVOW model in the water relative to z=0m atr=50m.
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Figure A- 20. Radial velocity of the CVOW model in Layer 1 relativetoz=0m  atr=50m.
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Figure A- 21. Vertical velocity of the CVOW model in the water relative to z=0 m atr=>50m.
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Figure A- 22. Vertical velocity of the CYOW model in Layer 1 relative to z=0m atr=50m.
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Figure A- 23. Radial displacement of the CVOW model in the water relative to z = 0 m at
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Figure A- 24. Radial displacement of the CVOW model in Layer 1 relativetoz=0m atr =50 m.
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Figure A- 25. Vertical displacement of the CVOW model in the water relative to z=0m atr=50m.
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Figure A- 26. Vertical displacement of the CVOW model in Layer 1 relativetoz=0m atr = 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 acce leration levels with and without a bubble curtain (HDR 2 020,
Figure 46).
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