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Summary

With a worldwide growing consensus on fossil fuel combustion having a negative
impact on climate, society, and biodiversity the urge for renewable energies is grow-
ing rapidly. One of the most widely used renewable energy sources is wind energy
and for this purpose both onshore and offshore wind farms (OWFs) are being de-
veloped. In recent years the development of OWFs are getting more attractive due
to fewer constraints on turbine size, more stable wind resources, and generally less
environmental impact.

Offshore wind turbine generators (OWTGs) have various possible foundation
concepts for shallow waters of which the monopile (MP) is the most widely used
foundation concept. The dominant installation method for MPs is percussive pile
driving where energy is transferred from a hydraulic impact hammer to the MP
driving the latter into the seabed. Due to this energy transfer, a structural response
is induced in the MP which in turn inflicts an acoustic response in the water column
and surrounding soil.

The underwater noise emissions generated during offshore pile driving have a
negative effect on the marine fauna. This negative effect can be subdivided in three
categories, that is instant death or injury from single noise pulses, auditory damage
due to accumulative noise, and behavioural disturbance. For this reason, government
agencies have imposed rules and legislation concerning underwater noise thresholds
during offshore pile driving. To comply with these noise limits, noise mitigation
systems are often deployed during offshore construction works of which the big
bubble curtain (BBC) is the most frequently applied. A BBC is formed by air being
injected into the water through nozzles in air supply hoses laying on the seabed
enclosing the entire MP.

Currently, the BBC configuration is often based on rules of thumb (Bellmann
et al., 2020) and experience from similar past project. However, Bellmann et al.
(2020) states that a BBC configuration can be optimized beforehand, depending on
local technical-constructive and site-specific parameters. This thesis focuses on the
link between the influence of different soil configurations on the characteristics of
the underwater noise emissions and the intrinsic mitigation performance of a BBC
and what this means for the design of a BBC configuration. One objective of this
thesis is to provide a framework for optimizing a BBC configuration which consists
of a quantitative and qualitative analysis.

For both analyses, use is made of the semi-analytical model SILENCE BUB-
BLES, which captures the acoustic interaction between MP, fluid, soil, and an air
bubble curtain model. This air bubble curtain model makes use of a one-dimensional
coupling approach to capture the interaction between the bubbly medium and the
travelling sound wave. Another objective of this thesis is to investigate an alter-
native approach for modelling waves travelling through the bubbly medium taking
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into account its two-dimensional properties, thus include the angle dependency of
the incident sound wave.

Therefore, the focus of this thesis is twofold with the overarching theme; ”Noise
mitigation by a BBC”. On the one hand, a framework for optimizing a BBC con-
figuration is proposed which is applied to three different soil configurations. This
framework consists of a quantitative and qualitative analysis. The qualitative analy-
sis focuses on the effect of different soil configurations on the mitigation effectiveness
of a BBC. The quantitative analysis provides an optimal combination of BBC con-
figuration parameters for complying with a set noise limit. On the other hand, an
alternative two-dimensional (2D) coupling approach is examined for coupling an air
bubble curtain model to a non-mitigated field.

Optimizing mitigation by a BBC

A sensitivity analysis was performed to identify the model sensitivity to different
BBC parameters. Here, it was shown that the model is sensitive to the nozzle
diameter and the gas velocity at the nozzle. Furthermore, the radial distance of the
BBC is of significant importance for the SEL at r = 750 m.

SILENCE BUBBLES can be used for a quantitative robust approach for deter-
mining an optimal configuration of a BBC for different soil configurations. Each soil
configuration has its own distinct optimization process.

Together with a qualitative analysis regarding energy distribution over the radial
distance and total energy being irradiated into the fluid domain, the framework
presented can lead to a better estimation of whether noise limits will be met for
future noise prognoses.

An alternative coupling approach for integrating an air bubble curtain
model

This thesis presents a mode-coupling approach for coupling a similar air bubble
curtain model as the one used in SILENCE BUBBLES to a non-mitigated field.
The results showed that for higher frequencies (f ≥ 300 Hz), the 1D approach is
conservative compared to the 2D approach. For lower frequencies, the 2D approach
is more conservative where the 1D approach shows significantly higher transmission
loss for certain frequencies below 300 Hz. It could not be identified where these
large differences come from.
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Chapter 1

Introduction

With a worldwide growing consensus on fossil fuel combustion having a negative
impact on climate, society, and biodiversity the urge for renewable energies is grow-
ing rapidly (Lima et al., 2020; Saidur et al., 2010). An alternative for fossil-fueled
energy and one of the most widely used renewable energy sources is energy harvested
from the wind (Sadorsky, 2021). According to Fried et al. (2017), wind power has
proven to be a mature and reliable technology and is a competitive way of adding
new sustainable power capacity to the energy grid. Bórawski et al. (2020) state that
wind is one of the most promising sources of alternative energy. To harvest the en-
ergy from the wind, both on- and offshore wind farms (OWFs) are being developed.
In recent years, the development of OWFs is getting more attractive due to fewer
constraints on turbine size and more stable wind resources, together with generally
less environmental impact (Li et al., 2020).

The offshore wind turbine generators (OWTG) have various possible foundation
concepts for shallow waters, namely gravity-based foundations, monopiles, jacket
structures, and tripod structures (Wu et al., 2019). Despite numerous available
foundation concepts, the monopile (MP) is the most widely used foundation con-
cept for shallow waters due to its simplicity, adaptability, and favourable structural
behaviour (Sánchez et al., 2019). Eighty percent of all OWTG installations in the
European waters in 2020 had an MP foundation (Ramı́rez et al., 2021).

The dominant installation method for MPs is percussive pile driving or pile
driving. Here, use is made of a hydraulic impact hammer where an impact weight is
dropped onto an anvil that rests on the MP’s flange. A hammer strike onto the MP
is referred to as a blow. The energy caused by the blow is transferred to the MP
driving the latter into the seabed (Klages et al., 2019). Due to this energy transfer, a
structural response is induced in the MP which in turn inflicts an acoustic response
in the water column and the surrounding soil (Kuhn et al., 2014; Tsouvalas, 2020).
These elastic waves can re-emerge and contribute to the acoustic response in the
water column. Technical-constructive- and site-specific parameters have a strong
influence on the radiated noise profile (Bellmann et al., 2020; Tsouvalas, 2020).

The underwater noise emissions generated during offshore pile driving have a
negative effect on the marine fauna (Southall et al., 2019). This negative effect
can be subdivided in three categories, that is instant death or injury from single
noise pulses, auditory damage due to accumulative noise, and behavioural distur-
bance (P. M. Thompson et al., 2020). Due to these negative effects on marine fauna,
governmental bodies from different countries have imposed rules and legislation con-
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Chapter 1. Introduction

cerning maximum underwater noise thresholds during offshore pile driving. Table
1.1 gives an overview of the noise quantities and their maximum values for The
Netherlands (Rijkswaterstaat, 2016), Belgium (Degraer et al., 2018), and Germany
(Müller et al., 2019).

Country Indicator Limit
The Netherlands SEL 159-172 dB re 1 µPa2s

Germany
SEL05 160 dB re 1 µPa2s
Lp,pk 190 dB re 1 µPa

Belgium Lp,pk 185 dB re 1 µPa

Table 1.1: Legislation on maximum noise thresholds for offshore construction works
at 750m from the noise source.

Apart from the countries depicted in Table 1.1, many countries have imposed noise
limits. To comply with these limits, noise mitigation systems are deployed dur-
ing heavy noise offshore construction works (Bellmann, 2014). There are numer-
ous abatement systems currently available on the market, e.g., the noise mitigation
screen (IHC-NMS), the hydro-sound damper (HSD), the AdBm system, and the cof-
ferdam. However, the most frequently applied noise mitigation system is the single
big bubble curtain (BBC) or double BBC with over several hundred applications in
water depths up to 41 meters (Bellmann et al., 2020). A BBC is formed by air being
injected into the water through perforated holes or nozzles in air supply hoses laying
on the seabed enclosing the entire MP at a certain radial distance (Göttsche et al.,
2013; Koschinski & Lüdemann, 2020). Figure 1.1a shows a schematic cross-section
of an air supply hose laying on the seabed. Above the perforated hole, bubbles are
formed due to the injection of air into the water. Figure 1.1b shows an aerial view
of the application of a double BBC with the installation vessel in the center of the
figure. The two rings are the rising bubbles which reach the sea surface.

Seabed

Sea surface

Rising bubbles

Air supply hose

Perforated hole

(a) (b)

Figure 1.1: (a) Schematic cross-section of an air supply hose laying on the seabed.
(b) Aerial view of the application of a double BBC configuration.
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1.1 Motivation for this research

This thesis treats two subjects in parallel with the overarching theme; ”Noise mit-
igation by a BBC”. This section describes the motivation for both subjects, where
Section 1.1.1 and Section 1.1.2 describe the motivation for: ”Optimizing mitigation
by a BBC” and ”An alternative coupling approach for integrating an air bubble
curtain model”, respectively.

1.1.1 Optimizing mitigation by a BBC

To comply with the set noise limits for offshore pile driving activities, a thorough
understanding of the mitigation effectiveness of a BBC is of importance. According
to Bellmann et al. (2020), both the intrinsic mitigation performance of the BBC
and the characteristics of the underwater noise emissions influence the effectiveness
of a BBC. The intrinsic mitigation performance of a BBC is solely dependent on
the BBC parameters; i.e., gas velocity at the nozzle, nozzle diameter, and nozzle
spacing.

The underwater noise emissions, or propagated sound field, caused by offshore
pile driving can be divided into three noise paths (Tsouvalas, 2020). The primary
and secondary noise path consist of direct radiation into the fluid domain and noise
leaking back into the fluid domain through the soil, respectively. Lastly, noise is
emitted in the fluid domain in the vicinity of the seabed by interface waves travelling
along the fluid-soil interface (see Figure 1.2).

Secondary noise path

Primary noise path

Interface waves

Hammer blow

Figure 1.2: Schematization of underwater noise emissions due to offshore pile driving.

How and how much energy is irradiated from the MP through these noise paths
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into the fluid domain is determined by technical-constructive (e.g., pile diameter)
and site-specific (e.g., water depth and soil configuration) factors. E.g., a larger pile
diameter requires more energy to be driven into the soil due to larger soil resistance.
Therefore, more energy is irradiatad into the fluid (primary noise path) and soil
domain. In turn, the soil configuration and characteristics determine how and how
much energy is leaked from the soil back into the fluid domain (secondary noise
path and interface waves). Tsouvalas (2015) showed that around 1% of the total
energy is irradiated into the fluid domain whereas 80-90% is irradiated into the soil
domain making the soil a big factor of consideration for determining the mitigation
effectiveness of a BBC.

Technical-constructive and
site-specific parameters

Primary
noise path

Secondary
noise path

Interface
waves

Underwater noise emissions

BBC
parameters

Intrinsic performance
of a BBC

Mitigation effectiveness of a BBC

Figure 1.3: Visual overview of influencing factors for the mitigation effectiveness of
a BBC.

To obtain a complete view of the mitigation effectiveness of a BBC, a link has to be
made between the intrinsic mitigation performance of the BBC and the characteris-
tics of the underwater noise emissions. These characteristics are in turn influenced
by the technical-constructive and site-specific parameters (see Figure 1.3). Questions
remain regarding this link and what this means for a BBC configuration consisting
of BBC parameters and the radial distance from the MP. Currently, the BBC con-
figuration is often based on rules of thumb (Bellmann et al., 2020) and experience
from similar past projects. According to personal communication within Van Oord,
the radial distance of the air supply hose is generalized for all MPs despite a possible
difference in soil configurations. However, this difference in soil configuration could
mean a different leakage pattern through the secondary noise path which in turn
requires a different radial distance of the BBC. BBC parameters can be adjusted to
some extent in between MP installations to achieve more noise reduction, however,
this is often a trial and error procedure. Bellmann et al. (2020) states that a BBC
configuration can be optimized beforehand. One objective of this thesis is to provide
a framework for optimizing a BBC configuration.
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1.1.2 An alternative coupling approach for integrating an
air bubble curtain model

All simulations predicting the noise propagation and mitigation are performed in
SILENCE BUBBLES (Peng et al., 2021b). SILENCE BUBBLES is an extended
version the semi-analytical model SILENCE (Peng et al., 2021a; Tsouvalas, 2015)
by the integration of an air bubble curtain model (Bohne et al., 2020). SILENCE
allows for the prediction of the propagated sound field by fully describing the coupled
pile-water-soil interaction after a blow on the MP. The noise mitigation by a BBC
is predicted by the integrated air bubble curtain model.

By means of discretization, this model approximates the triangular shaped distri-
bution of an air bubble cloud. Based on the bubble distribution, the corresponding
wave speed is determined for each discrete area (see Figure 1.4b; discrete areas en-
closed by the dashed lines; triangular shaped air bubble curtain in blue). At the
interface between each consecutive discrete area, an impedance mismatch occurs
due to a difference in wave speed. A wave travelling through the air bubble curtain
encounters multiple interfaces. Due to the impedance mismatch, the travelling wave
is reflected and transmitted at each interface (see Figure 1.4c). As the energy of
the incident wave is divided into a reflected and transmitted component, the energy
of the transmitted travelling wave is lowered at each interface. In SILENCE BUB-
BLES, a transfer function captures the overall decrease in amplitude over the full
width of the air bubble curtain taking into account every encountered interface. No
impedance mismatch exists at the interfaces which fall outside the width of the air
bubble curtain, therefore no reflection occurs at these interfaces.

This transfer function is based on a simplified approach where only the horizontal
component of the travelling sound wave is taken into account where the actual
incident sound wave is two-dimensional having also a vertical component (see Figure
1.4a). This vertical component is neglected in the current simplified approach,
indicated by the dashed green vertical arrow in Figure 1.4a, thereby neglecting the
angle dependency of the incident sound wave. This in turn leads to negligence of
the angle dependency of the wave travelling through the air bubble curtain.

(a) (b) (c)

Incident

sound wave

Reflected wave

Transmitted wave

Figure 1.4: Schematization of (a) an incident sound wave under an angle with the
vertical component in green and the horizontal component in red. (b) A discretiza-
tion of the triangular shaped air bubble curtain in blue. (c) The reflected and
transmitted waves due to the impedance mismatch.
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Another objective of this thesis is to investigate an alternative approach for mod-
elling waves travelling through the bubbly medium taking into account its two-
dimensional properties, thus include the angle dependency of the incident sound
wave. Subsequently, it is studied how this new approach can be implemented in
SILENCE BUBBLES.
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1.2 Research questions

This thesis treats two subjects in parallel with the overarching theme; ”Noise mitiga-
tion by an air (big) bubble curtain”. For both subjects, one main research question
and two sub research questions were defined. The research questions are as follows
where the main research questions are shown in bold.

1. How can the effectiveness of a BBC configuration be optimized with
respect to noise mitigation for a variety of scenarios using the pre-
dictive modelling software SILENCE BUBBLES?

(a) What is the model sensitivity to different BBC parameters and how can
this sensitivity be determined by SILENCE BUBBLES?

(b) What is the effect of different soil configurations on the performance of a
BBC?

2. What is the difference between a two-dimensional and a one-dimensional
coupling approach with respect to noise mitigation?

(a) How can the effect of the two-dimensional coupling approach be mod-
elled?

(b) How can the two-dimensional coupling approach be integrated in SI-
LENCE BUBBLES?

1.3 Approach

First, a literature study is performed in order to acquire the necessary background
knowledge regarding underwater acoustics due to impact pile driving. An in depth
study into the field of underwater ocean acoustics is performed in order to obtain
a better understanding of the advanced SILENCE model. SILENCE is validated
with measurement data from the *confidential* made available by Van Oord. To
answer sub-question 1a, a parametric study is performed comprising of different
soil configurations to provide more insight in the coupling between the propagated
and mitigated sound field. Next, a sensitivity study is performed to highlight the
model sensitivity to different BBC parameters to answer sub-question 1b. The
sensitive parameters will be included in the optimization process. The effectiveness
of the BBC will be analyzed for multiple distances from the MP. For each distance,
the BBC parameters will be varied ranging from their predetermined minimum to
maximum value to answer main research question 1.

Alongside these simulations, the focus is placed on the two-dimensional coupling
approach. First, to increase comprehension of the current air bubble curtain model
(Bohne et al., 2020) integrated into SILENCE BUBBLES, the less extensive but
similar air bubble curtain model developed by Bohne et al. (2019) is reproduced.
The effective wavenumber distribution is obtained and simplified to a depth and
width independent distribution. To answer sub-question 2a, a point source is mod-
elled in an ideal fluid waveguide to generate a pressure field and the simplified air
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bubble curtain model is implemented. A two-dimensional approach for coupling the
travelling waves through the bubbly medium and subsequently coupling it to the
free field is introduced and is compared to the current one-dimensional coupling. To
answer sub-question 2b, an assessment will be made based on the modelling efforts
on how this alternative coupling approach can be integrated into SILENCE BUB-
BLES. Main research question 2 will be answered by comparing the transmission
loss results from the 1D and the 2D coupling approach.

1.4 Limitations

Prior to this research, its limitations are indicated. The number of geo-acoustic
profiles of the ocean’s bottom is infinite and each geo-acoustic profile has its own
unique optimal BBC configuration. As it is not realistic to study all the geo-acoustic
profiles, this thesis will only focus on providing an optimal configuration for three
scenarios. Furthermore, bathymetry is not taken into account by the SILENCE
model. The seabed is modelled as a perfectly flat surface, whereas in reality varia-
tion in the bathymetry occurs. However, according to T. Lippert et al. (2018), for
moderate-range predictions the varying bathymetry has little influence on the sound
predictions and the seabed can often be assumed flat. This applies to a lesser extent
also to the sea surface. This is also modelled as a perfectly flat surface, whereas in
reality a more rough sea state is expected (Sertlek & Blacquiere, 2019).

1.5 Thesis outline

The outline for this thesis is as follows.

• Chapter 2 provides a theoretical background in underwater acoustics. First,
relevant acoustic quantities are explained. Secondly, the structure-borne noise
due to offshore pile driving is explained after which the mitigation by an air
bubble curtain is described.

• Chapter 3 comprises of a description of the sound reduction module in SI-
LENCE BUBBLES. Furthermore, a validation of SILENCE is performed.
Lastly, the base case BBC parameters are determined for the sensitivity study.

• Chapter 4 shows the sensitivity study, the qualitative analysis of the mitigation
effectiveness of a BBC for different soil configurations, and the quantitative
analysis for optimizing the mitigation by a BBC.

• Chapter 5 elaborates on the proposed two-dimensional coupling approach.
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Chapter 2

Underwater noise due to offshore
pile driving

This chapter presents a necessary acoustic background of this thesis and it’s aim
is to contribute to a better understanding of acoustic principles of offshore pile
driving. First, the most common used acoustic quantities are addressed in Section
2.1. Subsequently, Section 2.2 describes the structure-borne noise generation due to
offshore pile driving as well as the mitigation of noise by a BBC. An historic overview
of predictive sound modelling and the state-of-the-art is given in Section 2.4. Lastly,
the influencing factors for sound propagation and mitigation are described in Section
2.3.

2.1 Acoustic quantities

2.1.1 Pressure

Sound pressure or acoustic pressure is defined as the pressure derivation from the
ambient static pressure caused by a travelling sound wave (Kim, 2010). Figure 2.1
shows a typical sound pressure variation signal in time. The SI-unit for the sound
pressure is Pa (Jensen et al., 2011).

Figure 2.1: Typical sound pressure signal in time (Bellmann et al., 2020).
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2.1.2 Acoustic impedance

Acoustic impedance (Z) is a physical property of the medium and describes the
opposition of the medium to a travelling sound wave (Kaltenbacher, 2018). It is
a measure of the ease with which the sound wave propagates through the medium
and it is defined by Equation (2.1) (Jensen et al., 2011). It describes a relationship
between the density of the medium ρ and the speed of sound in that medium c.

Z = ρc (2.1)

An impedance mismatch occurs when a wave travelling through a medium meets
a medium with another wave speed and/or density. Because of this impedance
mismatch part of the travelling wave is reflected and part of the wave is transmitted
(Jensen et al., 2011).

2.1.3 Intensity

Intensity is the averaged sound energy rate which passes through a unit area normal
to the direction of propagation. Intensity can be described by the following Equation
(2.2) (Jensen et al., 2011).

I =
p2rms
ρc

=
p2rms
Z

(2.2)

Where, ρ is the density, c is the speed of sound and prms is the root mean square of
the pressure calculated by the following Equation (2.3).

prms =

√
1

T

∫ t2

t1

p2(t) dt (2.3)

2.1.4 Decibel and level quantities

An explanation of level quantities is given prior to the defining the most used acoustic
quantities. Level quantities are given in the unit of decibel due to the generally large
dynamic ranges which are associated with acoustic pressures. One decibel represents
the ratio of two values inside a base 10 logarithm where the ratio of these values
is equal to 10, multiplied by a factor 10 (A. Thompson & Taylor, 2008). The term
level implies the use of a decibel scale (Chapman & Ellis, 1998). Thus, if for example
I1 = 10I2, then the intensity level is given by the following formula.

L = 10 log10

(
I1
I2

)
= 10 dB (2.4)

From Equation (2.4) it can be seen that an increase of I1 by a factor 10 represents
20 dB and an increase of I1 by a factor 100 represents 30 dB. Often level quantities
are given with respect to a reference intensity or pressure, in this case represented
by I2 (Bellmann et al., 2020).
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2.1.5 Sound exposure level

Exposure (E) represents the integral over a certain time period of the squared sound
pressure. Equation (2.5) describes the exposure where p(t) is the pressure signal over
time.

E =

∫ t2

t1

p2(t) dt (2.5)

A common quantity in underwater acoustics is the sound exposure level (SEL). This
quantity takes into account both sound intensity as well as the duration (Martin et
al., 2019). The SEL is represented by 10 times the base 10 logarithm of the expo-
sure over the reference exposure and is described by Equation (2.6). The reference
pressure is given by p0. The common reference pressure in water is 1 µPa (Bellmann
et al., 2020). As a result, E0 = p20 = 1 · 10−12.

SEL = 10 log10

(
E

E0

)
= 10 log10

(
1

T0

∫ t2

t1

p2(t)

p20
dt

)
dB re 1 µPa2s (2.6)

2.1.6 Peak pressure level

Another common used acoustic quantity is the peak pressure level (Lp,pk). Equation
(2.7) represents the formula for the level of the ratio between the absolute maximum
sound pressure in a time signal (

∣∣pp,k∣∣) and the reference pressure (p0). The visual
representation of

∣∣pp,k∣∣ is depicted in Figure 2.1.

Lp,pk = 10 log10

(∣∣pp,k∣∣
p0

)
dB re 1 µPa (2.7)

2.2 Sound propagation and mitigation

This section focuses on the structure-borne noise generated during pile driving where
the pile-water-soil interaction is explained in Section 2.2.1. Furthermore, the noise
reduction mechanisms of a BBC is described in Section 2.2.2.

2.2.1 Pile-water-soil interaction

Generally, impact hammers are used to drive MPs into the seabed. An impact weight
inside the hammer falls onto an anvil at the top of the MP. The blow generated by
the impact falling onto the anvil is transferred through the anvil to the MP driving
the MP into the soil (Klages et al., 2019). Furthermore, this blow causes a downward
propagating compression wave with a wave speed cp driving the MP into the seabed
(Kuhn et al., 2014; Reinhall & Dahl, 2011). The function for the wave speed is given
in Equation (2.8) where E is the modulus of elasticity and ρ is the density (Kuhn
et al., 2014).

cp =

√
E

ρ
(2.8)
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As a consequence of Poisson’s effect, the downward propagating compression wave
has an associated radial expansion wave (Kuhn et al., 2014). This structural wave
is depicted in Figure 2.2.

Figure 2.2: Downward propagating structural wave caused by a single blow (Kuhn
et al., 2014).

The longitudinal wave speed of the radial expansion wave is faster than the speed of
sound in water causing a compression wave field in the form of a Mach cone under
an angle in the surrounding water column. The angle of the compression wave field
concerning the direction of propagation can be calculated via Snell’s law. This is
given by Equation (2.9) where cw is the speed of sound in water and cp is the speed
of the downward propagating structural wave (Reinhall & Dahl, 2011).

ϕw = sin−1

(
cw
cp

)
(2.9)

When the structural wave reaches the soil domain the same Mach cone shaped
compression wave fields can be observed in the soil, however under a different angle,
due to a difference in sound speeds between water and soil causing refraction and
reflection of the compression wave field (Reinhall & Dahl, 2011). The angle of the
refracted compressional wave can be calculated in the same manner as before using
Equation (2.9).

ϕs = sin−1

(
cs
cp

)
(2.10)

At the pile toe the downward propagating structural wave will reflect due to an
impedance mismatch between the steel and the soil. This wave will travel upwards
as a tension wave and an associated radial rarefaction wave, the latter creating a
compression wave field in the soil in the form of Mach cones moving upwards and
under an angle ϕs (Reinhall & Dahl, 2011).

Once this upward propagating compression wave field reaches the soil-water
boundary, an impedance mismatch between the soil and water causes the wave to
reflect and refract. The angle of reflection and refraction can be determined based
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on Snell’s law (Jensen et al., 2011). Figure 2.3 shows the compression wave fields
associated with the downward radial expansion wave and the upward radial rarefac-
tion wave. Note that Figure 2.3 only shows the refracted part (with angle ϕws) of
the upward moving compression wave in the water and not the reflected part.

Figure 2.3: Mach cone wave propagating in the soil-water domain under an angle
(Reinhall & Dahl, 2011).

At the pile toe compression waves are also generated due to the downward movement
of the MP. Along with the compression waves, shear waves are radiated into the soil
as an effect of the pile-soil interaction (Fricke & Rolfes, 2015). Shear waves can be
divided into vertical shear waves (SV) and horizontal shear waves (SH). Tsouvalas
(2015) showed that the radiated shear waves have a dominant vertical polarisation
due to a significant difference between the shear wave speed in the soil and the
structural wave speed in the MP.

Besides the above mentioned body waves, interface waves are generated due to
the impact pile driving (Tsouvalas, 2015). Interface waves generated during offshore
pile driving are either Scholte waves travelling along a solid-fluid boundary or Stone-
ley waves travelling along a solid-solid interface (Meegan et al., 1999). In contrast to
body waves, which radiate spherically, interface waves spread cylindrically and decay
therefore less rapidly over distance (Meegan et al., 1999). The influence of Scholte
waves travelling along the soil-water boundary is significant for pressure fluctuations
in the water column near the seabed. This influence becomes less significant further
away from the seabed (Tsouvalas, 2015).
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2.2.2 Mitigation by a BBC

The benefits of using an air bubble curtain with percussive pile driving was shown
by Würsig et al. (2000) where the emitted sound waves were measured at distances
of 250, 500 and 1000 meters from the pile. The results showed a reduction of
around 5 dB of the broadband pulse level. Bellmann (2014) showed that the noise
reduction by BBC varies for different frequencies. In general, there is an increase in
reduction visible for frequencies up to 1250 Hz, after which the reduction decreases
for frequencies higher than 1250 Hz. The main attenuation of noise by a BBC is
ascribed to an impedance mismatch within the water due to the air bubbles. This
leads to partial reflection of the sound waves back into the domain between the MP
and the BBC (Peng et al., 2021b). Furthermore, Göttsche et al. (2013) describes that
the vibration of air bubbles due to the waves passing through leads to absorption of
noise. However, this vibration is only induced by high frequencies which lie outside
the frequency spectrum associated with pile driving of large-size MPs (Tsouvalas,
2020).

2.3 Influencing factors for sound propagation and

mitigation

This section focuses on the parameters of influence regarding pile driving noise.
For the application of the BBC it is of importance to have an understanding about
these parameters to reduce the noise during the construction works (Bellmann et al.,
2020). First, the technical-constructive influencing factors will be discussed (2.3.1).
Second, the site-specific characteristics will be elaborated (2.3.2). This distinction
between characteristics is based on the work of Bellmann et al. (2020). Lastly, the
influencing factors of the BBC are described (2.3.3).

2.3.1 Technical-constructive influencing factors

For this thesis the focus lies on MP foundations. The most important factor with
respect to noise regarding MP design is the chosen pile diameter (Bellmann et al.,
2020). Figure 2.4 shows the relation between pile diameter and corresponding SEL
and Lp,pk. It can be seen that the noise levels increase for increasing pile diameter.
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Figure 2.4: Plot of SEL and Lp,pk against the pile diameter (Bellmann et al., 2020).

As the diameter of the MP increases the size of the hammer needs to increase as well
as the used blow energy (Bellmann et al., 2020). The blow energy has to increase
due to the increasing soil resistance as an effect of larger MP diameters (Kong et al.,
2020).

For larger MPs (>6 m) the maximum in the frequency spectrum shifts from
approximately 160 Hz to 100 Hz (Bellmann et al., 2020). This shift cannot be
attributed to either the pile diameter or the size of the hammer. It can be assumed
that the used blow energy, the pile diameter and the size of the hammer are strongly
correlated (Bellmann et al., 2020).

2.3.2 Site-specific influencing factors

2.3.2.1 Soil parameters and -layering

The structure and characteristics of ocean bottoms is of significant importance when
sound interacts with the seafloor (Jensen et al., 2011). Marine sediments are often
modelled as an equivalent fluid which means that they only support only compres-
sional sound waves. However, according to Hamilton (1980), all marine sediments
possess enough shear rigidity to transfer shear waves. This is of importance as
compression waves can also be partially converted into shear waves, Scholte waves
which travel along the soil-fluid interface and Stoneley which travel along soil-soil
interfaces. A proper detailing of the true thicknesses and properties of the oceam
bottom is called a geoacoustic model (Hamilton, 1980). A complete geoacoustic
model contains the following material properties: the compressional wave speed cp,
the shear wave speed cs, the compressional wave attenuation αp, the shear wave
attenuation αs and the density ρ (Jensen et al., 2011).

In most cases, underwater sound waves encounter two types of interfaces: fluid-
soil interfaces and soil-soil interfaces. An impedance mismatch (see Section 2.1.2)
between the fluid-soil and soil-soil interfaces causes the wave to partly reflect back
up and partly transmit deeper into the ocean bottom. Figure 2.5 shows an example
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of an incident wave being partly reflected and partly transmitted by an interface,

Figure 2.5: Incident wave reflected and transmitted (Jensen et al., 2011)

where the amplitude of the transmitted wave is given by Equation (2.11) (Jensen
et al., 2011).

1 + R = T (2.11)

The amplitude of the reflected- and the transmitted wave are given in terms of
effective impedance which is defined as

Zi =
ρici

sin θi
. (2.12)

For the case of fluid-soil or soil-soil interfaces where the soil contains shear rigidity,
the amplitude coefficient of the reflected wave is given in terms of the total effective
impedance accounting for both the compressional wave speed as well as the shear
wave speed (Jensen et al., 2011),

R =
Ztot − Z1

Ztot + Z1

, (2.13)

and the amplitude coefficient of the transmitted wave is given by

T =
2Ztot

Ztot + Z1
, (2.14)

where the total effective impedance Ztot is given as

Ztot = Zp cos2(2θs) + Zs sin2(2θs). (2.15)

This means that for increasing mismatch in impedance, the amplitudes of both the
reflected- and transmitted wave increase as well. The soil parameters responsible
for the effective impedance are the density ρ and the compressional and shear wave
speed cp and cs. For a layered structure of the ocean bottom, the travelling sound
wave encounters numerous soil-soil interfaces each reflecting and transmitting the
sound wave. As a result of these reflections and transmissions, energy radiates back
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from the soil domain to the fluid domain at some distance from the MP. Figure
2.6 shows an example of a sound wave with multiple reflections and transmissions.
The arrows in the figure represent sound waves. The sound waves with amplitudes
T12R23T21 and T12R 2

23R21T21 are examples of sound waves leaking back into the fluid
domain from the soil domain.

Figure 2.6: Multiple reflections and transmissions due to a layered structure of the
ocean bottom (Jensen et al., 2011).

Tsouvalas (2015) showed that the geoacoustic model plays an important role in
the noise prediction due to elastic waves travelling through the medium or on the
boundaries. The shear rigidity of the soil is of great influence on the penetration
depth of the Scholte waves in the water column close to the seabed (Tsouvalas,
2015). The larger the penetration depth of the Scholte waves, the higher the noise
levels in the vicinity of the seabed (Tsouvalas, 2015). Although layering of the soil
is important for the sound propagation, the properties and the depth of the upper
layer mainly govern the noise levels (Tsouvalas, 2015).

2.3.2.2 Influence of the water depth

The main influence of the water depth can be attributed to the corresponding cut-
off frequency. The cut-off frequency is the frequency below which no energy can
propagate through the waveguide (Jensen et al., 2011). Depending on the sediment
type, this cut-off frequency is below 50 Hz for water depths of approximately 25
meters (Bellmann et al., 2020). Offshore pile driving happens most often in shallow
waters with the most dominant frequencies lying between 63 and 250 Hz (Bellmann
et al., 2020).

2.3.2.3 Bathymetry

Bathymetry can play a significant role in the sound propagation over long ranges,
however the sea can often be modelled as a flat surface for sound prediction over
shorter ranges up to a few kilometers (T. Lippert et al., 2018). According to Scheckl-
man et al. (2015) the average water depth is the main influencing factor for sound
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propagation over long ranges whereas variations in bathymetry cause merely local-
ized effects.

2.3.3 BBC influencing factors

The main influencing factors for the noise mitigation effectiveness of a BBC are the
used air volume (air fraction in the water), nozzle size, nozzle spacing, water depth
(static pressure) and the currents (Bellmann et al., 2020; Bohne et al., 2019; Peng
et al., 2021b). According to Bellmann et al. (2020) the air volume plays a significant
role for the impedance difference between the seawater and the air-water mixture.
The nozzle size and therefore bubble size is also of great influence and it is shown
that a densely distributed air bubble curtain with small size bubbles has the best
sound mitigation effect (Rustemeier et al., 2012).

2.4 Predicting sound propagation and mitigation

This section gives an overview of the available models for the prediction of sound
propagation and mitigation. A distinction is made between first generation models
(2.4.1), second generation models (2.4.2) and the state-of-the-art (2.4.3) based on
the work of Tsouvalas (2020). Furthermore, an overview of air bubble curtain models
are discussed in Section 2.4.4.

2.4.1 First generation models

Reinhall and Dahl (2011) were the first to develop a numerical model focusing on
the prediction of noise propagation due to impact pile driving (Tsouvalas, 2020).
It comprises a finite element (FE) model of the pile and a cylindrical water and
soil domain in the vicinity of the pile. (Reinhall & Dahl, 2011). To model the
sound propagation further away from the pile, the parabolic equation method is
adopted in combination with perfectly matched boundary conditions truncating the
FE domain (Reinhall & Dahl, 2011). In this study it is shown that the impact
from the hammer onto the MP generates a radial expansion wave along the axial
direction of the pile. As this wave propagates downward with supersonic speed the
radial expansion causes compression waves in the form of a Mach cone wave under
a certain angle radiated into the water column.

S. Lippert et al. (2013) also uses the idea of Reinhall and Dahl (2011) of an
FE domain to model the pile and a soil-water region in the vicinity of the pile.
However, in contrast to Reinhall and Dahl (2011), for the far field model S. Lippert
et al. (2013) makes use of the wave number integration method.

In contrast to the numerical models described above, semi-analytical models
were also developed to describe the propagation of underwater noise generated by
offshore pile driving. Tsouvalas and Metrikine (2013) introduce a semi-analytical
model where the hammer, the pile, the soil and the water are presented as a coupled
problem. The hammer is represented by a time-force curve, the pile is described by
thin shell theory based on the work of Kaplunov et al. (2012), the soil is represented
by spring-dashpot systems in all directions and the water is described by a linear
acoustic medium (Tsouvalas & Metrikine, 2013). The coupled problem is then
solved in terms of modes using a mode matching technique. One advantage of the
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semi-analytical models as opposed to the numerical FE models is the increase in
computational efficiency (Tsouvalas & Metrikine, 2013).

2.4.2 Second generation models

Pile driving sources in elastic media, such as soil, emit both compressional, shear and
Scholte waves (Nealy et al., 2016; Peng et al., 2021b). The main limitation of the
first generation models is that the latter two cannot be captured, because the seabed
is described either as an acoustic medium or is represented by a spring-dashpot con-
figuration (Tsouvalas, 2020). To overcome this problem Tsouvalas (2015) modelled
the seabed as a three-dimensional elastic continuum. In Figure 2.7 the shear waves
can be seen with a almost vertical inclination to the horizontal. Also, the effect of
the Scholte waves can be seen in the fluid zone in the vicinity of the seabed.

Figure 2.7: Representation of the compression wave field in the water domain and
of the shear and Scholte waves in the soil domain (Tsouvalas & Metrikine, 2014).

2.4.3 State-of-the-art

Despite a plethora of state-of-the-art numerical models described in Tsouvalas (2020),
this thesis will focus on the semi-analytical model referred to as SILENCE developed
by Tsouvalas et al. (2019). SILENCE makes use of two modules for the prediction of
noise propagation, a near field module or sound generation module and a far-from-
source module or sound propagation module, which are coupled by a boundary
integral at the interface. High-order shell theory are used for the description of the
MP (Kaplunov et al., 2012). The soil is modelled as a three-dimensional elastic
continuum and the entire coupled problem is solved in the frequency domain (Tsou-
valas, 2020). Peng et al. (2021a) improved the model making it computationally
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more efficient, flexible and accurate as a result of using a direct boundary integral
method and a more detailed description of the ring source in the soil domain.

2.4.4 Air bubble curtain models

Tsouvalas and Metrikine (2016) were among the first to implement an air bubble
curtain underwater in sound propagation modelling software. The way this was done
was by modelling the air bubble curtain as a frequency-dependent homogeneous
medium. The bubbles are assumed to have a perfect vertical rise pattern from the
seabed to the sea surface not drifting away by currents (Tsouvalas & Metrikine,
2016). S. Lippert et al. (2017) integrated two non-reflection perfectly absorbing
surfaces surrounding the pile representing the sound attenuation of a double big
bubble curtain (DBBC). Another method of modelling the air bubble curtain was
developed by Bohne et al. (2019). In this study a more accurate description of the
air bubble curtain model was given based on the local distribution of the effective
wavenumber which depends partially on a probalistic distribution of the bubble sizes,
the local air fraction and the mean bubble volume. Figure 2.8 shows the assumed
Gaussian distribution of the local air fraction and the vertical liquid velocity.

Figure 2.8: Local air fraction and vertical liquid velocity distribution according to
Bohne et al. (2019, 2020).

A frequency- and depth dependent transmission coefficient for the amplitude of the
transmitted wave was derived after which the transmission loss of the air bubble
curtain is determined. A more detailed elaboration on the determination of the
transfer coefficient function is given in Section 3.1. This transfer coefficient takes
into account real BBC parameters such as nozzle size, air flow rate and water depth
(Bohne et al., 2019). An improvement of the work of Bohne et al. (2019) was
developed by the same author describing the bubble formation process above the
nozzle of the air supply hose more accurately (Bohne et al., 2020). The enclosed
red dotted region in Figure 2.8 shows the region of focus from Bohne et al. (2020).
The model from Peng et al. (2021b) presents a computationally efficient model
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which implements the air bubble curtain in the noise prediction model for offshore
pile driving. The model comprises a near field or sound generation module and a
far field or sound propagation module. At the boundary between these modules
the noise attenuation module represents the bubble curtain by means of a transfer
function based on the work of Bohne et al. (2020) (Peng et al., 2021b). Due to
computational efficiency the model can function well for parametric and sensitivity
analyses of both the pile system and the air bubble curtain system separately as
well as a combination of both (Peng et al., 2021b).
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Modelling the mitigation of noise

This chapter describes the modelling of noise mitigation by SILENCE BUBBLES.
The air bubble curtain model (Bohne et al., 2020) which is integrated in SILENCE
BUBBLES as the sound reduction module is described in Section 3.1. A detailed
elaboration of the sound generation and propagation module of SILENCE are omit-
ted in this chapter for sake of brevity and can be found in Appendix A. The pre-
dicted sound field by SILENCE is validated in Section 3.2. Section 3.3 describes the
determination of the BBC parameters which are used for the sensitivity study.

3.1 Sound reduction module

Figure 3.1 shows the complete coupled model with the sound generation, sound
reduction and sound propagation module.

Figure 3.1: Complete coupled model with sound generation, sound reduction and
sound propagation module (Peng et al., 2021a).
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3.1.1 Local effective wavenumber distribution

Bohne et al. (2019) developed an air bubble curtain model comprising of a distribu-
tion of local effective wavenumbers to account for the acoustic interaction between
air bubbles and incoming sound waves. The local effective wavenumber distribution
is given by Equation 3.1 (Commander & Prosperetti, 1989).

k2eff (ω, r, z) =
ω2

c2f
+ 4πω2

∫ ∞

0

an(u, r, z, a)

ω2
0(z, a) − ω2 + 2iβ(z, a)ω

da, (3.1)

where ω is the angular frequency given by 2πf , cf is the wavespeed in the fluid
and a is the bubble radius. The unknown local bubble number density distribution
n(u, r, z, a) is obtained by solving the fluid dynamic model of the air bubble curtain.
The natural angular frequency ω0(z, a) is defined by Commander and Prosperetti
(1989) and the damping constant β(z, a) of the linear bubble response by Kargl
(2002) and are given as follows,

ω0 =

√
p0(z)

ρfa2

(
3 − 2σ

p0(z)a

)
, (3.2)

β(z, a) =
(γ0 − 1)p0(z)

10γ0ρfD
+

2µ

ρfa2
, (3.3)

where σ = 0.073 N/m is the surface tension of the water, γ0 = 1.41 represents
the ratio of specific heats, D = 1.9 × 10−5 m2/s is the gas thermal diffusivity and
µ = 10−3N · s/m2 denotes the viscosity of the fluid (Peng et al., 2021b).

3.1.1.1 Fluid dynamic model of the air bubble curtain

The effective wavenumber distribution is based on a fluid dynamic model of ris-
ing bubbles in which the typical working fluid is air. Air comes out of the nozzles
generating bubbles which in turn generate a buoyancy force dragging the surround-
ing liquid upwards (Bohne et al., 2020). The flow pattern of the bubbles can be
subdivided into four regions. These four regions are depicted in Figure 3.2.

Figure 3.2: Flow pattern of the air bubble curtain with four regions (Bohne et al.,
2020).
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Region I describes the formation process of the bubbles with axisymmetric flow.
Region II is stated as the transition regime where adjacent nozzles merge. In Region
III the flow becomes symmetrical with respect to the y-direction and Region IV is
mainly governed by the return flow and the surface waves (Bohne et al., 2020).
The model introduced by Bohne et al. (2020) focused on a realistic approximation
of the bubble formation process based on merging buoyant plumes. The bubble
formation process is then later integrated over the entire water domain similar to
the approach of Bohne et al. (2019). To solve the unknown bubble number density
distribution n(u, r, z, a) the following partial differential equations are used where
Equation (3.4) describes the momentum of balance for the gas-liquid mixture with
high local gas fraction. Subsequently, the conservation of mass of the liquid phase
is given by Equation (3.5) and lastly, Equation (3.6) represents the evolution of the
bubble sizes in a turbulent bubbly flow outlined by the population balance equation
(Bohne et al., 2020).

∇ ·
(
εfρf ūf × ūf + εfρfδuf × δuf

)
= εgρgg (3.4)

∇ ·
(
εfρf ūf

)
= 0 (3.5)

∂n(vp)

∂t
+ ∇ · (n(vp)ug) =

∫ ∞

vp

r1(vp, vq)n(vq)dvq −
∫ vp

0

n(vq)

vp
vqr1(vp, vq)dvq+

1

2

∫ ∞

vp

r2(vp, vp − vq)n(v′)n(vp − vq)dvq −
∫ ∞

vp

r2(vp, vp − v′q)n(vq)n(vp)dvq (3.6)

For a complete derivation of these equations and how these equations are rewritten
into Equation (3.7), the reader is referred to Bohne et al. (2020).

d

dz
(m(u, z)) = q(u, z) (3.7)

In Equation (3.7), the vector u =
[
ulzm, b, εgm1, εgm2, v̄1, v̄2

]T
represents the vector

of six unknowns where ulzm is the centerline velocity, b is the half width of the air
bubble curtain, εgm1 and εgm2 are the gas fractions of the small and large bubble,
respectively, and v̄10 and v̄20 are the arithmetic mean bubble volumes of the small
and large bubbles, respectively. Equation (3.7) is solved for u using a Forward Euler
scheme making use of the following initial conditions.

ulzm0 =

√
−2M0(2λ2 + 1)

γb20ρfπ
(
2εgm10λ2 + 2εgm20λ2 − 2λ2 − 1

) (3.8)

b0 =

√
ṁ0(λ2 + 1)

λ2πρg0(λ2 + 1)(εgm10urel1(v̄10) + εgm20urel2(v̄20)) + λ2ulzm0πρg0(εgm10 + εgm20)

(3.9)

εgm10 = 0.005 (3.10)

εgm20 = 0.495 (3.11)
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v̄20 =
4

3
π(1.1447aprim)3 (3.12)

v̄10 =
v̄20
30

(3.13)

Once the vector u is known, the bubble number density distribution can be ob-
tained. First, n(u, r, z, a) is subdivided into two parts where one part represents the
small bubble fraction n1(u, r, z, a) approximated by a lognormal distribution and
the other part represents the large bubble fraction n2(u, r, z, a) approximated by an
exponential distribution as shown by Equations (3.14 - 3.16) (Bohne et al., 2020).

n(u, r, z, a) = n1(u, r, z, a) + n2(u, r, z, a) (3.14)

n1(u, r, z, a) =
εg1(r, z)

v̄21

2

π

v̄1
3v(a)

exp

(
−2

9
ln

(
v(a)

v̄1
e

9
8

))
, (3.15)

n2(u, r, z, a) =
εg2(r, z)

v̄22
exp

(
− v(a)

v̄2

)
, (3.16)

Subsequently, the gas fractions of both the small and large bubbles εgi are given by
Equation (3.17) expressing the gas fractions into the known variables εgmi(z) and b.

εgi(r, z) = εgmi(z)exp

(
− r2

λ2b2

)
, (3.17)

This expression can be filled into Equations (3.15 & 3.16) solving for n(u, r, z, a).
Subsequently, n(u, r, z, a) can be filled into Equation (3.1) solving for the effective
wavenumber distribution.

3.1.2 Transfer function

Once the distribution of the local effective wavenumbers is known for the air bubble
curtain, the transfer function can be determined (Bohne et al., 2019). A simpli-
fied approach is adopted assuming an incident plane sound wave field and plane
wave propagation within the area of the air bubble curtain (Bohne et al., 2019).
Also, it is assumed that for a constant z-coordinate, the air bubble curtain can be
discretized into n layers with n − 1 interfaces and that the incident sound wave
only travels through the layer corresponding to that specific z-coordinate meaning
keff (x, z, ω) = keff (x, ω). A schematic representation of the discretized air bubble
curtain is depicted in Figure 3.3.
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Figure 3.3: Schematic representation of the discretized air bubble curtain.

The incident sound wave travelling through the triangular shaped air bubble curtain
is depicted left in the figure. A more detailed view of a horizontal layer i of the
discretized air bubble curtain is depicted on the right where a the travelling sound
wave encountering interfaces is schematized. The sound pressure and sound velocity
in layer i are given by Equations (3.18 & 3.19), respectively.

Pi(x, ω) = p−i e
ikix + p+i e

−ikix (3.18)

vi(x, ω) =
ki
ωρi

(
p+i e

−ikix − p−i e
ikix
)

(3.19)

At layer interface j the continuity conditions for the sound pressure and velocity
have to be fulfilled (Commander & Prosperetti, 1989).

Pi(xj, ω) = Pi+1(xj, ω) ∧ vi(xj, ω) = vi+1(xj, ω) (3.20)

For each interface j this leads to a set of two equations with two unknowns which

are set equal to each other where the vector
[
p+i+1, p

−
i+1

]T
can be expressed in terms

of the vector
[
p+i , p

−
i

]T
by means of the dot product of the inverse of matrix Ai+1

with matrix Ai. (
Ai+1

)−1 ·Ai · pi = pi+1 (3.21)

Repeating this for all interfaces yields a system of equations given in Equation (3.22).
Assuming an incoming sound wave with an amplitude of p+1 = 1 and radiation
conditions defining p−n = 0, the resulting set of equations becomes

A · p1 = pn. (3.22)

The amplitude of the reflected wave then yields

p−1 = −a21
a22

(3.23)

and the amplitude of the transmitted wave is

p+n = a11 + a12p
−
1 . (3.24)
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The complex transfer function is then defined by Peng et al. (2021a) as

H̃(z, ω) = p+n . (3.25)

This complex transfer function is coupled to SILENCE through a boundary integral
equation. For a detailed derivation of the boundary integral equation, the reader
is referred to Peng et al. (2021a). The transmission coefficient for the air bubble
curtain over depth is defined by Bohne et al. (2020) as follows,

τBC(ω) =
m∑
l=1

τl
∆zl
T
, (3.26)

where τl = |p+n |2, ∆zl is the stepsize over the depth and T is the depth. The
transmission loss of the air bubble curtain as a function of ω in logarithmic form is
given by Equation 3.27. Figure 3.4 shows an example transmission loss function.

TL = 10 log

(
1

τBC

)
. (3.27)

Figure 3.4: Transmission loss function for the air bubble curtain model.
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3.2 Validation of SILENCE

In order to substantiate the correctness of the output of SILENCE it is validated
and the simulated results are compared to actual measurement data made available
by Van Oord. Furthermore, the goal of the validation is to check whether assump-
tions made on soil layering and parameters, hammer force and pile dimensions are
sufficient.

3.2.1 Monitoring overview

For the validation, measurement data from the installation of *confidential* OWTGs
at *confidential* has been made available by Van Oord. *confidential* MPs were
installed with a BBC and *confidential* were installed while testing a new noise
mitigation system. At these foundation sites, the following noise mitigation variants
were tested and are depicted below in chronological order:

• No noise mitigation system used,

• Use of only the AdBm noise mitigation system,

• Use of both the AdBm and BBC,

• Use of only the BBC.

The fact that the same pile has measurement data available for both the unmitigated-
and mitigated case makes the *confidential* piles described above practical for vali-
dation of both SILENCE and SILENCE BUBBLES as the technical-constructive and
site-specific parameters stay constant. To meet the boundary condition of SILENCE
of an assumed flat bathymetry (see Section 1.4), the surrounding bathymetry of the
chosen benchmark pile has to be as flat as possible. Taking into account these
factors, validation is performed based on the data of *confidential* of the *confi-
dential*. The underwater noise resultant from *confidential* during installation at
*confidential* was monitored by surrounding hydrophones placed at radial distances
of 750 m and 1500 m from the pile as can be seen in Figure 3.5. The hydrophones
measure each individual pressure-time signal as soon as the signal-to-noise ratio is
larger than 6 dB.
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Figure 3.5: Location of *confidential* and the positions of the surrounding hy-
drophones.

In Figure 3.5, the MP is marked in the center of the figure. The hydrophones
MP1, MP2, MP3 and MP4 are placed at a distance of 750 m from the MP and
the hydrophones MP5, MP6, MP7 and MP8 are placed at a distance of 1500 m
from the MP. At all hydrophone locations two hydrophones were placed at 2 and 10
meters above the seabed. It is of importance that the sound path from the MP to
the hydrophones is uniform in order to meet the assumption of the model as good
as possible. Figure 3.6 depicts the surrounding bathymetry around *confidential*
up to hydrophones MP1, MP2, MP3 and MP4.

Figure 3.6: Surrounding bathymetry around *confidential* and the locations of
hydrophones MP1, MP2, MP3 and MP4.

It can be seen from Figure 3.6 that the bathymetry from the MP to hydrophones
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MP1, MP3 and MP4 is in general uniform and that the variations in bathymetry
along the sound path are small. MP2 has not been taken into account due to the
varying bathymetry close to the MP as a result of the spudcans of the installation
vessel.

3.2.2 Input data

Numerical analysis

For the numerical analysis, SILENCE takes two values as input, namely the number
of frequency steps (Nf ) and the time step size (∆t). The given number of frequency
steps are determined by the distance the sound prediction model needs to cover
based on the speed of sound in the fluid. In this case, the hydrophones are placed at
a distance of 750 meters from the pile so the predicted sound field should be at least
up to this distance. It is chosen to predict the sound field up to a distance of 900
meters. Furthermore, according to Bellmann (2014), the BBC shows an increasing
reduction of sound levels up to a frequency of about 1 to 2 kHz after which the
reduction decreases significantly. As it is computationally-wise not realistic to take
into account all frequencies in the analysis it is deemed sufficient to analyse only
the most reducible frequencies. Therefore, a maximum frequency (fmax) of 1250 Hz
is chosen for this analysis. To achieve this maximum frequency, the time step is
calculated with ∆t = 1

2fmax
. The maximum time (tmax) is determined by dividing

the covered distance by the sound speed of water and is 0.6 seconds. In this way the
number of time steps can be calculated by Nt = tmax

∆t
and the number of frequency

steps is then given by Nf = Nt

2
. The frequency step size is given by ∆f = fmax

Nf
. A

complete overview of the numerical analysis is given in Table 3.1.

Description Parameter Value Unit
Number of frequency steps (input) Nf 750 -
Time step size (input) ∆t 0.0004 s
Number of time steps Nt 1500 -
Maximum duration tmax 0.6 s
Maximum frequency fmax 1250 Hz
Frequency step size ∆f 1.6667 Hz

Table 3.1: Numerical parameters for the frequency- and time analysis.

Force input parameters

The hammer force is approximated by a force-time curve as real hammer force data
is not available. The force-time curve used in this study is based on the work of
Glasbergen (2020) and S. Lippert et al. (2016) and is given by Equation 3.28.

F (t) =


0 t < tb
Fp

tr
(t− tb) tb ≤ t < tb + tr

Fpe
− t−(tb+tr)

td tb + tr ≤ t < te

0 t ≥ te

(3.28)
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The force-time curve parameters are chosen such that the force generates almost all
of the energy in frequencies up to 1250 Hz. The parameters are given in Table 3.2.

Parameter Value Unit
Fp 20 MN
tb 0.0012 s
tr 0.0024 s
td 0.002 s
te 0.02 s

Table 3.2: Input parameters for the force-time curve.

In Figure 3.7 and 3.8 the forcing function is depicted in the time- and frequency
domain.

Figure 3.7: Forcing function in the time domain.
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Figure 3.8: Forcing function in the frequency domain.

The final amplitude of the forcing function can be determined by iteratively changing
the amplitude until the average energy along the radius of the pile is equal to the
energy put into the system by the hammer force. The energy put into the system
is given by the measurement data. The forcing function is discretized based on the
numerical analysis parameters given in Table 3.1.

MP input parameters

The MP is built up out of 21 cylindrical sections welded together with a diameter
ranging from 7.4 m at the bottom to 6.5 m at the top due to it’s conically shaped
form in the top of the pile. The thickness of the different sections ranges from 60 to
81 mm. The steel type used for the MP of *confidential* is S355. Due to a difference
in penetration depth between the unmitigated and the mitigated case there is also a
difference in diameter and thickness for both these cases. For the unmitigated case
the penetration depth is such that the diameter and thickness of the MP sections
covering the fluid-soil domain is constant. For the mitigated case, the penetration
depth is deeper and therefore the diameter and thickness are not constant over the
fluid-soil domain anymore. Therefore, an average of the diameter and thickness over
the sections in the soil-fluid domain is taken.

D =
1

N

N∑
n=1

Dn = 7.175 ≈ 7.2 m, where N is the number of sections (3.29)

t =
1

N

N∑
n=1

tn = 0.065 ≈ 0.07 m, where N is the number of sections (3.30)

An overview of all the input parameters of the MP for both the unmitigated and
the mitigated case are given in the Table 3.3.
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Unmitigated case Mitigated case
Description Parameter Value Unit Value Unit
Density ρ 7850 kg/m3 7850 kg/m3

Young’s modulus E 210 GPa 210 GPa
Poisson’s ratio ν 0.30 0.30
Pile length L *confidential* m *confidential* m
Penetration depth Lp *confidential* m *confidential* m
Pile diameter D *confidential* m *confidential* m
Thickness t *confidential* m *confidential* m

Table 3.3: MP input parameters based on data of *confidential* of *confidential*.

Site-specific input parameters

The basic model setup with respect to the site-specific input parameters consists of
a water column overlying roughly *confidential* layers of *confidential* and *confi-
dential*. The lowest astronomical tide (LAT) is given in survey reports provided by
Van Oord and is stated to be *confidential* meter. At the day and time of installa-
tion the tidal difference was roughly four meter above LAT for the unmitigated case
and roughly two meters above LAT for the mitigated case (Rijkswaterstaat, n.d.).
The soil profile and the corresponding densities at the site of *confidential* at the
*confidential* are depicted in Table 3.9. A cross section of the soil profile from the
engineering report is provided in Appendix B.

Figure 3.9: Soil profile.

A simplification of the soil profile has been made to comply with the maximum
number of soil layers possible for SILENCE BUBBLES. The corresponding soil pa-
rameters are based on data provided by Van Oord in combination with literature.
The top layer is modelled as a 2.5 meter thick clay layer avoiding numerical issues.
To represent the bottom four layers, an average of the densities is taken. Subse-
quently, the compressional wave speed, the compressional attenuation and the shear
attenuation are obtained from Table 4.18 from Ainslie (2010). As data from Van
Oord is not sufficient to determine the Poisson’s ratio, literature from Hamilton
(1980) is consulted. The shear wave speed and the Young’s modulus are then deter-
mined via the following formulae (Aziman et al., 2016). Both the compressional and
shear wave speed magnitudes are deemed reasonable as they lie within the range
given by Aziman et al. (2016).

E = 3ρ(1 − 2ν)c2p (3.31)
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cs =

√
E

2ρ(1 + ν)
(3.32)

The parameters for the fluid layers of both the unmitigated and mitigated case
are given in Table 3.4 and the simplified soil stratification and it’s corresponding
parameters are given in Table 3.10. The soil profile is equal for both the mitigated
and unmitigated case.

Unmitigated case Mitigated case
Description Parameter Value Unit Value Unit
Depth z2 − z1 *confidential* m *confidential* m
Fluid density ρf 1000 kg/m3 1000 kg/m3

Fluid wave speed cf 1500 m/s 1500 m/s

Table 3.4: Fluid layer parameters for both the unmitigated and the mitigated case.

Figure 3.10: Simplified soil profile.
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3.2.3 Validation results

Input energy

The cumulative energy along the pile is plotted to determine the input energy in-
serted into the MP by the hammer. The inserted energy by the hammer into the
MP is 1750 kJ indicated by the red dotted line in Figure 3.11. The amplitude of
the force is determined by an iterative process where the average energy over the
air domain has to match the inserted energy by the hammer. An average over the
air domain and not the entire domain is taken as the MP does not lose energy to
surrounding air and therefore is an adequate representation of the energy in the MP.

Figure 3.11: Cumulative energy along the pile for the unmitigated scenario.

Arrival time

The arrival times at several radial locations are checked to see if they are in good
correspondence with the expected arrival time. An estimation of the arrival times for
different radial distances based on compressional wavespeed in the fluid (tj = rj/cf )
gives t1 = 250/1500 = 0.167 s, t2 = 500/1500 = 0.333 s and t3 = 750/1500 =
0.5 s. Looking at Figure 3.12 it can be seen that the arrival times are in good
correspondence to the rough estimations made above.
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Figure 3.12: Pressure-time signal at different radial distances from the MP.

Sound exposure and peak pressure level

The modelling results with respect to SEL and Lp,pk are compared to the mea-
surement data. Figure 3.13 shows the simulated SEL and Lp,pk in blue and red
respectively. The measured SEL at r = 750 m is indicated by the black dot and the
measured Lp,pk is indicated by the black triangle. The measured SEL and Lp,pk were
averaged over the hydrophones MP1, MP3 and MP4. This is done by averaging
over the term within the logarithm given by Equations (2.6 & 2.7) for all three hy-
drophones to stay on the linear scale. Both SEL and Lp,pk stay within the accuracy
of 2 and 3 dB respectively stated by Peng et al. (2021b). A deviation of 1.54 dB and
0.61 dB can be noticed from the measured mean for the SEL and Lp,pk, respectively.

Figure 3.13: Sound exposure and peak pressure level for the unmitigated scenario.
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Spectral analysis of the sound exposure level

A spectral analysis of the SEL was performed to validate the frequency content.
First, a pressure time recording is transformed from the time to the frequency do-
main by means of the Fourier transform. Subsequently, the frequency content is
determined by binning the frequencies in one-third octave bandwidths in the follow-
ing manner (Peng et al., 2021b),

SEL1/3−Octave = 10 log10

n∑
i=m

(
|p̃i(ω)|2

p20

)
. (3.33)

Figure 3.14 shows the simulated and the measured spectral analysis of the SEL. It
has to be taken into account that the measured SEL 1/3-Octave is the average of
all blows without the use of a noise mitigation system due to lack of measurement
data. It can be seen that for both lines the trend increases up to a frequency of 125
Hz and decreases for frequencies above 125 Hz. This is expected as the dominant
frequency for underwater noise due to the installation of large MPs is around 100
Hz.

Figure 3.14: SEL per one third octave band for the unmitigated scenario.

3.3 Input parameters for SILENCE BUBBLES

The air supply hoses used at *confidential* had a nozzle diameter between 1 to
2 mm and a nozzle spacing between 20 to 30 cm. The diameter and spacing for
*confidential* are averaged to 1.5 mm and 25 cm respectively as it is not clearly
specified which diameter and spacing were used at this site. The gas velocity at
the nozzles has not been measured during the project and is therefore unknown.
For an accurate determination of the gas velocity at the nozzle pressure distribution
and losses have to be calculated over the length of the air supply hose which is
outside the scope of this thesis. Therefore, the base case gas velocity is determined
by iteration based on the best agreement with the measurement data of the SEL at
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r = 750 m. This yields a base case gas velocity of 108 m/s. Figure 3.15 shows the
SEL and Lp,pk for the following BBC parameters. These base case parameters are
used for the sensitivity study described in Section 4.1.

• Nozzle diameter: 0.0015 m,

• Nozzle spacing: 0.25 m,

• Gas velocity at the nozzle: 108 m/s.

Figure 3.15: SEL and Lp,pk for the mitigated base case scenario.

The modelled SEL 1/3-Octave is also compared to the measurement data. Figure
3.16 shows both the modelled and measured SEL 1/3-Octave. From the figure it can
be seen that the spectral sound levels are generally lower over the entire frequency
range in comparison to the case without a BBC. Also, the higher frequencies (>
400 Hz) are mitigated better by the BBC than the lower frequencies (< 400 Hz).
This is in line with Bellmann (2014) which states that a BBC shows an increase in
transmission loss for higher frequencies (see Figure 3.4).
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Figure 3.16: SEL per one third octave band for the mitigated base case scenario.
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Optimizing a BBC configuration

This chapter describes a sensitivity study to the different BBC parameters and to
the position of the BBC to the MP in Section 4.1. Second, a parametric study
is performed to provide insight in the effect of different soil configurations on the
performance of a BBC in Section 4.2. Lastly, the optimization of the design of a
BBC configuration is discussed in Section 4.3.

4.1 Sensitivity analysis

This section describes the model sensitivity to the BBC parameters defined in Sec-
tion 3.3 as well as the significance of the radial position of the BBC by means of the
full block method. With the full block method, the waterborne path is fully blocked
at the position of the BBC and the influence of solely the soil is examined (Peng
et al., 2021a).

BBC parameters

The model sensitivities with respect to the BBC parameters were determined by
adding 20 % and subtracting 20% of the determined base case parameters (see Sec-
tion 3.3) while the other parameters were kept constant. In reality, all BBC param-
eters are dependent on each other, meaning that changing one parameter affects the
other parameter. However, for a theoretical approximation of the model sensitivity
to each BBC parameter, it is deemed reasonable to analyse them independently. In
this way, an idea about the significance of the BBC parameters is obtained. Figures
4.1a and 4.1b and Table 4.1 show the model sensitivities for the gas velocity and
the nozzle diameter, respectively. The model sensitivity for the nozzle spacing is
absent as the sound reduction module in SILENCE BUBBLES has no dependency
on nozzle spacing (Peng et al., 2021b).
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(a)

(b)

Figure 4.1: Sensitivity of the model for (a) gas velocity at the nozzle and (b) the
nozzle diameter.
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Value ∆SEL @ 750m ∆Lp,pk @ 750m
Gas velocity (80%) 86.4 m/s 1.22 dB 1.43 dB

Gas velocity (120%) 129.6 m/s -0.47 dB -0.64 dB
Nozzle diameter (80%) 0.0012 m 1.67 dB 1.99 dB

Nozzle diameter (120%) 0.0018 m -0.91 dB -1.39 dB

Table 4.1: Model sensitivities in ∆dB at a radial distance of 750 meters.

Looking Figure 4.1 and Table 4.1, a significant model sensitivity can be observed
for both the gas velocity at the nozzle and the nozzle diameter. The model is more
sensitive to a decrease than an increase in gas velocity and nozzle diameter for both
∆SEL and ∆Lp,pk. These findings show that both the gas velocity at the nozzle
and the nozzle diameter have to be taken into account in the optimization study in
Section 4.3.

Radial distance of the BBC

The signficance of the radial distance to the mitigation performance of a BBC is
investigated in this section to establish whether or not it should be included in
the optimization study. For this purpose, a full block is applied for varying radial
distances from the MP. The radial distances used were chosen based on common
values from literature for single and double BBCs (Bellmann, 2014). The minimal
and maximal are set equal to the water depth and the outer diameter of a double
BBC configuration, respectively. Figure 4.2 shows the SEL at r = 750 m measured
at two meters from the seabed after application of the full block at several radial
distances from the MP.

Figure 4.2: SEL at r = 750 m for varying radial distance of the full block at two
meters above the seabed.

Figure 4.2 shows a decreasing trend in SEL for a full block applied further away
from the MP. The maximum difference in SEL is around 12 dB over a distance of
130 meters. The radial position of the BBC is therefore important for the mitigation
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performance of the BBC and should therefore be part of the optimization study in
Section 4.3.

4.2 Mitigation performance of a BBC for different

soil configurations

This section describes a parametric study of three different soil configurations to
examine their effect on the mitigation performance of a BBC. First, a top layer
thickness of two and a half meters (TLT2.5) will be examined in detail. Second,
a top layer thickness of ten meters (TLT10) will be addressed in a more concise
manner. The soil configurations, hereafter referred to as Case 1 (Top clay), Case 2
(Top sand) and Case 3 (Top mud), and their corresponding parameters are depicted
in Table 4.2. The first case has a top clay layer equal to the validated case (see
Section 3.2). The second case is a top sand layer with a higher compressional wave
speed and higher shear rigidity. The parameters for the top sand layer are equal
to the underlying sand layer making it effectively one layer (see Table 3.10). The
third case is a top muddy layer with a low compressional wave speed and low shear
rigidity. The parameters for Case 3 (Top mud) are based on a marine sediment layer
used in Peng et al. (2021a). The three cases were chosen such that a wide range of
compressional and shear wave speeds could be addressed.

Case 1: Top clay Case 2: Top sand Case 3: Top muddy
Parameter Value Unit Value Unit Value Unit

ρs *conf.* kg/m3 *conf.* kg/m3 1800 kg/m3

cp *conf.* m/s *conf.* m/s 1604 m/s
cs *conf.* m/s *conf.* m/s 81 m/s
αp *conf.* dB/m *conf.* dB/m 0.033 dB/m
αs *conf.* dB/m *conf.* dB/m 0.068 dB/m

Table 4.2: Examined soil configurations for TLT2.5 and TLT10.
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4.2.1 Top layer thickness of two and a half meters

The acoustic response and the mitigation performance of a BBC for all three cases
for TLT2.5 is addressed in this section. It is important to note that the input energy
into the MP for each case is set equal to 1750 kJ in the same way as is done in Section
3.2.3. Figure 4.3 shows the input energies.

Figure 4.3: Cumulative energy along the pile for all cases for a TLT2.5.

Figure 4.3 shows similar cumulative energies for each case in the air domain above
the sea surface similar to the procedure described in Section 3.2.3. A generally
higher cumulative energy can be observed for Case 3 (Top mud) in comparison to
Case 1 (Top clay) and 2 (Top sand) in the upper soil layer. This means that for
Case 3 (Top mud) less energy is dissipated by the MP into the upper soil layer.

The acoustic response in the fluid domain for different soil configurations

A study into the acoustic response of the fluid domain for all three soil configurations
was performed. Figures 4.4a and 4.4b show the pressure signal over time for all three
cases at r = 48.7 m for 0.2 meters and two meters above the seabed, respectively.
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(a)

(b)

Figure 4.4: Pressure signal in the time domain at r = 48.7 m at (a) 0.2 meters above
the seabed and (b) 2 meters above the seabed.

Figure 4.4a shows a clear distinction between two sets of travelling waves. The first
set of waves (t ≤ 0.06 s) shows the arrival of the Mach cone wave. It can be seen
that this first set of waves is almost identical for all three cases. This is due to the
fact that the fluid domain is equal for all cases. Looking at the second set of waves
(0.125 ≤ t ≤ 0.2 s) a large difference in the acoustic responses can be observed. Case
2 (Top sand) shows large amplitudes up to |1.2 · 105| Pa, Case 1 (Top clay) shows
amplitudes up to |0.8 · 105| Pa and Case 3 (Top mud) shows significantly smaller
amplitudes up to |0.3 · 105| Pa. This is ascribed to the influence of Scholte waves.
As can be seen from Figure 4.4b this influence is significantly smaller further away
from the seabed, but present. Scholte waves are determined by the shear rigidity of
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the top layer (Tsouvalas, 2015) whereas their travelling speed is determined by the
shear wave speed of the top layer. This explains the later arrival time of the Scholte
waves for Case 1 (Top clay).

To examine the composition of the sound waves entering the fluid domain from
the soil domain in more detail and further away from the MP, the sound genera-
tion module in SILENCE was extended to a radial distance of r = 213.7 m. The
sound generation module captures the propagation of the sound field over a larger
number of points over depth and over the width therefore providing a more detailed
representation of the propagated sound field. The results of the larger near field are
compared to the results of the smaller near field to substantiate the correctness of
the results. The results show good agreement with the smaller near field results and
can be found in Appendix C.

Figures 4.5a and 4.5b show the radial and vertical energy just above the seabed
from r = 48.7 m up to r = 213.7 m, respectively.

(a) Radial energy just above the seabed.
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(b) Vertical energy just above the seabed.

Figure 4.5: Radial (a) and vertical (b) energy at 0.2 meters above the seabed.

The radial energies shown in Figure 4.5a are ascribed to the Scholte waves. The
radial energy for Case 3 (Top mud) is significantly less in comparison to Case 1 (Top
clay) and 2 (Top sand). A decrease in radial energy over distance is visible for all
cases due to the attenuation of the Scholte waves (Tsouvalas, 2015).

Looking at the vertical energies in Figure 4.5b, a clear trend for each case is not
visible. Large peaks are noticeable for r < 75 m for Case 1 (Top clay) alternated by
large troughs. Case 2 (Top sand) and 3 (Top mud) show these peaks as well, how-
ever, with a smaller frequency, amplitude, and less distinctive troughs. This can be
explained by the fact that Case 1 (Top clay) is more susceptible to constructive and
destructive interference of the Scholte waves and the reflections and transmissions
in the upper soil layer (see Figure 4.6). Furthermore, more distinct peaks are visible
for Case 3 (Top mud) further away from the MP. This can be explained by the low
presence of shear rigidity for Case 3 (Top mud) and therefore the low presence of
shear and Scholte waves in the upper soil layer. This results in more energy dissipa-
tion into the soil domain in the form of compressional waves. As a result, reflections
and transmissions in the upper soil layer have larger amplitudes.

The significant differences in the energy profiles are dedicated to the different
soil characteristics and their corresponding working mechanisms that cause energy
to leak into the fluid domain. The soil characteristics are summarized below and
their working mechanisms are schematized in Figure 4.6.

• Case 1: Top clay layer

– Medium to high shear rigidity

– Impedance mismatch with the underlying soil layer

• Case 2: Top sand layer

– High shear rigidity
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– No impedance mismatch with underlying soil layer

• Case 3: Top muddy layer

– Low shear rigidity

– Large impedance mismatch with underlying soil layer

Case 1: Top clay Case 2: Top sand Case 3: Top muddy

(1)
(2)

(1) (1)
(2)

Figure 4.6: Principal working mechanisms for each case where (1) represents the
Scholte waves and (2) represents the multiple reflections and transmissions in the
upper soil layer.

Case 1 (Top clay) has both the reflections and transmission due to the impedance
mismatch at the soil-soil interface as well as Scholte waves at the fluid-soil interface.
Case 2 (Top sand) has only Scholte waves at the fluid-soil interface as the top layer
is the same as the underlying layer making it effectively one layer. Case 3 (Top
mud) has a small contribution of Scholte waves due to a low shear rigidity of the
top layer, but a large impedance mismatch at the soil-soil interface.
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The acoustic response in the soil domain for different soil configurations

A study into the acoustic response of the soil domain for all three soil configurations
was performed. Figure 4.7 shows the normalized energy in the soil domain for
all cases for two different radial distances from the MP, namely r = 24.7 m and
r = 39.7 m.

Figure 4.7: Normalized energy in the soil domain for all cases for two different radial
distances from the MP, namely r = 24.7 m and r = 39.7 m.

Looking at Figure 4.7, it can be noticed that the soil configurations which do have
an impedance mismatch at the soil-soil interface (Case 1 (Top clay) and 3 (Top
mud)) have large peaks of energy at this interface. Case 3 (Top mud), which has
the largest impedance mismatch, shows the largest relative peak at this interface.
Looking at Case 2 (Top sand), this peak is not visible as the energy line goes through
the interface, due to the absence of the impedance mismatch. Furthermore, it can
be seen that the energy which is dissipated in the upper soil layer is lowest for Case
3 (Top mud), followed by Case 2 (Top sand), followed by Case 1 (Top clay) for both
radial distances. Also, the relative loss of energy between the two radial distances
seems lowest for Case 3 (Top mud). A difference between relative loss of energy for
Case 2 (Top sand) and 3 (Top mud) is not clearly visible.

Mitigation performance of the BBC for different soil configurations

After the principal working mechanisms have been identified for each soil configura-
tion it was studied how these principal working mechanisms effect the performance
of the BBC. The BBC parameters used are equal to the base case parameters from
Section 3.3. The SEL and Lp,pk for the unmitigated and mitigated scenario are
shown in Figures 4.8 and 4.9, respectively.
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Figure 4.8: SEL and Lp,pk for all three cases for the unmitigated scenario at two
meters above the seabed.

Looking at the unmitigated scenario in Figure 4.8, Lp,pk follows a similar trend for
all cases. The SEL follows a similar trend for Cases 2 (Top sand) and 3 (Top mud)
with a minor difference between 75 ≤ r ≤ 200 m. Case 1 (Top clay) shows a larger
SEL of about 5 dB at the beginning of the sound propagation at r = 75 m. After
r = 600 m all SEL converge to well-nigh similar values with a maximum difference
of 0.5 dB for each case.
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Figure 4.9: SEL and Lp,pk for all three cases for the mitigated scenario measured at
a point two meters above the seabed.

The mitigated scenario in Figure 4.9 shows a significant difference of about 5 dB
between each case at the beginning of the sound propagation module. Over radial
distance, a converging trend is visible. The mitigated SEL at r = 750 m are slightly
further apart in comparison to the unmitigated scenario with differences of around
1.2 dB between each case. The frequency content in terms of SEL 1/3-Octave was
studied to investigate where these differences between the mitigated and unmitigated
field come from. Figure 4.10 shows the SEL 1/3-Octave at two meters above the
seabed before the BBC at a radial distance of r = 100 m.
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Figure 4.10: SEL 1/3-Octave for all cases just before the BBC (r = 100 m) at 2
meters above the seabed.

It can be noticed that the energies for higher frequencies (f > 50 Hz) are quite
similar for all cases. The difference lies in the low frequency regime where Case 1
(Top clay) shows a significantly higher SEL 1/3-Octave in comparison to the other
two cases. Case 3 (Top mud) shows a higher SEL 1/3-Octave in comparison to
Case 2 (Top sand) for frequencies lower than f < 20 Hz. To assess the mitigation
performance by the BBC, the frequency spectra after the BBC at r = 175 m were
examined (Figure 4.11). A quantitative analysis of the frequency content directly
after the BBC is not possible. The first point of analysis for a BBC located at
r = 105 m is at r = 175 m. At this point, energy leakage after the BBC has already
influenced the frequency content.

Figure 4.11: SEL 1/3-Octave for all cases after the BBC (r = 175 m) at two meters
above the seabed.
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Figure 4.11 shows similar energies for the high frequencies (f ≥ 50 Hz). For fre-
quencies higher than f = 200 Hz a slightly lower SEL 1/3-Octave is visible for Case
3 (Top mud) in comparison to Case 1 (Top clay) and 2 (Top sand). Furthermore,
for Case 2 (Top sand) no energy can be observed for the frequency regime below
f ≤ 35 Hz. Case 3 (Top mud) shows significantly lower SEL 1/3-Octave compared
to Case 1 (Top clay) for the same frequency regime except for f = 12.5 Hz. The
results for the low-frequency regime for Case 2 (Top sand) and 3 (Top mud) are
deemed non-physical and as a result the total SEL for the mitigated scenario in
Figure 4.10 was underestimated. A further explanation as to why these results are
deemed non-physical is given in Section 4.4.

However, how the order of SEL for each case relates to each other is thought to
be correct, as the order can be explained by the difference in energy leakage in the
range between BBC (r = 105 m) and the first point of analysis (r = 175 m) for each
case. Figures 4.12a and 4.12b show the radial and vertical energy, respectively, just
above the seabed for all three cases in this range. Table 4.3 shows the total sum
of radial and vertical energy over the specified range for each case. It can be seen
that the dominant energy is ascribed to the Scholte waves which is highest for Case
1 (Top clay), followed by Case 2 (Top sand), and subsequently Case 3 (Top mud).
By looking at Figure 4.10, the mitigation performance is expected to be worst for
Case 1 (Top clay) due to the high energies at the low frequencies, followed by Case
3 (Top mud), followed by Case 2 (Top sand). Despite a slightly better performance
of the BBC for Case 2 (Top sand), it is expected that the radial energy is dominant
for the determination of SEL at r = 175 m resulting in higher SEL for Case 2 (Top
sand) in comparison to Case 3 (Top mud).

(a) Radial energy just above the seabed.
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(b) Vertical energy just above the seabed.

Figure 4.12: (a) Radial and (b) vertical energy just above the seabed for all three
cases between 105 ≤ r ≤ 175 m.

Case 1 Case 2 Case 3
(Top clay) (Top sand) (Top mud)

Total radial energy 2969 kJ 2614 kJ 796 kJ
Total vertical energy 81 kJ 37 kJ 118 kJ

Table 4.3: Total radial and vertical energy just above the seabed for 105 ≤ r ≤ 175 m

A clear overview of the SEL 1/3-Octave for each case before the BBC, after the BBC
for the unmitigated scenario, and after the BBC for the mitigated scenario is given
in Figure 4.13. It can be observed that mitigation for Case 1 (Top clay) (Figure
4.13a) occurs for all frequencies. For frequencies above 800 Hz a higher mitigation
performance of the BBC is visible. Furthermore, low energy for Case 3 (Top mud)
(Figure 4.13c) between 12.5 < f < 31.5 Hz and no energy for Case 2 (Top sand)
(Figure 4.13b) for f < 31.5 Hz is visible. As stated before, these results for Case 2
(Top sand) and 3 (Top mud) are deemed non-physical and a further explanation is
given in Section 4.4.
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(a) (b)

(c)

Figure 4.13: SEL 1/3-Octave before the BBC, after the BBC for the unmitigated
scenario and after the BBC for the mitigated scenario for (a) Case 1 (Top clay), (b)
Case 2 (Top sand), and (c) Case 3 (Top mud).
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4.2.2 Top layer thickness of ten meters

First, the input energies into the MP are shown in Figure 4.14.

Figure 4.14: Cumulative energy along the pile for all cases for TLT10.

Figure 4.14 shows similar energies in the air domain for all three cases. Furthermore,
it can be observed that the cumulative energy in the upper soil layer is significantly
higher for Case 3 (Top mud) with difference of around 600 kJ at the soil-soil interface
in comparison with Case 1 (Top clay) and 2 (Top sand). This indicates that less
energy is dissipated into this soil layer from the MP. At z = 60 m the energies are
close to similar for each case. A more rapid decrease in energy can be observed for
Case 3 (Top mud) from the soil-soil interface to z = 60 m.
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The acoustic response in the soil domain for different soil configurations

Figure 4.7 shows the normalized energy in the soil domain for all cases for TLT10
for two different radial distances from the MP, namely r = 24.7 m and r = 39.7 m.

Figure 4.15: Normalized energy in the soil domain for all cases for TLT10 for two
different radial distances from the MP, namely r = 24.7 m and r = 39.7 m.

It can be seen from Figure 4.15 that the energy dissipated into the upper soil layer
is significantly lower for Case 3 (Top mud) in comparison to Case 1 (Top clay) and 2
(Top sand). Furthermore, the relative energy loss between the two distances is less
for Case 3 (Top mud) in comparison to Case 1 (Top clay) and 2 (Top sand). For
Case 1 (Top clay), minor peaks are visible at the soil-soil interface for both radial
distances. Case 3 (Top mud) shows relatively large peaks at the soil-soil interface.
Also, it can be noticed that the energy in the soil at a radial distance of r = 24.7 m
between the soil-soil interface and around z = 48 m is largest for Case 3 (Top
mud). Figure 4.16 shows a comparison between the normalized energy of TLT2.5
and TLT10 for all cases for a radial distance of r = 9.7 m.
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Figure 4.16: Normalized energy in the soil domain for all cases for TLT2.5 and
TLT10 for a radial distance from the MP of r = 9.7 m.

It can be seen from Figure 4.16 that the energy distribution over the length of
the MP is different for each case for TLT2.5 and TLT10. Looking at Case 3 (Top
mud), the normalized energy in the soil region up to around z = 40.5 m is lower for
TLT10, after which the normalized energy for TLT10 is higher. Looking at Case
1 (Top clay), the energy levels up to z = 35.5 m are higher for TLT10. A peak
in energy is visible for both Case 1 (Top clay) and 3 (Top mud) at both soil-soil
interfaces.

Mitigation performance of the BBC for different soil configurations

The numerical instabilities also occurred for the cases for TLT10. For this reason, the
results of the mitigated field were omitted and the focus was set on the unmitigated
results of the overall SEL and the SEL 1/3-Octave before the BBC. Figure 4.17
shows the SEL and Lp,pk for all three cases for a TLT10.
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Figure 4.17: SEL and Lp,pk for all three cases for the unmitigated scenario at two
meters above the seabed.

Looking at the unmitigated scenario in Figure 4.17, Lp,pk follows a similar trend for
Case 1 (Top clay) and 2 (Top sand). Case 3 (Top mud) shows a trough at r = 175 m
after which it follows a similar trend to Case 1 (Top clay) and 2 (Top sand). The
SEL show larger differences. Case 1 (Top clay) shows larger SEL with a difference
of around 8 dB compared to Case 2 (Top sand) and 3 (Top mud) at the beginning
of the sound propagation module. From the beginning of the sound propagation
module to r = 900 m, a faster decrease in SEL can be observed for Case 1 (Top
clay) in comparison to the other two cases. Case 2 (Top sand) and 3 (Top mud)
show a more oscillatory pattern where the SEL for Case 2 (Top sand) is generally
larger than Case 3 (Top mud). At r = 750 m, the difference in SEL is around 0.5
dB between Case 1 (Top clay) and 2 (Top sand) and about 1.8 dB between Case 2
(Top sand) and 3 (Top mud).

A comparison of the SEL between the different two top layer thicknesses is
shown in Figure 4.18. Furthermore, SEL is integrated over the time domain giving
an averaged value. This levels out the influence of local constructive or destructive
peaks in the pressure signal providing a more general view on the energy.
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Figure 4.18: SEL for all cases with different top layer thickness for the unmitigated
scenario at two meters above the seabed.

As Case 2 (Top sand) is effectively one layer, only one line is plotted. Case 1
(Top clay) shows a larger peak for a TLT10 with a difference of about 1 dB at the
beginning of the sound propagation module compared to a TLT2.5. Further away
from the MP, a steeper decrease for a TLT10 is visible which results in lower SEL
at r = 750 m with a difference of around 0.9 dB. A TLT10 for Case 3 (Top mud)
results in lower SEL for all radial distances with a difference of around 3.4 dB at
r = 750 m. A significantly larger bump is visible for Case 3 (Top mud) with TLT10
between 200 ≤ r ≤ 300 m in comparison to a TLT2.5.

A comparison of the two top layer thicknesses for the unmitigated SEL 1/3-
Octave is shown in Figure 4.19 for a point before the BBC at a radial distance of
r = 100 m and two meters above the seabed.

60



Chapter 4. Optimizing a BBC configuration

Figure 4.19: SEL 1/3-Octave for all cases with different top layer thicknesses before
the BBC at r = 100 m at two meters above the seabed.

It can be observed that the SEL 1/3-Octave for Case 1 (Top clay) are higher for all
frequencies for a TLT10 compared to a TLT2.5 except for f = 31.5 and f = 900 Hz.
Case 3 (Top mud) with a TLT10 shows higher SEL 1/3-Octave for f = 20 Hz,
f = 25 Hz, and 80 ≤ f ≤ 800 Hz compared to a TLT2.5.
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4.3 Optimization of a BBC configuration

This section describes the optimization process for a BBC curtain configuration
for all three cases focusing solely on TLT2.5. Based on findings in Section 4.1 the
following parameters are taken into account for the optimization.

• Radial distance of the BBC

• Gas velocity at the nozzle

• Nozzle diameter

The optimization process for each case consists of five steps which are depicted in
Figure 4.20.

Determine
sensitive

parameters
(Section

4.1)

Find tip-
ping point

(Glas-
bergen,
2020)

Place BBC
at tipping

point

Run for
each com-
bination of
parameters

Find
optimal
combi-

nation of
parameters
with SEL

below
noise limit

Step 1 Step 2 Step 3 Step 4 Step 5

Figure 4.20: Optimization process for a BBC configuration

The first step is to determine the sensitive parameters of the BBC. This has been
done in Section 4.1. Second, the tipping point has to be sought. The tipping point
is the point after which no significant energy leakage from the soil occurs. This is
determined by placing a full block at varying distances from the MP as shown in
Figure 4.21 and looking for a tipping point at which no major difference in SEL
reduction at r = 750 m is observed.

62



Chapter 4. Optimizing a BBC configuration

Figure 4.21: SEL at r = 750 m at two meters above the seabed for varying radial
positions of the full block.

As can be seen from Figure 4.21, no tipping point is observed for radial distances
between 15 ≤ r ≤ 165 m. Therefore, a robust approach was chosen for determining
the optimal combination of parameters. A complete analysis for each combination
of the radial distance (65 m ≤ r ≤ 165 m), gas velocity at the nozzle (70 m/s ≤
ugn ≤ 130 m/s) and nozzle diameter (0.001 m ≤ dn ≤ 0.002 m) was performed.
The radial distances and nozzle diameters were chosen based on common values
from literature for a single or double BBC (Bellmann, 2014). Since the pressure
losses in air supply hoses and related gas velocities at the nozzle have not yet been
studied extensively, the range of gas velocities is based on personal communication
with academic personnel from TU Delft. This range of gas velocities is deemed
reasonable for offshore conditions.

The results are presented as if compliance with a set noise limit at 750 meters
is required as is also the case for real projects. An example SEL noise limit will be
set at 172 dB re 1 µPa2s based on the noise limit of The Netherlands (see Table
1.1). The results for Case 1 (Top clay), Case 2 (Top sand), and Case 3 (Top mud)
together with the set noise limit are presented in Figure 4.22a, 4.22b, and 4.22c,
respectively. The gas velocities corresponding to each line are shown right in the
figure.
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(a)

(b)
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(c)

Figure 4.22: Optimization for (a) Case 1 (Top clay), (b) Case 2 (Top sand) and (c)
Case 3 (Top mud).

It can be seen that all three cases have a distinct optimization profile. Furthermore,
Figures 4.22a, 4.22b and 4.22c show a non-linear response of SEL to increasing gas
velocity. For each case, the SEL decreases for the full range with increasing gas
velocity, but this decrease in SEL becomes smaller for higher gas velocities. The
range of SEL reduction by the BBC as a percentage of the optimal SEL reduction by
a full block for each distance is given in Table 4.4. The minimum and maximum as a
percentage of the optimal SEL are determined by Equations (4.1 & 4.2), respectively,

∆SELmin =
SELref − SELopt,i

SELref − SELmin,i

, (4.1)

∆SELmax =
SELref − SELopt,i

SELref − SELmax,i

, (4.2)

where SELref is a reference value and i is the radial distance varying from 65 to 165
meter. It can be seen in Table 4.4 that the overall SEL reduction for all cases lies
between 20 - 60%. A larger range of maximum reduction potential is seen for Cases
1 (Top clay) and 2 (Top sand) with 8 and 10 % reduction potential, respectively.
Case 3 (Top mud) has a range of 5 % maximum reduction potential.
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Case 1: Top clay Case 2: Top sand Case 3: Top mud
Distance ∆min ∆max ∆min ∆max ∆min ∆max

65 m 24 % 48 % 30 % 55 % 21 % 45 %
75 m 25 % 51 % 30 % 55 % 23 % 46 %
85 m 23 % 47 % 31 % 54 % 23 % 46 %
95 m 24 % 49 % 31 % 55 % 24 % 46 %
105 m 26 % 54 % 32 % 56 % 24 % 47 %
115 m 27 % 52 % 33 % 56 % 25 % 47 %
125 m 27 % 51 % 34 % 58 % 25 % 47 %
135 m 30 % 56 % 35 % 59 % 26 % 48 %
145 m 31 % 57 % 36 % 60 % 27 % 49 %
155 m 31 % 54 % 37 % 61 % 27 % 50 %
165 m 34 % 58 % 38 % 63 % 28 % 50 %

Table 4.4: Minimum and maximum percentage of SEL reduction of the BBC for all
three cases in comparison to the optimal reduction by a full block for several radial
distances.

4.4 Nota bene

It should be noted that the results regarding the mitigated scenarios have to be
handled with a critical view. Looking at the frequency spectra after the BBC shown
in Figures 4.11 and 4.13 it can be noticed that Case 2 (Top sand) shows no energy
for the low frequency regime (f < 31.5 Hz). This is non-physical and caused most
likely by a numerical instability during the calculation of the energy for the low
frequencies. Case 3 (Top mud) shows significantly lower energies for frequencies
between 12.5 < f < 31.5 Hz compared to the SEL 1/3-Octave before and after
the BBC for the unmitigated scenario (see Figure 4.17). This is also deemed non-
physical as the performance of the BBC is low for this frequency regime. In addition,
energies are present for these low frequencies for the unmitigated case. Therefore,
these low energies are most likely a results of numerical instability during calculation.
This means that for Case 2 (Top sand) and 3 (Top mud) all total SEL for the
mitigated field shown in Figures 4.9, 4.21, and 4.22 are overestimated. A quantitative
analysis on the performance of the BBC and the optimization is therefore limited.
A qualitative analysis, however, will be discussed in Section 6.1. The percentages in
Table 4.4 are relative to the full block which experiences the same underestimation
as the mitigated field and is therefore deemed reasonable for quantitative analysis.
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Chapter 5

An alternative coupling approach
for integrating an air bubble
curtain model

This chapter will describe a mode-coupling approach for integrating an air bubble
curtain model in an ideal fluid waveguide. The determination of the local effec-
tive wavenumber distribution is similar to the approach described in Section 3.1.1,
however, the bubble formation process is determined by a lognormal distribution as
described in Bohne et al. (2019). For sake of simplicity, the fluid dynamic model is
subsequently altered to have a depth-independent effective wavenumber distribution
and half width. By means of mode-coupling theory the simplified air bubble curtain
model will be coupled to the ideal fluid waveguide and the transmission loss right
after the air bubble curtain will be determined. This coupling approach, hereafter
referred to as the 2D approach, will be compared to the coupling approach presented
in Bohne et al. (2019, 2020) and Peng et al. (2021b), hereafter referred to as the
1D approach. In Section 5.1, the determination of the local effective wavenumber
distribution based on Bohne et al. (2019) will be described. Second, the simplified
air bubble curtain will be discussed in Section 5.6. Subsequently, mode coupling
theory for a ideal fluid waveguide will be elaborated and the simplified air bubble
curtain will be implemented.

5.1 Local effective wavenumber distribution

The effective wavenumber distribution as a function of ω, z and r used in Bohne
et al. (2019) is based on the work of Commander and Prosperetti (1989) and is
given by Equation 5.1.

k2eff (ω, r, z) =
ω2

c2f
+ 4πω2

∫ ∞

0

an(x, z, a)

ω2
0(z, a) − ω2 + 2iβ(z, a)ω

da. (5.1)

In Equation 5.1, ω is the angular frequency given by 2πf . The natural angular
frequency ω0(z, a) is defined by Commander and Prosperetti (1989) and the damp-
ing constant β(z, a) is defined by Kargl (2002), a is the range of bubble radii and
n(x, z, a) is the bubble number density distribution which can be written as,

n(x, z, a) = f(x, z, a)N(x, z), (5.2)
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where f(x, z, a) is the probability density function of the bubble sizes approximated
by a lognormal distribution given by Equation 5.3.

f(a, µ, σ) =
1

aσ
√

2π
e(− ln a−µ)2/2σ2

(5.3)

The lognormal distribution was fitted to measurement data with a good fit for
µ = −6.70 and σ = 0.67 for a bubble radii range of amin = 0.0040 to amax = 0.013
(Bohne et al., 2019). N(x, z) is the total number of bubbles which is given as,

N(x, z) =
ϵ(x, z)

ν̄(x, z)
(5.4)

in which ϵ(x, z) is the local air fraction over the width and height of the air bubble
curtain and ν̄(x, z) is the mean bubble volume of the bubble population which is
given by Equation 5.5,

ν̄(x, z) =

∫ ∞

0

4

3
πa3f(x, z, a) da. (5.5)

5.1.1 Fluid dynamics of an air bubble curtain

The fluid dynamic equations describing a complex turbulent two-phase bubbly flow
for determining the local air fraction of the air bubble curtain are described by
Equations (5.6 - 5.8) (Sokolichin et al., 2004). Equations (5.6 - 5.8) describe the
momentum flux, liquid mass flux and gas mass flux, respectively (Bohne et al.,
2019),

d

dz

∫ ∞

∞

(
1 − ϵg

)
γρlū

2
lz dx =

∫ ∞

∞
ϵgρlg dx, (5.6)

d

dz

∫ ∞

−∞

(
1 − ϵg

)
ρlūlz dx = 2αρlulzm, (5.7)

d

dz

∫ ∞

−∞
ϵgρg

(
ūlz + urel

)
dx = 0, (5.8)

where the liquid fraction in the bubbly medium is represented by (1−ϵg) where ϵg is
the gas fraction, γ is the amplification factor, ρl is the density of the liquid phase, g
is the gravitational constant, ūlz is the vertical liquid velocity, α is the entrainment
coefficient, ulzm is the vertical centerline liquid velocity and urel is a constant relative
velocity (Bohne et al., 2019). The vertical liquid velocity ūlz and the gas fraction ϵg
are approximated by Gaussian profiles,

ūlz(ulzm, b, x) = ulzme
−x2/b2 , (5.9)

ϵg(ϵgm, b, x) = ϵgme
−x2/(λ2b2), (5.10)

where ϵgm is the centerline gas fraction, b is the half width of the Gaussian function
and λ is the spreading coefficient. By defining the initial gas mass flow as a system
parameter, Equation 5.8 can be rewritten as,
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ṁ0 =

∫ ∞

∞
ϵgρg(ulz + urel) dx. (5.11)

After integration it can be solved for b,

b(ϵgm, ulzm, ρg) =
ṁ0

ϵgm
√
πλρg

((
ulzm

/√(
λ2 + 1

))
+ urel

) . (5.12)

Equations (5.6, 5.7 & 5.12) can subsequently be summarized in vector form in the
following manner,

d

dz
(m(u, z)) = b(u, z). (5.13)

In Equation 5.13, the vector m represents the momentum and liquid flux, the vec-
tor b represents the source term and the vector u = [ulzm, ϵgm]T representing the
unknown variables, the centerline velocity and gas fraction, respectively. (Bohne
et al., 2019).

In order to solve the linear system of equations given by Equation (5.13) the
Forward Euler method is used. The following initial conditions are derived and are
solved by means of iteration (Bohne et al., 2019),

b0 =
ṁ0

ϵgm0

√
πλρg0

((
ulzm0

/√(
λ2 + 1

))
+ urel

) , (5.14)

ulmz0 =

√
2M0(2λ

2 + 1)1/4

π1/4

√(√
(4λ2 + 2) − 2ϵgm0λ

)
γb0ρl

. (5.15)

M0 is the initial momentum flow and is written as,

M0 =
4∆ynṁ

2
0

πρg0d2n
, (5.16)

with the nozzle diameter dn, the nozzle spacing ∆yn and the initial gas density at
the nozzle ρg0. The initial centerline gas fraction is assumed to be 0.95 as gas is
highly concentrated in close proximity to the nozzle around the middle axis (Bohne
et al., 2019). For validation, the modelled centerline velocity is compared to the
modelling results of Bohne et al. (2019), see Figure 5.1.

69



Chapter 5. An alternative coupling approach for integrating an air bubble curtain
model

Figure 5.1: Comparison of the modelled centerline velocity to the modelled centerline
velocity of Bohne et al. (2019)

Once the system of linear equations for the unknown variables (5.13) is solved for the
centerline velocity and gas fraction, the Gaussian distribution of the vertical liquid
velocity ūlz and gas fraction ϵg is known over the depth by means of Equations
(5.9 & 5.10). Subsequently, the gas fraction distribution can be used to solve for
the total number of bubbles N(x, z) from Equation (5.4) and the bubble number
density distribution can be solved by implementing the total number of bubbles
in Equation (5.2). All variables in Equation (5.1) are now known to solve for the
effective wavenumber distribution.

5.2 Validation of the transmission coefficients

By means of the transfer matrix described in Section 3.1.2 the transmission coeffi-
cient function is given by Commander and Prosperetti (1989) as,

τ(z, ω) = |p+n |2. (5.17)

Bohne et al. (2019) defined a transmission coefficient for the air bubble curtain given
in Equation (5.18).

τbc(ω) =
m∑
l=1

τl
∆zl
T

(5.18)

The transmission loss of the air bubble curtain is subsequently given in Equation
(5.19).

TL = 10 log

(
1

τbc

)
(5.19)

The modelling results for the transmission coefficient function is compared to the
modelling results from Bohne et al. (2019) in Figures 5.2.
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Figure 5.2: Comparison of the modelled transmission coefficients to the modelled
transmission coefficients of Bohne et al. (2019)

The transmission coefficient function is validated in order to substantiate the cor-
rectness of the effective wavenumber distribution and the transfer matrix. Once the
effective wavenumber distribution is obtained it can be simplified to a depth and
width independent wavenumber distribution (Section 5.6). The simplified effective
wavenumber distribution is subsequently implemented in an ideal fluid waveguide.

5.3 Point source in an ideal fluid waveguide

To narrow down the scope of this thesis a point source is modelled in an ideal fluid
waveguide based on Jensen et al. (2011). The pressure in the field will be expressed
in the modal domain, so that in a later stage the mode-coupling approach can be
applied to integrate the air bubble curtain model in the ideal fluid waveguide. The
ideal fluid waveguide consists of one fluid layer with a pressure release boundary
condition at the surface and a rigid bottom boundary condition at the bottom
(Jensen et al., 2011). The fluid density ρf and the wavespeed cf are assumed
constant over the entire domain. Figure 5.3 shows a schematic of an ideal fluid
waveguide with a point source at the source depth zs.
The mathematical derivation of a point source in a cylindrical geometry is described
by Jensen et al. (2011) and is given by Equation (5.20),

1

r

∂

∂r

(
r
∂p

∂r

)
+ ρf (z)

∂

∂z

(
1

ρf (z)

∂p

∂z

)
+

ω2

c2f (z)
p = −δ(r)δ(z − zs)

2πr
. (5.20)

The unforced solution of Equation (5.20) is sought in the form p(r, z) = Φ(r)Ψ(z)
by means of separation of variables. After substituting the expression for p(r, z) in
Equation (5.20) the following equation is found (Jensen et al., 2011),

1

Φ

[
1

r

d

dr

(
r

dΦ

dr

)]
+

1

Ψ

[
ρf (z)

d

dz

(
1

ρf (z)

dΨ

dz

)
+

ω2

c2f (z)
Ψ

]
= 0. (5.21)
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zs

Horizontal distance [m]

D
e
p
th

[m
]

Pressure release surface

Rigid bottom

cf = 1500 m/s
ρf = 1000 kg/m3

Figure 5.3: Schematic of the ideal fluid waveguide

This equation can be satisfied only if both components, dependent on r and z
respectively, are equal to a separation constant k2rm obtaining the modal equation
for the z-component,

ρf (z)
d

dz

[
1

ρf (z)

dΨm(z)

dz

]
+

[
ω2

c2f (z)
− k2rm

]
Ψm(z) = 0. (5.22)

In the same way, the modal equation can be obtained for the r-component Φ(r).
The modal equations can be solved for the ideal fluid waveguide by imposing the
following boundary conditions Jensen et al. (2011),

Ψ(0) = 0, (5.23)

dΨ

dz

∣∣∣∣
z=D

= 0. (5.24)

A summation of all modes of the vertical and horizontal eigenfunctions multiplied
will form a complete set given by Equation (5.25) (Jensen et al., 2011),

p(r, z) =
∞∑
m=1

Φm(r)Ψm(z). (5.25)

Substituting Equation (5.25) into Equation (5.20) yields,

∞∑
m=1

{
1

r

d

dr

(
r

dΦm(r)

dr

)
Ψm(z)

+ Φm(r)

[
ρf (z)

d

dz

(
1

ρf (z)

dΨm(z)

dz

)
+

ω2

c2f (z)
Ψm(z)

]}
= −δ(r)δ(z − zs)

2πr
. (5.26)

Looking at Equation (5.22), it can be noticed that the term in the square brackets
is equal to k2rmΨm(z) yielding the following equation,
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∞∑
m=1

{
1

r

d

dr

(
r

dΦm(r)

dr

)
Ψm(z) + k2rmΦm(r)Ψm(z)

}
= −δ(r)δ(z − zs)

2πr
. (5.27)

By making use of the orthogonality property given by Equation (5.28 and multi-
plying Equation (5.27) by the operator given by Equation (5.29) only the nth term
remains in the sum of Equation (5.27) yielding Equation (5.30) (Jensen et al., 2011).∫ D

0

Ψm(z)Ψn(z)

ρf (z)
dz = 0, for m ̸= n, (5.28)

∫ D

0

(·)Ψn(z)

ρf (z)
dz, (5.29)

1

r

d

dr

[
r

dΨn(r)

dr

]
+ k2rnΦn(r) = −δ(r)δ(z − zs)

2πrρf (zs)
. (5.30)

The solution of Equation (5.30) can be given in terms of a Hankel function of the
first kind due to the radiation condition that energy should be radiating outward as
r → ∞ (Jensen et al., 2011),

Φn(r) =
i

4ρf (zs)
Ψn(zs)H

(1)
0 (krnr). (5.31)

Substituting this into Equation (5.25) yields the following expression for the pressure
in the modal domain,

p(r, z) =
i

4ρf (zs)

∞∑
m=1

Ψm(zs)Ψm(z)H
(1)
0 (krmr). (5.32)

To determine the pressure field in the frequency domain for the ideal fluid waveg-
uide the eigenfunctions Ψm(z) need to be determined. This is done by solving the
ordinary differential equation given by Equation (5.22) for constant density ρf and
wavespeed cf and subsequently filling them in into the boundary conditions given by
Equation (5.23 & 5.24). The general solution for the ordinary differential equation
is defined by

Ψm(z) = A sin(kzz) +B cos(kzz), (5.33)

where the vertical wavenumber kz is given by

kz =

√(
ω

cf

)2

− k2r . (5.34)

The pressure release boundary condition at z = 0 implies that B = 0 while the rigid
bottom boundary condition at z = D gives

Akz cos(kzD) = 0. (5.35)

In order to obtain a non-trivial solution the term in the cosine must be equal to 0
leading to,
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kz =

(
m− 1

2

)
π

D
, for m = 1, 2, .... (5.36)

This can be substituted in Equation (5.34) to obtain an expression for the radial
wavenumbers given by Equation (5.37) (Jensen et al., 2011).

krm =

√(
ω

cf

)2

−
[(
m− 1

2

)
π

D

]2
(5.37)

The vertical eigenfunctions belonging to the vertical wavenumbers are defined as
follows

Ψm(z) =

√
2ρ

D
sin(kzmz), (5.38)

where the amplitude A is normalized for sake of simplicity. The expression for
the radial wavenumbers and the vertical eigenfunctions can be substituted in the
definition for the pressure given by Equation (5.32) to obtain

p(r, z) =
i

2D

∞∑
m=1

sin(kzmzs) sin(kzmz)H
(1)
0 (krmr). (5.39)

In Figure 5.4 an example of the transmission loss in the frequency domain for an ideal
fluid waveguide is shown. The source frequency fs = 300 Hz, the depth D = 25 m
and the radial distance R = 750 m.

Figure 5.4: Example of transmission loss in an ideal fluid waveguide for a source
frequency fs = 300 Hz. Source depth is at zs = 5 m.
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5.4 1D approach

The 1D approach is similar to the coupling approach described in Section 3.1.2
where the fluid domain is coupled to the bubbly domain and subsequently coupled
to the fluid domain again. By means of the transfer matrix (A), the transfer func-
tion (H̃(z, ω)) can be obtained for the simplified air bubble curtain and can be
implemented in the ideal fluid waveguide.

5.5 2D approach

The 2D approach is based on the theory of mode-coupling. Modal analyses are pri-
marily suitable for range-independent environment (Jensen et al., 2011). However,
with the placement of the air bubble curtain model at a certain distance from the
source, range-dependency is included as the density ρf and the effective wavespeed
cf are not constant over the entire radial domain. Range-dependency in modal
analyses can be achieved by dividing the range into N − 1 segments and assuming
that the properties in those specific segments are range-independent as illustrated
in Figure 5.5 (Jensen et al., 2011).

Figure 5.5: Schematic of range dependent air bubble curtain in ideal fluid waveguide

The definition for the pressure for each segment is formulated by Evans (1983) as

pj(r, z) =
M∑
m=1

[
ajmĤ1jm(r) + bjmĤ2jm(r)

]
Ψj
m(z) (5.40)

where Ĥ1, 2 are the ratios of Hankel functions expressed by their large-argument
asymptotic representation given by Equations (5.41 & 5.42) (Jensen et al., 2011).

Ĥ1j+1
m (r) ≃ H1j+1

m (r) =

√
rj
r
eik

j+1
rm (r−rj), (5.41)
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Ĥ2j+1
m (r) ≃ H2j+1

m (r) =

√
rj+1

r
eik

j+1
rm (rj+1−r). (5.42)

Next, at the interface j continuity of pressure is imposed for M discrete depth points

M∑
m=1

[
aj+1
m + bmj + 1H2j+1

m (rj+1)
]
Ψj+1
m (z) =

M∑
m=1

[
ajmH1jm(rj) + bjm

]
Ψj
m(z). (5.43)

and an operator similar to the one described by Equation (5.29) is applied,∫ D

0

(·) Ψj+1
l (z)

ρf,j+1(z)
dz. (5.44)

Because of the orthogonality property∫ D

0

Ψj+1
m (z)Ψj+1

l (z)

ρj+1

dz = δlm, (5.45)

with δlm being the Kronecker delta, only the sum on the right of Equation (5.45)
remains, resulting in the following equation.

aj+1
l + bj+1

l H2j+1
m (rj+1) =

M∑
m=1

[
ajmH1jm(rj) + bjm

]
c̃lm, for l = 1, ...,M, (5.46)

where

c̃lm =

∫ D

0

Ψj+1
l (z)Ψj

m(z)

ρj+1

dz. (5.47)

Equation (5.46) can be written in matrix notation, where the vectors have lengths
corresponding to the number of modes, as

aj+1 + Hj+1
2 bj+1 = C̃j

(
Hj

1a
j + bj

)
. (5.48)

In Equation (5.48), Hj
1 and Hj+1

2 denote the diagonal matrices with entries H1jm(rj)
and H2j+1

m respectively and the matrix C̃ is the matrix with entries c̃lm. Vectors a
and b have entries al and bl, respectively.

Similar to Equation (5.43), continuity of radial particle velocity is imposed at
the interface j where the radial particle velocity is defined by Jensen et al. (2011)
as

1

ρj

∂pj(r, z)

∂r
≃ 1

ρj

M∑
m=1

kjrm
[
ajmH1jm(r) − bjmH2jm(r)

]
Ψj
m(z). (5.49)

Applying the operator ∫ D

0

(·) Ψj+1
l (z) dz (5.50)

leads to the following formulation of the imposed continuity of pressure
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aj+1
l − bj+1

l H2j+1
m (rj) =

M∑
m=1

[
ajmH1jm(rj) − bjm

]
ĉlm, for l = 1, ...,M, (5.51)

which can be written in terms in matrix notation similar to Equation (5.48) in the
following manner:

aj+1 −Hj+1
2 bj+1 = Ĉj

(
Hj

1a
j − bj

)
. (5.52)

Both imposed continuities can be rewritten in matrix notation to obtain an expres-
sion for aj+1 and bj+1,

[
aj+1

bj+1

]
=

[
Rj

1 Rj
2

Rj
3 Rj

4

] [
aj

bj

]
, (5.53)

where

Rj
1 =

1

2

(
C̃j + Ĉj

)
Hj

1,

Rj
2 =

1

2

(
C̃j − Ĉj

)
,

Rj
3 =

1

2

(
C̃j − Ĉj

)(
Hj+1

2

)−1
Hj

1,

Rj
4 =

1

2

(
C̃j + Ĉj

)(
Hj+1

2

)−1
.

(5.54)

To solve this set of linear equations two boundary conditions have to be imposed,
one at r = 0 and one at r → ∞ (Jensen et al., 2011). The pressure at r = 0 is equal
to the pressure from the source at r = r1,

a1m =
i

4ρf (zs)
Ψm(zs)H

(1)
0 (k1rmr1) + b1m

H
(1)
0 (k1rmr1)

H
(2)
0 (k1rmr1)

, for m = 1, ...,M. (5.55)

The radiation condition is satisfied by requiring that bNm = 0 for all modes.

5.6 Air bubble curtain implementation

In this section the implementation of the air bubble curtain for both approaches is
described. First, the effective wavenumber distribution (keff (ω, r, z)) as a function
of depth and width and the width (b(z)) as a function of depth have to be deter-
mined. The depth of the ideal fluid waveguide is set at 25 meters. For this depth
the effective wavenumber distribution is calculated with the approach described in
Section 5.1 resulting in a triangular shaped effective wavenumber distribution. This
is transformed into a rectangular shaped bubble curtain as a triangular shaped air
bubble curtain would require separate eigenfunction definitions for every layer over
the vertical. This implies very low local depths which cannot carry real propagating
modes due to the cut-off frequency. The width and the radial wavenumber distri-
bution at the top of the air bubble curtain near the sea surface are taken and are
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applied over the entire air bubble curtain. Figure 5.6 shows the modification from
the original to the simplified air bubble curtain model.

Figure 5.6: Simplification from triangular shaped, depth and width dependent air
bubble curtain to rectangular shaped, depth independent air bubble curtain

Since the definition for the eigenfunctions in the ideal fluid waveguide is based solely
on real propagating modes only the real part of the complex effective wavenumber
distribution of the air bubble curtain is taken into account. The main attribution
of noise mitigation therefore shifts from the complex attenuation to reflection and
transmission due to the differences in wavenumbers between the layers of the air
bubble curtain. Figure 5.7 shows the location of the implemented simplified air
bubble curtain illustrated by the white rectangle in an ideal fluid waveguide.

Figure 5.7: Example of transmission loss in an ideal fluid waveguide for a source
frequency fs = 300 Hz. Source depth zs = 5 m. The white rectangle at around 100
m indicates the implemented air bubble curtain. The air bubble curtain is not to
scale for sake of clarification.

The red vertical line in Figure 5.7 indicates the location of the pressure vector
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directly before the air bubble curtain (pbefore) and the blue vertical line indicates
the location of the pressure vector directly after the air bubble curtain (pafter). The
pressure vector directly after the air bubble curtain is obtained by the following
equation

pafter = pbefore · H̃(z, ω), (5.56)

where H̃(z, ω) is the vector containing the transfer coefficients. The pressure vector
after the air bubble curtain for the 2D approach is a direct result of the mode-
coupling approach. Subsequently, the averaged transmission loss over the depth
after the air bubble curtain for the two approaches is calculated in the following
manner

TL = 10 log10

( N∑
i=1

|pi|2

N

)
, (5.57)

where N is the number of discrete points over the depth and pi is the pressure.

5.7 1D versus 2D approach

In this section the 1D and 2D approach are compared. Figure 5.8 shows the trans-
mission loss for three cases, namely directly before the air bubble curtain, directly
after the air bubble curtain with the 1D approach and directly after the air bubble
curtain with the 2D approach for a depth of 25 meters.

Figure 5.8: Transmission loss for the 1D approach, 2D approach and for the free
space before the air bubble curtain. Depth = 25m, air bubble curtain width = 9.4m.
Source depth zs = 5 m.

It can be seen from Figure 5.8 that the transmission loss for all three cases is sinus
shaped. This is due to the pressure distribution in the ideal fluid waveguide for
different frequencies at the specific location of the air bubble curtain for a specific
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location of the point source. Furthermore, the 2D approach is more conservative
for the low frequency regime below f < 300 Hz. For higher frequencies, the 1D
approach becomes the more conservative approach. The ∆TL is shown in Figure
5.9 for both approaches. This is calculated by the following equations,

∆TL = TL1D − TLBefore, (5.58)

∆TL = TL2D − TLBefore, (5.59)

Figure 5.9: ∆TL for the 1D approach and 2D approach. Depth = 25m, air bubble
curtain width = 9.4m. Source depth zs = 5 m.

High distinct peaks are visible for f = 100 Hz, f = 125 and f = 175 Hz. The
depth of the ideal fluid waveguide is increased to see what the effect is of including
more modes for the 2D approach as there are more real propagating modes (see
Equation (5.37)). This will not have any effect on the 1D approach as the transfer
function is independent on the depth. Figure 5.10 shows the transmission loss for
the case before the air bubble curtain, directly after the air bubble curtain with the
1D approach and directly after the air bubble curtain with the 2D approach for a
depth of 50 meters. Figure 5.11 shows the ∆TL for both approaches calculated with
Equations (5.58 & 5.59).
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Figure 5.10: Transmission loss for the 1D approach, 2D approach and for the free
space before the air bubble curtain. Depth = 50m, air bubble curtain width = 9.4m.
Source depth zs = 10 m.

Figure 5.11: ∆TL for the 1D approach and 2D approach. Depth = 50m, air bubble
curtain width = 9.4m. Source depth zs = 10 m.

The ∆TL for a depth of 50 meters is more conservative for frequencies below
f < 300 Hz. For higher frequencies, the 2D approach becomes the more dominant
approach with higher transmission losses compared to the 1D approach similar to
Figure 5.9. The difference in transmission loss for the low frequencies (f ≤ 300 Hz)
for both Figures 5.9 and 5.11 is significantly higher compared to higher frequencies
(f > 300 Hz).
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Discussion

The focus of this thesis has been twofold with the overarching theme; ”Noise mit-
igation by a BBC”. On the one hand, a study into the optimization of a BBC
configuration is performed. On the other hand, an alternative two-dimensional
(2D) coupling approach is examined for coupling an air bubble curtain model to
a non-mitigated field. This chapter provides a discussion on both subjects where
the optimization study is addressed in Section 6.1 and the 2D coupling approach is
addressed in Section 6.2. For both subjects, one main research question and two
sub-questions were defined.

6.1 Optimizing mitigation by a BBC

The aim was to define a framework for optimizing a BBC configuration for varying
soil configurations using the predictive sound propagation and mitigation model
SILENCE BUBBLES. The main research question (1, shown in bold) and the two-
sub questions (1a, 1b) were defined as follows.

1. How can the effectiveness of a BBC configuration be optimized with
respect to noise mitigation for a variety of scenarios using the pre-
dictive modelling software SILENCE BUBBLES?

(a) What is the model sensitivity to different BBC parameters and how can
this sensitivity be determined by SILENCE BUBBLES?

(b) What is the effect of different soil configurations on the performance of a
BBC?

Prior to working with SILENCE BUBBLES, the sound prediction model SILENCE
was validated based on site-specific data of *confidential* at *confidential* made
available by Van Oord. The results of this validation were compared to the mea-
surement data. Both the modelled SEL and Lp,pk showed good agreement to the
measurement data with a deviation of 1.5 dB for SEL and 0.6 dB for Lp,pk at 750
meters from the MP (see Figure 3.13).

Validation of SILENCE BUBBLES based on available BBC parameters was not
possible. SILENCE BUBBLES accounts for the radial distance of the BBC as well
as real BBC parameters such as nozzle diameter and gas velocity at the nozzle. The
model is independent of nozzle spacing. The radial distance and the nozzle diameter
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were obtained from the noise prognosis report for *confidential*. However, the gas
velocity at the nozzle was not measured and was therefore unknown. It was outside
the scope of this thesis to predict the gas velocities at the nozzles. Therefore the gas
velocity was determined iteratively by comparing the modelled SEL to the measured
SEL. The gas velocity with the best corresponding SEL was chosen as the base case
gas velocity for the sensitivity study. A gas velocity at the nozzle of 108 m/s gave
the best comparison to the measured SEL. Based on personal communication with
academic staff from TU Delft, it was established that this velocity was within the
expected range of gas velocities for a real BBC. The base case BBC parameters are,

• Nozzle diameter: 0.0015 m,

• Gas velocity at the nozzle: 108 m/s.

These base case parameters served as the starting point for the sensitivity study.
The sensitivity for each parameter was determined by adding and subtracting 20% of
the base case parameters while the other parameter was kept constant. In reality, all
BBC parameters are dependent on each other, however, for the purpose of obtaining
a theoretical model sensitivity to each BBC parameter, it was deemed reasonable
to analyse them independently. It is observed that the model is sensitive to both
nozzle diameter and gas velocity at the nozzle with a range of about 2.6 and 1.7 dB,
respectively. Furthermore, the model is more sensitive to a decrease than an increase
in gas velocity and nozzle diameter for both ∆SEL and ∆Lp,pk. This could indicate
that a plateau in reduction is reached for increasing BBC parameters. Bellmann
et al. (2020) studied the SEL 1/3-Octave reduction for increasing gas velocities,
however, these results did not show a clear trend of reaching a plateau. Furthermore,
the effect on the SEL at r = 750 m for varying radial distances of the BBC was
examined. It became clear that the radial distance, nozzle diameter and gas velocity
have significant influence on the outcome of SEL at r = 750 m and have to be taken
into account for the opimization study. Nozzle spacing was omitted in the sensitivity
study as the sound reduction module is not dependent of nozzle spacing due to its
definition in Peng et al. (2021b). Bohne et al. (2020) states that the nozzle spacing
influences the merging of buoyant plumes and therefore the density of bubbles close
to the nozzle. This is acknowledged by looking at the results from Rustemeier et
al. (2012) where larger nozzle spacing leads to less merging of the bouyant plumes
and vice versa. It is therefore suggested that integration of the nozzle spacing
in the sound reduction module can have its value for a more complete view on the
influence of the BBC parameters on the effectiveness of a BBC. Implementation into
SILENCE BUBBLES is necessary to identify its significance for the SEL reduction
of the BBC.

To provide more insight on the effect of different soil configurations on the mit-
igation effectiveness of a BBC configuration, a qualitative analysis was performed
for three different soil configurations. The different soil configurations are depicted
in Table 6.1.
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Case 1: Top clay Case 2: Top sand Case 3: Top mud
Parameter Value Unit Value Unit Value Unit

ρs *conf.* kg/m3 *conf.* kg/m3 1800 kg/m3

cp *conf.* m/s *conf.* m/s 1604 m/s
cs *conf.* m/s *conf.* m/s 81 m/s
αp *conf.* dB/m *conf.* dB/m 0.033 dB/m
αs *conf.* dB/m *conf.* dB/m 0.068 dB/m

Table 6.1: Examined soil configurations for a TLT2.5 and a TLT10.

First, a study into the acoustic responses of the fluid domain for all three cases
was conducted up to a distance of r = 210 m. This showed a different acoustic
response for each soil configuration due to different energy leakage profiles. Two
main working mechanisms were identified that cause these differences namely, the
influence of Scholte waves and reflections and transmissions in the upper soil layer.
The soil characteristics responsible for these phenomena are the shear rigidity of the
top soil layer and the impedance mismatch at the soil-soil interface. The principal
working mechanisms corresponding to each case are depicted in Figure 6.1.

Case 1: Top clay Case 2: Top sand Case 3: Top mud

(1)
(2)

(1) (1)
(2)

Figure 6.1: Principal working mechanisms for each case where (1) represents the
Scholte waves and (2) represents the multiple reflections and transmissions in the
upper soil layer.

These different working mechanisms influence the effectiveness of a BBC in twofold.
On the one hand, the intrinsic mitigation performance of the BBC is affected by
the composition of the propagated sound field in the fluid domain before the BBC.
This composition is different for each case (see Figure 4.10). On the other hand,
by looking at Figures 4.5 and 4.8, the distribution of energy leaking from the soil
domain into the fluid domain over the radial distance is different for each case. This
has influence on the SEL at r = 750 m.

Focusing on the composition of the propagated sound field before the BBC, Fig-
ure 4.10 shows higher low frequency content (f < 50 Hz) for Case 1 (Top clay) due
to local constructive interference of the Scholte waves, reflections and transmission
in the upper soil layer and the Mach wave. Both Scholte waves and reflections and
transmissions in the upper soil layer mainly consist of low frequency content (Jensen
et al., 2011; Tsouvalas, 2015). Case 2 (Top sand) and 3 (Top mud) show much less
local constructive interference due to an absence of reflections and transmissions for
Case 2 (Top sand) and small influence of Scholte waves for Case 3 (Top mud). This
means that the intrinsic performance is lowest for Case 1 (Top clay). Case 2 (Top
sand) shows less energy for frequencies below 20 Hz and higher energy for 50 Hz. It
is therefore expected that the intrinsic performance is better for Case 2 (Top sand),
followed by Case 3 (Top mud).

84



Chapter 6. Discussion

Focusing on the distribution of energy over radial distance, Figures 4.5 and 4.8
show that the distribution of energy over the radial distance is different for all
cases for a top layer thickness of 2.5 meters (TLT2.5). As stated in the paragraph
before, Case 1 (Top clay) leaks more energy into the fluid domain closer to the
MP, due to local constructive interference. Further away from the MP, Case 1 (Top
clay) shows a steeper decrease in SEL over radial distance compared to Case 2
(Top sand) and 3 (Top mud). Case 2 (Top sand) shows a smooth decay in radial
energy and low vertical energy over radial distance due to the fact that there is no
impedance mismatch at the soil-soil interface, but only influence of Scholte waves.
Case 3 (Top mud) shows low radial energy, but a more capricious vertical energy
profile over radial distance. This indicates a larger contribution of the reflections
and transmissions in comparison to Case 1 (Top clay) and 2 (Top sand).

To this point, it has been discussed how the energy distributes over radial dis-
tance. The differences in distribution are ascribed two different energy leakage
mechanisms, namely the Scholte waves and the reflections and transmissions in the
upper soil layer and its local interference with each other and with Mach waves com-
ing from the MP. This paragraph will discuss the distribution of energy along the
MP in the soil domain and its capability to leak energy from the soil domain into the
fluid domain. Looking at the energy distribution of Case 3 (Top mud) over the soil
domain for both top layer thicknesses in Figure 4.16, it can be seen that less energy
is irradiated in the soil domain close to the fluid-soil interface (31.9 ≤ z ≤ 40 m)
for a TLT10 and more energy is irradiated in the soil below z = 40 m. As the top
layer is less stiff for Case 3 (Top mud), less energy is irradiated into this soil layer.
Looking at the SEL at r = 750 m for Case 3, it shows a significantly lower SEL
for TLT10 with a difference of 3.4 dB in comparison to TLT2.5. It has to be noted
that the total energy which is dissipated into the fluid and soil domain is equal for
all cases for both top layer thicknesses. This could suggest that the distribution of
energy over the length of the MP in the soil domain has a big influence on how much
energy can leak into the fluid domain. Apparently, due to these different distribu-
tions of energy over the length of the MP for both top layer thicknesses for Case
3 (Top mud), the TLT2.5 is capable of leaking more energy into the fluid domain.
This could be caused by the fact that more energy is irradiated into the soil domain
in the vicinity of the fluid-soil interface, therefore finding a less demanding path to
the fluid domain. Also, the attenuation could play a role. If the energy is irradiated
into the soil domain closer to the fluid-soil interface, less travelling distance has to
be bridged and therefore less attenuation takes place.

Two phases of energy distribution can be distinguished, namely the distribu-
tion of energy over the length of the MP in the soil domain and how the energy
which reaches the fluid domain, is distributed over the radial distance. Figure 6.2
schematizes these two different phases of energy distribution.
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r = 0 rr = 0 r

Energy distribution

line

Phase 1 Phase 2

Secondary noise path

Figure 6.2: Schematization of (Phase 1) the distribution of energy along the MP in
the soil domain and (Phase 2) the distribution of the energy over the radial distance.
The red area indicates the energy which can reach the fluid domain.

Furthermore, a quantitative analysis was performed for all three cases. A tipping
point, the point from where no significant energy leakage from the soil into the fluid
domain occurs, was not found for a practical range of 65 to 165 meters. Therefore,
the robust approach (see Figure 6.3 was added to the steps shown in Figure 4.20.
By looking at the fluctuating SEL results in Figure 4.8 and 4.17, it can be argued
whether a tipping point is reached when increasing the range to radial distances
above 165 meters. These fluctuations are caused by local constructive interference
between the leakage from the soil and reflected Mach waves which indicates energy
leakage for radial distances far above practical limitations. For this reason, a robust
approach was chosen where each combination of significant parameters (i.e. nozzle
diameter, gas velocity at the nozzle and radial position of the BBC) was tested and
the corresponding SEL at 750 meters had to comply with a predetermined noise
limit. It is important to state that the BBC configuration is a system with complex
non-linear behaviour between air supply hose length, nozzle diameter, nozzle spacing
and gas velocity at the nozzle. Therefore, it can be argued whether all combinations
of parameters can be achieved in practice. By increasing, for example, the nozzle
diameter for each nozzle, the pressure loss at the end of the air supply hose is
significantly higher and it might be that certain gas velocities cannot be achieved.

What can be seen from Figures 4.22a, 4.22b, and 4.22c is that a distinct op-
timization for each soil configuration with a TLT2.5 is present. All three cases
examined show different combinations of parameters below the noise limit. How-
ever, these results should be analyzed with a critical view. The reduction potential
is overestimated for Case 2 (Top sand) and 3 (Top mud) and it cannot be said in
a quantitative manner what this does to the overall SEL values. If the numerical
instabilities (see Section 4.4) are solved, the robust approach could be a tool which
could coincide with findings regarding the qualitative analysis, and not yet available
literature on pressure losses in air supply hoses, to give a better estimation of the
mitigation effectiveness of a BBC configuration.

Results show that for all cases, the reduction potential relative to the optimal
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reduction by a full block, was between 20 to 60 %. This could indicate a trend,
which could be used for future noise prognoses.

SILENCE BUBBLES is able to perform a robust approach. The semi-analytical
model allows for separate analyses of the sound generation and propagation mod-
ule. This means that a simulation of the sound generation module only has to be
performed once. Subsequently, it is coupled to the sound propagation module which
runs all combinations of parameters to provide a full prediction of the propagated
and mitigated sound field making it computationally efficient. However, it has to
be stated that SILENCE BUBBLES is an extremely comprehensive model which
requires very detailed knowledge about the model setup to be able to properly work
with it.

The qualitative and quantitative analysis can be captured within a framework
which can be applied to all soil configurations. The framework and its steps are
depicted in Figure 6.3.

Figure 6.3: Theoretical framework for optimizing a BBC configuration.

6.2 An alternative coupling approach for integrat-

ing an air bubble curtain model

The aim for this subject was to examine an alternative coupling approach for cou-
pling an air bubble curtain model to a non-mitigated field. For this purpose, one
main research question (2, shown in bold) and two sub-questions (2a, 2b) were
defined as follows.

2. What is the difference between a two-dimensional and a one-dimensional
coupling approach with respect to noise mitigation?

(a) How can the effect of the two-dimensional coupling approach be mod-
elled?
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(b) How can the two-dimensional coupling approach be integrated in SI-
LENCE BUBBLES?

To answer these research questions the air bubble curtain model developed by Bohne
et al. (2019) was reproduced. This model was chosen, because it is the basis of the
model by Bohne et al. (2020) which is implemented in SILENCE BUBBLES. The
bubbly medium is represented by a complex triangular shaped effective wavenumber
distribution. This was simplified to a real rectangular shaped effective wavenum-
ber distribution which was subsequently integrated in an ideal fluid waveguide. A
characteristic of this waveguide is the definition of only real propagating modes.
Therefore, only the real part of the effective wavenumber distribution was taken into
account for the bubble curtain. It is worth mentioning that normally, the imaginary
part of the effective wavenumbers is the dominant factor for attenuation. However,
due to its absence, the attenuation for this air bubble curtain is solely ascribed to
reflection and transmission due to the difference in wavenumbers (i.e. wave speeds)
between the layers in the bubbly medium. Subsequently, a mode-coupling approach
was applied to couple a non-mitigated field to the air bubble curtain.

Looking at the results, it can be observed that for both depths, the 1D approach
generates higher transmission losses for frequencies below around 300 Hz and the
2D approach generates higher transmission losses for frequencies above 300 Hz.
For the 1D approach, high peaks are visible for f = 100 Hz, f = 125 and f =
175 Hz. It could not be identified how these high peaks originate. A reason might
be that a convergence error exists for the lower frequencies which resolves for higher
frequencies. That could also explain the fact that the ∆TL for the 1D approach
tends to smoothen for higher frequencies. One could also argue that the absence
of the evanescent spectrum has more influence on the lower frequency regime due
to less propagating modes for this frequency regime. For higher frequencies, more
propagating modes are present leading to a better representation of the pressure
in comparison to the lower frequency regime. This could be an explanation for
the large difference in transmission loss between the 1D and 2D approach. As the
evanescent spectrum decays more rapidly over distance than the propagating modes,
it is expected that the difference in transmission loss becomes less further away from
the MP.

The 2D approach shows on average lower transmission loss for lower frequencies
and increases for increasing frequency. This is explained by the increasing number
of modes taken into account for higher frequencies. The results show that the 1D
approach is more conservative with respect to the 2D approach for frequencies above
300 Hz. This might be due to the fact that angle dependency plays a more significant
role for higher order modes due to the shape of the eigenfunctions for higher modes.
Neglecting this angle dependency for higher order modes could lead to a conservative
transmission loss.

Integration of a rectangular shaped air bubble curtain into SILENCE based on
mode-coupling has been done by Tsouvalas and Metrikine (2016). However, this
was based on a more simplistic version of a bubbly medium which was constant
in composition throughout the air bubble curtain (Tsouvalas, 2020). This thesis
incorporates the air bubble curtain model developed by Bohne et al. (2019), however,
simplified to a real rectangular shaped wavenumber distribution. Complexity of the
wavenumbers can be added by incorporating the air bubble curtain model in a more
complex waveguide with additional soil layers. In this way, the definition of the
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eigenfunctions allow for complexity. The biggest challenge lies in incorporating an
air bubble curtain with varying wavenumbers over the depth. A first step could be
made by splitting the air bubble curtain into two or three segments over the depth
to include depth-dependency in a simplified manner.
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Conclusions and recommendations

This chapter presents the main conclusions of this thesis for both subjects. Section
7.1 describes the main conclusions for optimizing mitigation by a BBC. Section 7.1.1
focuses on the recommendations for this subject. The conclusions about the alterna-
tive coupling approach for integrating an air bubble curtain model are presented in
Section 7.2 after which Section 7.2.1 discusses the recommendations for this subject.

7.1 Optimizing mitigation by a BBC

• From this study it becomes clear that sensitive parameters of a BBC are the
nozzle diameter and the gas velocity at the nozzle. Furthermore, the radial
distance of the BBC from the MP is of significant importance for the potential
SEL reduction of the BBC at r = 750 m.

• SILENCE BUBBLES can be used for a quantitative robust approach for deter-
mining an optimal combination of parameters for different soil configurations.
Each soil configuration has its own distinct optimization process.

• Together with a qualitative analysis regarding energy distribution over the
radial distance and total energy being irradiated into the fluid domain, the
framework presented can lead to a better estimation of whether noise limits
will be met for future noise prognoses.

7.1.1 Limitations and recommendations

• A limitation of SILENCE BUBBLES is that the nozzle spacing is not included
as the sound reduction module is not dependent of the nozzle spacing due to
its definition (Peng et al., 2021b). For a complete view on the influence of the
BBC parameters, it is therefore recommended to include the nozzle spacing in
the sound reduction module.

• The quantitative robust approach shown in this thesis showed numerical insta-
bilities for two cases. These numerical instabilities need to be solved to obtain
a reliable quantitative analysis of the robust approach.

• SILENCE BUBBLES is an extremely comprehensive model which requires
expert knowledge to use properly. In the early stages of using the model, it is
advised to be accompanied by an expert which knows how to use the model.
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• Research must be conducted into the non-linear pressure loss behaviour of
air supply hoses. In this way, achievable gas velocities at certain nozzle di-
ameter and nozzle spacing can be determined. Together with the presented
quantitative approach, this could lead to a solid determination of the optimal
combination of parameters to comply with the set noise limit.

• This thesis treats three different soil configurations with two different top layer
thicknesses. To generalize the qualitative approach, it is advised to apply
this approach to more soil layers and top layer thicknesses. For each soil
configuration, the energy composition in the fluid domain before the BBC and
the total energy irradiated into the fluid domain can be mapped. Besides the
fact that this increases understanding about the influence of soil configurations
on the mitigation effectiveness of a BBC, it could be a convenient tool which
can be used in future noise prognoses.

7.2 An alternative coupling approach for integrat-

ing an air bubble curtain model

• For frequencies higher than 300 Hz, the 1D coupling approach becomes con-
servative with respect to the 2D coupling approach.

7.2.1 Limitations and recommendations

• The waveguide used in this thesis allows only for the definition of real eigen-
functions therefore accounting only for real propagating modes. Implementing
the simplified air bubble curtain into a waveguide with one or more soil lay-
ers (e.g., Pekeris waveguide (Jensen et al., 2011)) allows for the definition of
complex eigenfunctions. This results in a more complete modal sum which is
especially relevant for the low frequencies.

• The definition of complex eigenfunctions in the waveguide allows for the def-
inition of complex wave numbers, and therefore wave speeds, in the bubbly
medium. This results in a better approximation of the bubble distribution
defined by Bohne et al. (2019, 2020).

• This thesis used a modified rectangular shaped air bubble curtain model. Im-
plementing a triangular shaped air bubble curtain results in a better approxi-
mation of the bubble distribution defined by Bohne et al. (2019, 2020). This
leads to a more realistic mitigation profile over the depth of the fluid domain
as the width of the bubble distribution is smaller at the vicinity of the seabed
leading to less mitigation performance in this region.

• It is recommended to extend the used approach for a pile driving source instead
of point source to account for a more realistic sound profile hitting the air
bubble curtain.
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Martin, S. B., Morris, C., Bröker, K., & O’Neill, C. (2019). Sound exposure level as
a metric for analyzing and managing underwater soundscapes. The Journal
of the Acoustical Society of America, 146. https://doi.org/10.1121/1.5113578

Meegan, G. D., Hamilton, M. F., Il’inskii, Y. A., & Zabolotskaya, E. A. (1999).
Nonlinear stoneley and scholte waves. The Journal of the Acoustical Society
of America, 106. https://doi.org/10.1121/1.427920

Müller, A., Juretzek, C., & Boethling, M. (2019). Assesment of effects of offshore
wind energy facilities on the marine environment. Bundesamt für Seeschiff-
fahrt und Hydrographie (BSH).

Nealy, J. L., Collis, J. M., & Frank, S. D. (2016). Normal mode solutions for seismo-
acoustic propagation resulting from shear and combined wave point sources.
The Journal of the Acoustical Society of America, 139. https://doi.org/10.
1121/1.4944752

Peng, Y., Tsouvalas, A., Stampoultzoglou, T., & Metrikine, A. (2021a). A fast com-
putational model for near- and far-field noise prediction due to offshore pile
driving. The Journal of the Acoustical Society of America, 149. https://doi.
org/10.1121/10.0003752

Peng, Y., Tsouvalas, A., Stampoultzoglou, T., & Metrikine, A. (2021b). Study of the
sound escape with the use of an air bubble curtain in offshore pile driving.
Journal of Marine Science and Engineering, 9. https://doi.org/10.3390/
jmse9020232

Ramı́rez, L., Fraile, D., & Brindley, G. (2021). Offshore wind in europe: Key trends
and statistics 2020. Wind Europe.

Reinhall, P. G., & Dahl, P. H. (2011). Underwater mach wave radiation from impact
pile driving: Theory and observation. The Journal of the Acoustical Society
of America, 130. https://doi.org/10.1121/1.3614540

Rijkswaterstaat. (n.d.). Water - getij. Retrieved October 28, 2021, from https://
www.rijkswaterstaat.nl/water/waterdata-en-waterberichtgeving/waterdata/
getij

Rijkswaterstaat. (2016). Kavelbesluit ii windenergiegebied borssele [Online; accessed
27 June 2021].

94

https://doi.org/10.1121/1.4800517
https://doi.org/10.1121/1.4800517
https://doi.org/10.1109/JOE.2016.2524738
https://doi.org/10.1109/JOE.2016.2524738
https://doi.org/10.1121/1.5011158
https://doi.org/10.1121/1.5113578
https://doi.org/10.1121/1.427920
https://doi.org/10.1121/1.4944752
https://doi.org/10.1121/1.4944752
https://doi.org/10.1121/10.0003752
https://doi.org/10.1121/10.0003752
https://doi.org/10.3390/jmse9020232
https://doi.org/10.3390/jmse9020232
https://doi.org/10.1121/1.3614540
https://www.rijkswaterstaat.nl/water/waterdata-en-waterberichtgeving/waterdata/getij
https://www.rijkswaterstaat.nl/water/waterdata-en-waterberichtgeving/waterdata/getij
https://www.rijkswaterstaat.nl/water/waterdata-en-waterberichtgeving/waterdata/getij


Bibliography

Rustemeier, J., Grießmann, T., & Rolfes, R. (2012). Underwater sound mitigation
of bubble curtains with different bubble size distributions. Proceedings of
Meetings on Acoustics, 17. https://doi.org/10.1121/1.4772936

Sadorsky, P. (2021). Wind energy for sustainable development: Driving factors and
future outlook. Journal of Cleaner Production, 289. https://doi.org/10.1016/
j.jclepro.2020.125779

Saidur, R., Islam, M. R., Rahim, N. A., & Solangi, K. H. (2010). A review on
global wind energy policy. Renewable and Sustainable Energy Reviews, 14.
https://doi.org/10.1016/j.rser.2010.03.007
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Appendix A

SILENCE

Figure A.1: Schematic of the sound prediction model (Peng et al., 2021a)

A.1 Sound generation module

The following partial differential equations govern the linear dynamic vibration re-
sponse of the pile-water-soil system in the time domain, where first the shell vi-
brations are discussed based on the work of Kaplunov et al. (2012) and Tsouvalas
(2015). Subsequently, the response of the fluid domain surrounding the monopile is
described and lastly, the response of the soil domain is discussed.

A.1.1 Shell vibrations

Lu + Iü = −
(
H
(
z − z1

)
−H

(
z − L

))
ts

+
(
H
(
z − z0

)
−H

(
z − z1

))
pf + fe (A.1)
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In Equation (A.1) L represents the stiffness matrix and I represents the modified
inertia matrix (Tsouvalas & Metrikine, 2014). The displacement of the mid surface
of the shell is represented by the vector u and the corresponding acceleration vector
is represented by ü. The vector ts represents the boundary stress vector that takes
into account the soil surrounding the shell at z1 ≤ z ≤ L (Peng et al., 2021a). The
vector pf represents the pressure of the fluid on the shell at z0 ≤ z ≤ z1. The
externally applied force on the surface of the shell is represented by the vector fe.
The Heaviside functions H

(
z− zi

)
indicate the domain upon which the soil and the

fluid act on the shell. The relevant vectors and their notations are depicted below
in a concise manner.

u =
[
uz
(
z, t) ur

(
z, t
)]T

ü =
[
üz
(
z, t) ür

(
z, t
)]T

tjs =
[
λjs∇ · us

jI + µjs

(
∇us

j +
(
∇us

j
)T)]

pf =
[
0 pf,r(z, t)

]
fe =

[
fz
(
z, t
)
fr
(
z, t
)]

G̃
(
ω
)

=

∫ ∞

−∞
g
(
t
)
e−iωt dt and g

(
t
)

=
1

2π

∫ ∞

−∞
G̃
(
ω
)
eiωt dt (A.2)

Applying the Fourier transform pair from Equation (A.2) to Equation (A.1) provides
the equation for the shell vibrations in the frequency domain.

Lũ + Ĩũ = −
(
H
(
z − z1

)
−H

(
z − L

))
t̃s

+
(
H
(
z − z0

)
−H

(
z − z1

))
p̃f + f̃e (A.3)

A.1.2 Fluid domain

The response of the inviscid compressible fluid is described by a wave equation for
the pressure, assuming constant density in space, in the following manner:

∇2pf (r, z, t) − 1

c2f
p̈f (r, z, t) = 0 (A.4)

Equation (A.4) can be written in terms of a displacement potential of the fluid by
means of the following relationship,

p = −ρ∂
2ψf (r, z, t)

∂t2
, (A.5)

which leads to the scalar wave equation in terms of a displacement potential ψf (r, z, t)
depicted in Equation (A.6).

∇2ψf
(
r, z, t

)
− 1

c2f
ψ̈f
(
r, z, t

)
= 0 (A.6)

Applying the Fourier transform pair from Equation (A.2) to Equation (A.6) to go
from time to the frequency domain yields the Helmholtz equation:
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∇2ψ̃f
(
r, z, ω

)
+
ω2

c2f
ψ̃f
(
r, z, ω

)
= 0 (A.7)

A solution to the Helmholtz equation (A.7), based on the method of separation of
variables, is given by the following formula which satisfies the radiation condition
at infinity.

ψ̃f (r, z, ω) = H
(2)
0 (kψ,fr)

(
Af,1e

−αf z + Af,2e
αf z
)

(A.8)

The function H
(2)
0 (kψ,fr) is the Hankel function of the first order and of the second

kind, kψ,f is the separation constant, αf =
√
k2ψ,f − ω2

c2f
and Af,1 and Af,2 are unde-

termined complex constants. The displacement vector and the pressure fields in the
frequency domain are related to the displacement potential in the following manner:

ũf (r, z, ω) = ∇ψ̃f (r, z, ω), with: ∇ =
∂

∂r
r̂ +

∂

∂z
ẑ (A.9)

p̃f (r, z, ω) = −ω2ρf ψ̃f (r, z, ω) (A.10)

A.1.3 Soil domain

The response of the soil layers can be described by the following set of linear equa-
tions (Tsouvalas, 2015)

µjs∇2ujs + (λjs + µjs)∇∇ · ujs = ρjs
∂2ujs
∂t2

(A.11)

where λjs and µjs are the Lamé constants, ujs =
[
ujs,z(r, z, t) ujs,r(r, z, t)

]T
is the

displacement vector and ρjs is the density of soil layer j. Applying the Fourier
transform to Equation (A.9) yields the following equation in the frequency domain.

µjs∇2ũjs + (λjs + µjs)∇∇ · ũjs = −ω2ρjsũ
j
s (A.12)

To describe the displacement in a solid body it is convenient to define a scalar
potential and a vector potential as follows using the Helmholtz decomposition, ũjs =
∇ϕ̃js + ∇ × ψ̃js, leading to two uncoupled equations of motion (Ewing et al., 1957;
Tsouvalas, 2015).

∇2ϕ̃js(r, z, ω) +
ω2

c2pj
ϕ̃js(r, z, ω) = 0 (A.13)

∇2ψ̃js(r, z, ω) − ψ̃js(r, z, ω)

r2
+
ω2

c2sj
ψ̃js(r, z, ω) = 0 (A.14)

c2pj =
λjs + 2µjs

ρjs
and c2sj =

µjs
ρjs

(A.15)

The constants cpj and csj denote the compressional and shear wave speeds in each
soil layer j respectively. Solutions to both Equations (A.11) and (A.12) are found
using the method of separation of variables and can be described by the following
equations
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ϕ̃js(r, z, ω) = H
(2)
0 (kϕ,pjr)

(
Ajs,1e

−αpj z + Ajs,2e
αpj z
)

(A.16)

ψ̃js(r, z, ω) = H
(2)
1 (kψ,sjr)

(
Ajs,3e

−βsj z + Ajs,4e
βsj z
)
, (A.17)

where kϕ,pj and kψ,sj are defined as the separation constants and αpj =
√
k2ϕ,pj −

ω2

c2pj

and βsj =
√
k2ψ,sj −

ω2

c2sj
are the wavenumbers along the vertical direction (Tsou-

valas, 2015). As,1, As,2, As,3 and As,4 are undetermined complex constants. The
constitutive relation is described as

σ̃j
s = λjs∇ · ũjsI + µjs

(
∇ũj + (∇ũj)

T
)
, (A.18)

where σ̃j
s is the stress tensor and I is the identity matrix. The displacement-

potential and the stress-displacement relations in the frequency domain read (Ewing
et al., 1957):

ũjs,r(r, z, ω) =
∂ϕ̃js(r, z, ω)

∂r
− ∂ψ̃js(r, z, ω)

∂z
(A.19)

ũjs,z(r, z, ω) =
∂ϕ̃js(r, z, ω)

∂z
− 1

r

∂
(
r ψ̃js(r, z, ω)

)
∂r

(A.20)

σ̃js,rr(r, z, ω) = λjs

(
∂ũjr,s
∂r

+
ũjr,s
r

+
∂ũjz,s
∂z

)
+ 2µjs

∂ũjr,s
∂r

(A.21)

σ̃js,zz(r, z, ω) = λjs

(
∂ũjr,s
∂r

+
ũjr,s
r

+
∂ũjz,s
∂z

)
+ 2µjs

∂ũjz,s
∂z

(A.22)

σ̃js,zr(r, z, ω) = µjs

(
∂ũjr,s
∂z

+
∂ũjz,s
∂r

)
(A.23)

A.1.3.1 Boundary and interface conditions

The radiation condition at infinity for the velocity potential of the fluid and the ve-
locity and displacement potential of the soil is already incorporated in the Equations
(A.8), (A.16 & A.17) by means of the Hankel functions. The remaining complex
unknown constants Af,1, Af,2, A

j
s,1, A

j
s,2, A

j
s,3 and Ajs,4 can be expressed in one

unknown complex constant by imposing the following boundary and interface con-
ditions. This unknown constant can be determined by solving for the force response
of the complete system, however this derivation is omitted for sake of brevity. For
the detailed derivation, the reader is referred to the works of Peng et al. (2021a)
and Tsouvalas (2015).

p̃f (r, z0, ω) = 0, r ≥ R (A.24)

σ̃1
s,zz(r, z1, ω) + p̃f (r, z1, ω) = 0, r ≥ R (A.25)

σ̃1
s,zr(r, z1, ω) = 0, r ≥ R (A.26)
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ũ1s,z(r, z1, ω) − ũf,z(r, z1, ω) = 0, r ≥ R (A.27)

Equation (A.24) represents the pressure release boundary condition at the sea sur-
face at z = z0. At the fluid-soil interface at z = z1 the continuity of vertical
displacement and the continuity of traction normal to the interface must be sat-
isfied, which is depicted in Equations (A.25 - A.27), respectively. At the soil-soil
interfaces the displacement continuity and the stress equilibrium condition apply,
which is given in Equations (A.28 - A.31).

ũjs,z(r, zj, ω) = ũj−1
s,z (r, zj, ω), 2 ≤ j ≤ N, r ≥ R (A.28)

ũjs,r(r, zj, ω) = ũj−1
s,r (r, zj, ω), 2 ≤ j ≤ N, r ≥ R (A.29)

σ̃js,zz(r, zj, ω) = σ̃j−1
s,zz(r, zj, ω), 2 ≤ j ≤ N, r ≥ R (A.30)

σ̃js,zr(r, zj, ω) = σ̃j−1
s,zr(r, zj, ω), 2 ≤ j ≤ N, r ≥ R (A.31)

At a depth z = H a rigid boundary condition is applied, which is represented by
the following two equations.

ũNs,z(r,D, ω) = 0, r ≥ R (A.32)

ũNs,r(r,D, ω) = 0 r ≥ R (A.33)

At the pile-water interface the kinematic continuity boundary condition is imposed
(A.34). At the pile-soil interface the assumption of a perfect connection is imposed,
leading to no-slip boundary conditions (A.35 & A.36).

ũr(z, ω) − iωṽf,r(R, z, ω) = 0, z0 < z < z1 (A.34)

ũr(z, ω) − ũjs,r(R, z, ω) = 0, z1 < z < zN (A.35)

ũz(z, ω) − ũjs,z(R, z, ω) = 0, z1 < z < zN (A.36)

A.2 Sound propagation module

The sound generation module discussed in the previous section can be used to pre-
dict the wave field up to any distance from the pile. However, the rigid boundary
condition at z = H causes reflections travelling back into the soil and the water
column which are not realistic, but a by-product of the model set-up (Tsouvalas,
2020). To overcome this problem, a propagation module was developed which is
coupled to the generation module and takes the output of the generation module as
input. The way this is done is by modelling a ring source in cylindrical coordinates
at the radial boundary of the generation module in both the fluid and the soil do-
main, where a pressure-type ring source is placed in the fluid and a pressure- and
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shear-type ring source is placed in the soil. A representation of the ring source is
given in the following Figure 3.2.

Figure A.2: Representation of the ring source at the radial boundary of the gener-
ation module (Peng et al., 2021a)

A.2.1 Ring source in the fluid domain

The acoustic wave field in the fluid domain of a ring source with unit amplitude in
cylindrical coordinates in the frequency domain can be described by the following
equation (Peng et al., 2021a), which describes the equation of motion for the fluid
displacement potential.

[
∇2 + k2ψ,f

]
ψ̃gf,f (r, z; rs, zs, ω) =

1

−ρω
δ(r − rs, z − zs)

2πr
(A.37)

For a ring source in the fluid domain the equations of motion for the soil displacement
potentials are homogeneous and as follows,[

∇2 + k2ϕ,pj
]
ϕ̃j,gs,f (r, z; rs, zs, ω) = 0, (A.38)

[
∇2 + k2ψ,sj

]
ψ̃j,gs,f (r, z; rs, zs, ω) = 0, (A.39)

where the first superscript stands for the soil layer j and the second superscript
stands for the Green’s potential function. The second subscript stands for the lo-
cation of the source, either f or s, representing either the fluid or the soil domain,
respectively. Applying the Hankel transform and integration by parts with respect
to the r-coordinate to Equations (A.37 - A.39) yields the following depth-separated
wave equations in the Hankel domain (Jensen et al., 2011; Peng et al., 2021a),[

d2

dz2
+ k2z,f

]
ψ̂gf,f (kr, z; rs, zs, ω) =

1

−ρω
δ(z − zs)

2π
J0(kr, rs), (A.40)

[
d2

dz2
+ k2z,pj

]
ϕ̂j,gs,f (kr, z; rs, zs, ω) = 0, (A.41)
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[
d2

dz2
+ k2z,sj

]
ψ̂j,gs,f (kr, z; rs, zs, ω) = 0, (A.42)

where kz,ξ =
√
k2Ξ,ξ − k2r for Ξ = (ψ, ϕ, ψ) and ξ = (f, pj, sj), respectively. The

solutions to Equations (A.40 - A.42) described above are the sum of the particular
and the general solution to these equations, where the homogeneous equations only
have a general solution,

ψ̂gf,f (kr, z; rs, zs, ω) =

(
1

−ρω2

e−ikz,f |z−zs|

4πikz,f
+ Ag1e

ikz,f z + Ag2e
−ikz,f z

)
J0 (krrs) ,

(A.43)

ϕ̂j,gs,f (kr, z; rs, zs, ω) =
(
Aj,gs,1e

ikz,pj z + Aj,gs,2e
−ikz,sj z

)
J0 (krrs) , (A.44)

ψ̂j,gs,f (kr, z; rs, zs, ω) =
(
Aj,gs,3e

ikz,pj z + Aj,gs,4e
−ikz,sj z

)
J0 (krrs) , (A.45)

where the same boundary and interface conditions as stated in Section A.1.3.1 apply
for Equations (A.43 - A.45). Going from the wavenumber domain to the frequency
domain requires the application of the inverse Hankel transform to Equations (A.43
- A.45) which yields the solutions of the fluid and soil potentials in the frequency
domain (Peng et al., 2021a),

Φ̃
g

Ξ (r, z; rs, zs, ω) = −1

2

∫ +∞

−∞

(
Φ̂
g

Ξ (kr, z; rs, zs, ω)
)
H

(2)
0 (krr) krdkr, (A.46)

where Φ̃
g

Ξ = [ψ̃gf,f , ϕ̃
j,g
s,f , ψ̃

j,g
s,f ]T represents the solutions of the potential functions in

the frequency domain. In the same manner as done in Section A.1 the potential
functions can be rewritten in terms of pressure, displacement and stress. For sake
of brevity these equations have been omitted.

A.2.2 Ring source in the soil domain

The potential functions for a ring source in the soil domain are quite similar to the
potential functions for a ring source in the fluid domain described by Equations
(A.43 - A.45), except from the partical solution in Equation (A.43) and are given by
Equations (A.47 - A.49). The homogeneous solutions of the displacement potentials
for the soil are equal to Equations (A.44 & A.45).

ψ̂gf,s (kr, z; rs, zs, ω) =
(
Ag1e

ikz,f z + Ag2e
−ikz,f z

)
J0 (krrs) , (A.47)

ϕ̂j,gs,s (kr, z; rs, zs, ω) =
(
Aj,gs,1e

ikz,pj z + Aj,gs,2e
−ikz,sj z

)
J0 (krrs) , (A.48)

ψ̂j,gs,s (kr, z; rs, zs, ω) =
(
Aj,gs,3e

ikz,pj z + Aj,gs,4e
−ikz,sj z

)
J0 (krrs) , (A.49)

To account for the source, a jump condition is applied to describe the relationship
between the stresses just above and below the location of the source as a result of
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the local stress increase. For the radial load case, the interface conditions in the
Hankel domain are as follows:

σ̂+,g
zr,zs (kr, zs, ω) − σ̂−,g

zr,zs (kr, zs, ω) =
J0 (krrs)

2π
, (A.50)

σ̂+,g
zz,zs (kr, zs, ω) − σ̂−,g

zz,zs (kr, zs, ω) = 0, (A.51)

û+,gα,zs (kr, zs, ω) − û−,gα,zs (kr, zs, ω) = 0, with α = r, z, (A.52)

where the second subscript zs indicates the location of the ring source. Similarly, the
interface conditions for the vertical load case in the Hankel domain can be written
as:

σ̂+,g
zr,zs (kr, zs, ω) − σ̂−,g

zr,zs (kr, zs, ω) = 0, (A.53)

σ̂+,g
zz,zs (kr, zs, ω) − σ̂−,g

zz,zs (kr, zs, ω) =
J0 (krrs)

2π
, (A.54)

û+,gα,zs (kr, zs, ω) − û−,gα,zs (kr, zs, ω) = 0, with α = r, z, (A.55)

A combination of interface conditions at the height of the source given by Equations
(A.50 - A.55) and the interface and boundary conditions given by Equations (A.24
- A.33) yields a system of linear algebraic equations of 4N+6 equations with equally
many unknowns. In this way the displacement potentials can be solved in the Hankel
domain and can be rewritten to the frequency domain. The sound generation module
and the sound propagation module can then be coupled via a boundary integral
formulation described by Peng et al. (2021a) and Tsouvalas (2020).
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Appendix B

Soil profile

Figure B.1: Overview of the soil profile provided by the engineering report.
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Comparison between small and
large near field

Figure C.1: Comparison between the pressure time signals for the small and large
near field at 0.2 meters from the seabed at a radial distance of 48.7 meters
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Appendix C. Comparison between small and large near field

Figure C.2: Comparison between the pressure frequency spectra for the small and
large near field at 0.2 meters from the seabed at a radial distance of 48.7 meters
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