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Executive summary

Offshore wind farms are becoming more important with the growing demand for the
new renable energy (Ramirez et al., 2020). To raise the capacity of the Offshore Wind
Farms (OWF), Offshore Wind Turbine Generators (OWTG) and their foundations
are increasing in size. The most popular foundation concept is the monopile for
which most common installation method is impact piling. The hammer strikes the
monopile into the soil with hammer loads varying between 200-400 tonnes. The
noise intensity that is released from the blow of the hammer can easily exceed peak
pressures of more than 200 dB re 1 µPa (Elzinga et al., 2019). This brings harm
to the aquatic environment and exceeds the noise limits demanded by governments
leading to severe delays in construction.

This research focuses on the critical parameters that determine the location of a
bubble curtain. This is done by using the semi-analytical SILENCE model (Tsou-
valas, 2015). It is compared to data obtained at the .
After validation of the model for the unmitigated case, a bubble curtain is modelled
to assess the effects of different bubble curtain locations.

Model

In this research the SILENCE model, developed at TU Delft is used. The SILENCE
model is a second generation model. This means it takes soil effects like shear waves
into account unlike other models who model the soil as an equivalent fluid. It is also
a computationally fast model. This makes it ideal for doing parametric studies to
learn more about the physics of underwater noise.

The model consists of a noise generation module and noise propagation module.
The generation module generates a source in the vicinity of the pile. This source is
subsequently propagated to further distances with the propagation module. With
the propagation module, noise predictions at the legally required 750m can be made.
Larger distances can also be calculated with limited computational power with a
precision of ± 2 dB.



Results and recommendations

The results of this research indicate that the noise in upper layer of the soil leaks
back into the water column as sketched in the figure below. This leakage decays
over radial distance. The frequency content of leakage is mainly shifted towards low
frequencies (≈ 31.5Hz).

Optimal position

Schematic overview of energy leakage

By placing the bubble curtain further away up to a certain distance (70m−90m)
more noise reduction is achieved. If the bubble curtain is placed further away from
the pile, no difference in reduction was observed. This is approximately the location
up to which the energy leakage is significant. This noise leakage can be reduced by
damping specifically to low frequencies. However, such a system needs to be placed
far enough from the pile otherwise too much noise will travel underneath such a
system.

Based on the results of this research the following recommendations are given:

• It is shown that energy leakage takes place up to a certain distance. It is
recommended to look what the effect of different soil types is on the distance
and frequency content of this leakage. For this, the SILENCE model is very
suitable due to its computational efficiency.

• Based on full waterborne-path block simulations, there is still noise recorded
in the simulation. It is thus shown that noise leakage is underestimated and
contributes significantly to underwater noise emissions.

• It was shown that the noise reduction potential of a bubble curtain was lower
compared to a full block. This is because the energy leakage is mainly shifted
towards low frequencies. It is recommended to verify this by experiments.

• It was shown that the energy leakage is significant up to 70m. It is debatable
whether near-field noise mitigation systems are used for their full potential
when placed in the vicinity of the pile.

• SILENCE belongs to the state of the art models which describe the physics
in the soil in a correct way. The computational efficiency makes it possible to
do extensive parametric studies. It was also able to calculate the noise limits
within ± 2 dB accuracy. However, it requires specialist knowledge to operate.
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Abstract

Wind turbines are growing in size and therefore their foundations, become larger as
well. Additionally, they are placed in deeper waters. This results in the industry
being at the limit of underwater noise levels generated by impact piling during
the installation phase of monopiles. The most common installation method for
monopiles is impact piling. This installation method comes with high impulse noise
emissions which can be harmful for the aquatic environment. Larger piles require
more energetic hammer impacts which, in turn, generate more noise. Given the
size of the monopiles installed nowadays, noise limits imposed by governmental
organisations are exceeded in all cases. The noise due to impact piling can be reduced
by applying noise mitigation measures. Several systems have been developed, the
most common of which is the Big Bubble Curtain (BBC). Although the working
principle of the BBC has been proven in practice, the most effective deployment
configuration, i.e. distance from the pile, air-flow volume and pressure, etc., has not
been thoroughly investigated. In current projects, the BBC is typically placed at
twice the water depth. This study aims to identify the parameters that determine the
optimum position of the BBC to achieve maximum noise reduction. First, free-field
predictions (without the BBC) using the TU Delft software SILENCE have been
carried out for model validation purposes. The accuracy of the noise predictions were
found to be within 2 dB (re 1µ Pa) both for the SEL and the Lp,pk. Second, the BBC
was implemented by assuming a depth and frequency-dependent transmission loss
(TL) factor at the position of the BBC. Noise predictions including the modelling
of the BBC were validated against measured data. The key findings in this research
are that the location of the bubble curtain is determined by the energy leakage from
the soil into the water column. Depending on the damping characteristics of the
BBC, this leakage is significant up to a point where the energy does not leak back to
the water column anymore. In the examined case, and for blocking the waterborne
path, this optimal position is found to be around 70m. The figure below shows the
trend of the energy leakage in a schematic way. It shows that if the bubble curtain
is placed too close to the pile, noise leaks back into the water column behind the
bubble curtain. Thus, depending on the specific geometrical configuration, water
depth and soil conditions, it is argued that an optimum position can always be found
using the analysis presented in this work.

Optimal position

The influence of energy leakage to the location of the bubble curtain
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Chapter 1

Introduction

Offshore wind farms are becoming more important with the growing demand for
the new renable energy (Ramirez et al., 2020). To raise the capacity of the Offshore
Wind Farms (OWF), Offshore Wind Turbine Generators (OWTG) are increasing in
size (Ramirez et al., 2020; Seidel, 2014). To support larger turbines in the future,
foundations must be able to support greater load, resulting in structures of greater
physical stature.

The choice of foundation type depends on various parameters such as water
depth, soil conditions, and wind farm size (Thomsen, 2014b). Ramirez et al. (2020)
show that the most popular foundation concept is the monopile with 4,258 units
installed (81% of all installed offshore wind turbine foundation types) up to date.
This is because the monopile is fairly easy to install in water depths below 40 meters
(Thomsen, 2014b). The most common method to install a monopile is impact piling
(Thomsen, 2014a; Matuschek and Betke, 2009). The hammer strikes the monopile
into the soil with hammer loads varying between 200-400 tonnes (Thomsen, 2014a).
The noise intensity that is released from the blow of the hammer can easily exceed
peak pressures of more than 200 dB re 1 µPa (Elzinga et al., 2019), which brings
a serious risk of harming the aquatic environment. For example, the eardrum of a
harbour porpoise can burst under the excitation of the impulsive sound load above
160 dB (Thomsen, 2014a). Marine mammals can easily suffer from permanent injury
when they are in the vicinity of the pile during piling. But even when mammals are
at a far distance from the site, the high-level noise still can influence their senses
which can have an effect on their foraging behaviour (Bellmann, 2019).

It is legally required in the offshore industry to protect the environment when
installing offshore wind farms. Consequently, governments adopt strict regulations
when issuing permits. Companies must prove that the construction, maintenance
and decommissioning will not cause severe environmental impact. Table 1.1 shows
typical legislation that countries require to grant permits for offshore construction.
Violation of this legislation could lead to a halt in offshore construction with severe
delays as a consequence.

As mentioned before, piling noise can easily exceed peak pressure levels of 200 dB
re 1 µPa (Elzinga et al., 2019). Hence, offshore companies employ noise mitigation
systems (NMS) to attenuate their noise emissions. The NMS are deployed around
the monopile. The noise that is produced by piling is reflected and transmitted by
the NMS, the working principles differ per NMS. Several noise mitigation measures
have been developed, the most commonly deployed are presented by Bellmann (2018)

1



Chapter 1. Introduction 2

Country Indicator Limit
Additional
measures

Netherlands
(Rijkswaterstaat, 2016)

SEL1
159-172 dB re 1 µPa2

at 750m

Acoustic
Deterrent
Device (ADD)

Germany
(Müller and Zerbs, 2011)

SEL05,
Lp,pk

160 dB re 1 µPa2,
190 dB re 1 µPa
at 750m

Max.
piling time
3 hours

Belgium
(Rumes et al., 2018)

Lp,pk
185 dB re 1 µPa
at 750m

ADD

Table 1.1: Legislation on sound pressure level for offshore construction works in
Germany, Belgium and The Netherlands

which can be found in chapter 2. Of all these different types, the Big Bubble Curtain
(BBC) is used most often by the industry because of its simplicity in application
and its efficiency in noise reduction (Tsouvalas and Metrikine, 2016). Studies have
shown that BBC’s do attenuate noise emissions to some extent (Bellmann, 2019;
Lucke et al., 2011). Tsouvalas and Metrikine (2016) investigated the influence of
the air volume, the thickness and the position of the air bubble curtain on the noise
reduction level. However, effective radius of a BBC has not been studied yet. This
research aims to fill this gap by looking at the criteria that determine how to position
a BBC efficiently in terms of noise reduction.

1.1 Scope

In order to optimize a BBC efficiently for noise reduction, it requires a solid physical
understanding of the underwater acoustic environment and the parameters that can
influence the efficiency of the BBC system. Primarily, a literature study is conducted
to gain an understanding in the parameters that play a role in underwater noise.
In addition, the methodology of the model used in this study is presented. The
model that is used in this research, from now referred to as SILENCE, is developed
by Tsouvalas (2015) and Peng, Tsouvalas, and Metrikine (2019). In order to prove
the validity of SILENCE, a validation study is performed beforehand. In this vali-
dation, SILENCE is compared to unmitigated acoustic measurement data obtained
from the offshore wind farm (Van Oord, 2018). After validation, a bubble
curtain model is proposed to simulate the effect of the bubble curtain. The result of
this study is validated against the mitigated measurement data from . The
purpose of this study is to answer the following research questions:

”What are the criteria for determining the optimal noise reduction position of the
bubble curtain?”

To answer this question the following sub questions have been defined:

• How accurate can SILENCE predict the sound exposure level (SEL) and peak
pressure level (Lp,pk) when compared to measured noise data in the case in
which no noise mitigation is used?
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• How Can a BBC be implemented in the SILENCE software including an elastic
seabed description?

• What is the optimum distance in which a BBC needs to be placed in order to
maximize the noise reduction potential?

1.1.1 Approach

To answer the previous questions the following approach is taken. First, a literature
study is performed to discuss the topics of acoustics, specifically related to offshore
pile driving. This includes learning about the source mechanisms of underwater
noise, computational modelling of underwater noise and learning about the basic
quantities in this field. In order to get introduced to the SILENCE software, a
basic case study was analysed which additionally served the purpose of validation
of the noise predictions with measured noise data collected in an offshore campaign.
The validation is achieved by comparing numerical results to real-time measurement
data, obtained at the OWF (Van Oord, 2018). Note that the validation
case is based on a free-field noise prediction without the inclusion of the BBC.

After the validation study, a bubble curtain is implemented. The bubble cur-
tain implementation is achieved by means of introducing a frequency- and depth-
dependent source strength reduction mechanism at the position of the BBC, i.e. the
latter mechanism is defined by means of a transmission loss (TL) formula.. The
damping characteristics of the bubble curtain are based on existing research. This
scenario is also validated against measurements including the BBC. After validation
a parametric study with the bubble curtain is performed. With the results of this
parametric study, conclusions can be drawn related to the aforementioned questions
and a recommendations is given.

Limitations

Prior to the start of this research the following limitations are identified. The data
that is provided by Van Oord contains measurements at the legally required 750m,
plus extra measurements at 1500m and 5000m. The data contains input energies,
sound exposure levels and peak pressure levels1 which were taken at heights 2m and
10m from the seabed. However, a distinction between these depth levels is not made
within the data-set. Nevertheless, Bellmann (2019) stated that there is hardly any
difference observed between these depth levels. It means the validation is limited
to the aforementioned levels meaning that simulation values in the soil or at other
locations in the water column cannot be compared. Therefore it is assumed that
if the SILENCE model complies with the data, the simulation at different levels is
valid as well.

The CPT-data lacks dynamic tests. Therefore, wave speeds in the soil are esti-
mated based on empirical formulas and literature.

In addition to the data-set, the simulation software has a limitation that could
be identified in advance. In SILENCE, the seafloor is assumed to be flat. In reality,
sand crests or troughs are located in the field which may alter or even
partially block noise paths (Jensen et al., 2011). This is handled by looking at the

1For a description of these quantities, the reader is referred to chapter 2
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bathymetry where the measurements were situated. If there are locations
where the bathymetry is flat than those locations are used for the validation studies.
Another limitation of SILENCE, is the input force. This input force is approximated
by a forcing function. This can bring an uncertainty in the model when it comes
to predicting noise. In this research this can be handeled by modifying the force by
trial and error. It can generally be proven though that small modification in the
time signature of the force will have minimum effect in the predicted SEL and Lp,pk
for the pile dimensions considered here. What is of paramount importance is to
be able to capture the correct amplitude of the force and the duration of the main
impulse exerted by the impact hammer including the energy level of the hammer
blow.

1.2 Thesis outline

Chapter 2 presents the literature study regarding this topic. Chapter 3, gives a
synopsis on how the SILENCE model works and the validation study is also ex-
plained. After validation, the implementation of the bubble curtain is explained
together with the validation of the effective source reduction method in chapter 4.
The results of the parametric study are presented in chapter 5 of which conclusions
are drawn and discussed in chapter 6.



Chapter 2

Theoretical background

This chapter presents the literature study related to the topic of this thesis. This
chapter consists of the following: First of all, the fundamental acoustic quantities
are studied. The focus in this chapter lies on the description of sound and the use
of the decibel scale. Next, the physical aspects of sound are examined, together
with the modeling of the sound propagation. After a basic knowledge of acoustics
is discussed, underwater noise due to piledriving is examined by focusing on the
generation of noise and the physical aspects that are of importance. Finally, an
overview of the methodology for modeling underwater noise generated by offshore
pile driving and noise reduction by air bubble curtain system is presented.

2.1 Acoustic fundamentals

Sound is usually generated by a source which could be any vibrating object. It causes
pressure fluctuations in the ambient pressure which are detected by hydrophones or
marine life. These pressure fluctuations radiate in all directions. Sound propagates
at different speeds in diverse media. This is due to the contrast in density and the
speed of sound through a medium. In the case of ocean acoustics, density and speed
of sound are functions of salinity, temperature and static pressure , in which the
latter is a function of depth (Jensen et al., 2011). An empirical approximation of
the speed of sound in water (cw) is shown in equation 2.1.

cw = 1449.2 + 4.6Tw−0.055T 2
w + 0.0029T 3

w + (1.34−0.01Tw)(S−35) + 0.016z (2.1)

5
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2.1.1 Acoustic quantities

Acoustic impedance

The relation between density (ρ) and speed of sound (c) is called acoustic impedance
(Z) (2.2). It represents the resistance that a material provides to an acoustic signal
(Lefebvre, 1999). When sound travels through different media, the variation in
impedance may deflect or even reflect the sound path. Table 2.1 shows several
impedance levels that are related to the aquatic environment. A large difference in
impedance between two media (such as water and soil) is often referred to as an
impedance gap.

Z = ρc (2.2)

Type Z [kg/(m2s)]
Seawater 1.5 · 106

Silty sand 3.2 · 106

Sandy silt 2.7 · 106

Sand silt clay 2.7 · 106

Silt 2.6 · 106

Clayey silt 2.4 · 106

Table 2.1: Different impedances in the aquatic environment (Jensen et al., 2011;
Hou et al., 2018)

Pressure

Acoustic pressure is defined hereafter as the local variation in pressure in a cer-
tain medium additional to the static pressure (Lefebvre, 1999). Figure 2.1 shows a
recording of such a pressure variation (p(t)) in time (t). The effective pressure of a
recording is expressed as the root mean square value of the pressure (prms)(equation
2.3).

prms =

√
1

T0

∫ t1

t0

p(t)2 dt (2.3)

Pressure fluctuations exist over a large dynamic range. This is why sound is
usually expressed in sound pressure level (SPL). This is the ratio between prms and
a reference pressure p0 of 1 µPa on a logarithmic scale (equation 2.4).

SPL = 20 log

(
prms
p0

)
dB re 1 µPa (2.4)

A common quantity in ocean acoustics is the peak pressure level (Lp,pk). This
is for example used in Belgian legislation to mark the limit pressure level during
offshore piling (Table 1.1). The peak pressure is the ratio between the maximum
pressure and reference pressure p0. Figure 2.1 shows a visual representation of the
peak pressure1. The peak pressure level is commonly expressed in Decibels as shown

1Sometimes acousticians prefer the peak-to-peak pressure as can be seen in figure 2.1. This
quantity is not used in this research.
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Figure 2.1: An example of a pressure recording in time (Bellmann, 2019)

in expression 2.5.

Lp,pk = 20 log

(
max |p(t)|

p0

)
dB re 1 µPa (2.5)

Intensity

Intensity2 is the average rate of flow of energy through a unit area that is normal
to the direction of propagation (Jensen et al., 2011). It relates to average pressure
and impedance (equation 2.6) and is expressed in W/m2.

I =
p2
rms

Z
(2.6)

Sound exposure

Exposure (E) the is sound pressure squared, averaged over a certain period of time.
It is calculated according to equation 2.7 and expressed in Pa2 · s.

E =

∫ t2

t1

p(t)2 dt (2.7)

Like other quantities in acoustics, exposure is also commonly expressed in the log-
arithmic scale in the form of sound exposure level (SEL). This is the exposure level
compared to the reference exposure level E0.

SEL = 10 log

(
E

E0

)
= 10 log

(∫ t2

t1

p2(t)

p2
0

dt

)
dB re 1 µPa2s (2.8)

Like Lp,pk, SEL is also a measure which is used in legislation to quantify limits during
offshore piling (table 1.1).

2Note that intensity ratios can also can also be expressed on the logarithmic scale in the form
of SIL (Sound intensity level). Since this quantity is not commonly used in this research, it will
not be addressed for the sake of brevity.
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2.1.2 The decibel scale

As can be seen from the above mentioned quantities, the decibel scale is commonly
used in acoustics. Counter-intuitively, the decibel is not a unit. It is actually a ratio
between values, such as power, intensity or exposure, expressed on a logarithmic
scale (Chapman and Ellis, 1998). Due to the large dynamic range of sound, it
is easier to work with decibels than with absolute pressure values. However, it is
important to note that what seems a small change on the decibel scale, is actually
a large change in non-logarithmic values. For example, the logarithmic scale means
that a change of pressure by a factor 10 corresponds to a 10 dB change. But a 30 dB
change is already 1000 times larger. This is mentioned to emphasize the importance
of the decibel scale being used in the right manner.

2.1.3 The Helmholtz equation

Acoustic modelling is based on wave propagation theory (Jensen et al., 2011). It
describes how waves propagate in space and time. The acoustic wave equation stems
from linearized equations of mass conservation (2.9), momentum conservation (2.10)
and the adiabatic equation of state (2.11).

∂ρ

∂t
= −∇ · (ρv) (2.9)

∂v

∂t
= −1

ρ
∇p(ρ) (2.10)

∂p

∂t
= c2(

∂ρ

∂t
+ v · ∇ρ0) (2.11)

By combining equation 2.9, 2.10 and 2.11, the wave equation can be described. This
can be expressed for pressure (p), velocity(v), velocity potential(φ) and displacement
potential(ψ) (Jensen et al., 2011). The wave equation for the displacement potential
is presented in equation 2.12.

∇2ψ − 1

c2

∂2ψ

∂t2
= fe(r, t) (2.12)

By applying the Fourier transform pair (2.13) to (2.12), one obtains the Helmholtz
equation (3.31), which is basically the wave equation for displacement potential in
frequency domain.

f̃(ω) =

∫ ∞
−∞

f(t)e−iωtdt, f(t) =
1

2π

∫ ∞
−∞

f̃(ω)eiωtdω (2.13)

[∇2 + k(r)2]ψ(r, ω) = f(r, ω) (2.14)

Here, ∇2 is the well known Laplace operator that depends on the used coordinate
system. The wavenumber k is described in equation 2.15. The vector r is describes
the coordinates in space. ω is describes the frequency.

k(r) =
ω

c(r)
(2.15)
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2.2 The sources of noise

In this section, the sources of noise are described. The hammer blow induces a pile
response which induces waves in both the water and soil media. This section is set
up in such a way that the contributions to underwater noise are treated individually
in the following subsections. Following the energy path in Figure 2.2, the hammer
(a) is described in 2.2.1. Next, a compressional wave is induced which creates a
Mach cone in the fluid (b). This is explained in 2.2.2. When the soil is induced by
the pile response, two types of waves are occur: surface waves (c) and body waves
(d). They are described in 2.2.3 and 2.2.4

Soil

Water

a.

b.

d.

c.

Figure 2.2: Processes of noise during offshore piling

2.2.1 Hammer impact

When installing a monopile, the prime source of energy comes from the hydraulic
hammer. During the construction of the offshore wind farm (OWF), the
Menck MHU-3500S was used for piling. Therefore, the data from this hammer is
used in this study. The MHU-3500S can drive 30 blows every minute with an energy
input between 350 and 3500 kJ(Menck GmbH, 2016). One ram provides a weight
of 175 tonne on the pile (Menck GmbH, 2016).

2.2.2 Pile response

The blow of the hammer induces a force and a particle velocity that causes a com-
pression wave in the structure (Reinhall and Dahl, 2011; Kuhn et al., 2014). This
wave propagates in downward axial direction with a speed cp

3 which is dependant

3Note that this is an approximation for a 1D bar. In reality the wave speeds are dispersive in
piles of very large diameter partly embedded in the soil. This makes the wave speed frequency
dependent in reality. However, the influence is negligble since the pile is surrounded with media
with much lower wavespeeds.
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on the Young’s modulus Es and density ρs of the steel (2.16). The compression wave
causes a local increase of the pile’s radius due to the Poisson’s effect (Reinhall and
Dahl, 2011; Kuhn et al., 2014).

cp =

√
Es
ρs

(2.16)

At the pile tip, the compression wave is reflected into a tension wave which propa-
gates upwards due to the impedance mismatch between the soil and steel (Reinhall
and Dahl, 2011). It causes a local decrease in the pile’s radius. Figure 2.3 shows
a schematic representation of the compression and tension wave traveling in axial
direction.

Figure 2.3: Compression strain wave in the pile (Kuhn et al., 2014)

Both the increasing and decreasing deformations cause pressure fluctuations in
the surrounding media. The deformations travel along the pile with a wave speed
(cp ≈ 5000 m/s) larger than the wave speed in water and soil. This causes the
acoustic pressure field to take a conical form, commonly referred to as a Mach cone
(Reinhall and Dahl, 2011). The angle of the Mach cone follows straightforward from
equation 2.17. Where the angle in water (ϕw) and soil (ϕs) are approximately 17.2◦

and 18.6◦ respectively (Reinhall and Dahl, 2011).

ϕ = sin−1

(
c

cp

)
(2.17)

The reflected tension wave, also produces a Mach cone which moves in upward
direction. In the sediment, the cone has an angle of ϕs. When the upward moving
Mach cone penetrates the water, ϕs is refracted into an angle ϕws (≈ 30◦) following
Snell’s law (eq. 2.18) (Reinhall and Dahl, 2011; Jensen et al., 2011). This finally
results in two upward moving wave fronts with an angle ϕw and ϕws, where the
former is produced by the up-moving wave front from the tension wave (Reinhall
and Dahl, 2011). A schematic representation is shown in Figure 2.5.

cos(ϕ)

c
= const (2.18)

It is important to note that the Mach wave, generated by the structural response
of the pile, is the dominant source of underwater noise (Reinhall and Dahl, 2011;
Tsouvalas, 2015).
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(a) (b) (c) (d)

Figure 2.4: Chain of events of the Mach cone generation during a hammer blow,
showing the different angles, wave speeds and direction of propagation. Figure (a)
and (b) show the wave front going into the sediment. Note that the angle of the
Mach cone changes. Figure (c) and (d) show the reflected waves traveling upward
back into the watercolumn (Reinhall and Dahl, 2011).

Figure 2.5: Resultant wave fronts after reflection in the pile (Reinhall and Dahl,
2011)

2.2.3 Surface waves

A surface wave is a wave that travels on the interface between two media (Meegan
et al., 1999). An example of surface waves are ocean waves which travel on the
interface between a liquid and a gas. There are three fundamental types of sur-
face waves in isotropic media (Meegan et al., 1999): Rayleigh waves (solid-vacuum
interface), Stoneley waves (solid-solid interface) and Scholte waves (solid-fluid inter-
face) (Meegan et al., 1999). In the topic of underwater noise, surface waves exist
at the soil-water interface. This can be identified as solid-fluid interface waves i.e.
Scholte waves. Scholte waves are non-dispersive of nature, which means their phase
velocity is independent of wavenumber. This means that all Scholte waves, of any
wavenumber/frequency travel at the same phase velocity. This phase velocity of
the Scholte wave does depend on the stiffness of the solid medium (Glorieux et al.,
2001). The stiffer the soil, the higher the phase velocity (Glorieux et al., 2001).
Because Scholte waves travel on an interface, they travel in cylindrical direction.
Therefore, they decay less rapidly with distance compared to spherically traveling
body waves (Meegan et al., 1999).
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2.2.4 Seismic waves

Body waves travel through the inside of the seabed (Yilmaz and Miller, 2015).
Figure 2.6 shows the difference the two types of body waves. The compressional
waves (P-waves) are a result of the Mach pressure wave (Tsouvalas, 2015) and of
the downward movement at the pile tip. The shear waves (S-waves) are a result of the
downward movement of the pile, where the friction between the pile wall and the soil
cause an elastic deformation in vertical direction. Shear waves can be characterized
in vertical (SV-waves) and horizontal (SH-waves) polarized waves. The difference
is whether the particle moves in vertical or horizontal direction. Tsouvalas (2015),
showed that (almost) vertical polarized shear waves are more dominant compared
to the compressional waves during offshore pile driving. The body waves radiate
spherically, resulting in waves partially entering the water column and partially
going deeper into the sediment.

Figure 2.6: S-waves and P-waves (Britannica, 2020)

2.3 State of the art noise mitigation techniques

Several noise mitigation systems have been developed for the past years. Some are
operational and some are still being tested. There are many more types available but
the systems mentioned below are thoroughly tested under offshore conditions and
are widely applied in the industry. For the description of these mitigation systems
an overview by Bellmann (2018) is consulted.

2.3.1 Single and Double Big Bubble curtains (BBC and
DBBC)

A (double) bubble curtain (BBC or DBBC) is a hose lying on the seabed. Air is
pumped into the hose which contains nozzles. This creates a curtain of bubbles.
A bubble curtain has two working principles. First is the impedance mismatch
between the water and the air-bubble mixture. Second is that the bubbles work as
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resonators (Tsouvalas and Metrikine, 2016). The first impedance mismatch accounts
for reflection. The resonating bubble accounts for the transfer of acoustic energy near
the natural frequencies of the bubbles (Tsouvalas and Metrikine, 2016). Figure 2.7
shows how bubble curtains are used in practice. A downside of a BBC is that current
affects the shape of the curtain.

(a) Bubble curtain in ac-
tion (Van Oord, 2016)

(b) Schematic representa-
tion

Figure 2.7: The working principle of bubble curtains.

2.3.2 Small Bubble Curtain (SBC)

The SBC uses multiple nozzle hoses close to the pile. These hoses are aligned
vertically between the seabed and the surface. The distance between the hoses is
less than 0.5 m. This creates a full bubble medium around the pile which ensures
that the pile is installed in a bubble/water medium.

2.3.3 Hydro Sound Damper (HSD)

The Hydro sound damper (HSD) has a net filled with foam elements. These elements
have different sizes and are placed at different distances. The HSD system has a
ballast ring at the bottom and a floater at the top. It is placed around the pile
at a short distance (≈ 5-6 m). Elements can be plastic foam of gas-filled balloons.
It attenuates sound the same way as bubble curtains. However, this is a static
structure and will therefor not be influenced by any current. Figure 2.8 shows a
schematic representation of the HSD.

Figure 2.8: Schematic representation of HSD (Elmer and Savery, 2014)
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2.3.4 Noise mitigation screen (IHC-NMS)

An IHC noise mitigation system (IHC-NMS) is a double walled steel tube which
surrounds the pile. The space between the walls is filled with air. Additionally, air
bubbles can be fed into the water column. Sound passes through two barriers. The
noise will be reduced due to reflection.

2.3.5 Cofferdam

The cofferdam is a single walled steel tube. It seals off the area where the pile is
installed. Using a seal ring, the water can be evacuated from the space between the
pile and the cofferdam. Using a cofferdam, one can in basically install a pile in air.
Noise is radiated to the cofferdam into the water. The impedance gap between air
and water results in the noise being reflected and thus attenuated.

2.3.6 AdBm

The AdBm system is a novel system that does not work primarily because of an
impedance gap. The AdBm system contains Helmholtz resonators to attenuate the
sound due to pile driving (Froeze, 2019). The application of these resonators can
be customized for any particular offshore project because specific frequencies can be
targeted which produce the most damaging noise (Skopljak, 2019).

2.4 Noise prediction models

Noise prediction in offshore piledriving has been of interest to deal with uncertainties
in environmental management and to reduce construction delays. Therefore, several
models have been developed. Reinhall and Dahl (2011) were the first to develop
a model to measure the noise levels as a result of pile driving. Their simulation
was based on a Finite Element simulation (FE) combined with a parabolic wave
equation (PE) in a shallow water waveguide with a vertical distribution of phased
point sources, which magnitudes are determined by the FE model (Reinhall and
Dahl, 2011).

With this model, they showed that the primary source of underwater noise comes
from the compression in the pile and the radial displacement related to it, resulting
in a Mach wave front traveling through its surrounding media (Reinhall and Dahl,
2011). This is also shown in figure 2.9. In this model the soil was modelled as an
equivalent fluid, meaning that shear waves and Scholte waves were not accounted
for.

Lippert and Lippert (2012) proposed a propagation model based on a wavenum-
ber integration (WI) approach. They used this technique because a full FE model
is computationally expensive for predicting noise at large distances and many fre-
quencies. Therefore, a combination of an FE model together with a propagation
model takes less computational effort. Lippert and Lippert (2012) validated their
work based on the FE simulations by Reinhall and Dahl (2011) and found that this
approach is in agreement with the FE simulations. This model also assumes two
layers, of which the soil is modelled as an equivalent fluid, neglecting the shear and
Scholte waves.
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Figure 2.9: Mach wave radiation (Reinhall and Dahl, 2011)

Zampolli et al. (2013) studied this topic by means of a linear structural acoustic
finite element model without making use of a propagation model. They found that
this model can be used for understanding the acoustic radiation from the pile. They
recommended that the coupling between the sediment and the pile, the forcing and
the modelling of the source required further investigation.

Note that the models described above are based on Finite Element simulations
which are an extension of the work of Reinhall and Dahl (2011).

Tsouvalas (2015) was the first to model the vibro-acoustic problem fully with a
normal mode method. This is referred to as the SILENCE model. Here the pile was
modelled with thin shells. Compared to previous models, the entire problem was
solved by using normal modes and by coupling the pile, water and soil behaviour
through boundary and interface conditions. The model was solved in frequency
domain which makes this model computationally very efficient. The model has a
rigid bottom assumption at the bottem of the lowest sediment layer. This makes the
near field solution bounded to noise near the pile. Peng, Tsouvalas, and Metrikine
(2019) extended this model with a far-field solution that overcomes this problem.
Here, the solution in the near field model is extended over large distances. In
previous studies, the SILENCE model was able to predict sound exposure levels
and peak pressure within ± 2 dB.

2.5 Bubble curtain models

To predict the noise emitted from offshore piling, it is desired to have a model that
also captures the effect of several mitigation systems (see section 2.3). When the
noise and damping of it become more predictable, better forecasts can be made
which results in better understanding, protection of wildlife and less delay during
construction.

The basic principles of attenuation by a bubble curtain are the impedance mis-
match and the transfer of acoustic energy near the natural frequency. The maximum
transfer of energy between the bubble and an incident wave is at the natural fre-
quency of the bubble. Hence, the strongest sound attenuation is close to the natural
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frequency (Minnaert, 1933). Additionally, the impedance mismatch between the
water and the bubble causes a reflection. Even though the principle of attenuation
by a bubble is well known, the attenuation of noise by a bubble curtain under off-
shore conditions is still being investigated (Bohne, Grießmann, and Raimund Rolfes,
2019).

Göttsche (2013) developed a model to assess the noise reduction by a small
bubble curtain. The bubble distribution was determined by CFD analysis, with this
analysis the volume fraction was solved. The bubble size was approximated by a
normal distribution with an average of 10mm. The near field noise emissions were
modelled using a finite element analysis. The source spectrum was then reduced by
a transmission coefficient. This method neglected the physical characteristics such
as reflection and propagation through the bubble curtain. The model was in good
agreement with measurements.

Tsouvalas and Metrikine (2016) expanded the SILENCE model with a bubble
curtain by adding a vertical homogeneous domain in the fluid layer. The bubble
curtain was described with frequency dependent, complex-valued compressibility
which gave the ability to approximate realistic wavenumbers related to piledriving.
They showed that, for large diameter piles and a small bubble size, the most at-
tenuation comes from the impedance mismatch between the water and the bubbles.
However, when the acoustic energy is concentrated at frequencies larger than the
natural frequency of the bubble, the sound absorption becomes critical. Thus, the
bubble thickness is a critical parameter.

Lippert, Huisman, et al. (2017) applied a double big bubble curtain by imple-
menting two non-reflecting impedance boundary conditions in their model. These
boundary conditions mimic a perfect absorbing bubble curtain which absorbs the
pressure waves in the water column.

Bohne, Grießmann, and Raimund Rolfes (2019) developed a modelling approach
of a big bubble curtain in offshore conditions. They first calculated the local
wavenumber distribution. Here, the bubble radii were approximated by a lognor-
mal distribution based on measurements. With the local wavenumber computed,
the transmission characteristics of a bubble curtain were determined. The approach
allowed an appropriate estimate of the noise mitigation by a bubble curtain. Their
advice is that this modelling approach is promising but it may be improved by mod-
elling the environmental conditions with it, such as currents. This is of interest for
future research. Since this model uses a non-uniform distribution of bubbles and an
increasing width of the bubble curtain. The derivation of transmission coefficients in
this work are based on the aforementioned model(Bohne, Grießmann, and Raimund
Rolfes, 2019).
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Modeling underwater noise

This chapter discusses the modeling strategies used in this work. In this research,
the SILENCE model is used. This is a semi-analytic model based on the normal
mode method. Prior to working with SILENCE, the Normal mode method is in-
vestigated for clarification. This is explained with a simple problem in section 3.1.
The modeling strategy, used in SILENCE, is discussed in sections 3.2 and 3.3. Fi-
nally, the strategy for validating the model is set out in section 3.4. In addition,
the data-set that has been made available (Van Oord, 2018) to validate SILENCE
is discussed.

3.1 Moving point source model

This subsection elaborates on the math behind the normal mode method by means
of a relatively simple problem. First, the mathematical derivation is shown based
on Jensen et al. (2011). This derivation explains the solution strategy for a point
source in cylindrical geometry. This setup is chosen because it explains the basic
concept of normal modes well. Additionally, a practical problem was solved based
on the work of Jensen et al. (2011) and Lippert and Lippert (2012) where the point
source is moved in time such that a Mach wave is generated. The goal of modeling
this was to get familiar with the concept of the normal mode method prior working
with a more complex model like SILENCE.

3.1.1 Mathematical derivation

Here, the mathematical derivation of a point source in cylindrical geometry is pre-
sented based on Jensen et al. (2011). The Helmholtz equation for a point source in
cylindrical geometry is defined in (3.1).

1
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∂r

(
r
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2πr
(3.1)

It can be solved using the separation of variables technique where a solution in
the form of p(r, z) = Φ(r)Ψ(z) is sought. Substituting p(r, z) in the the unforced
equation and dividing by Φ(r)Ψ(z) yields (3.2).

1

Φ(r)

[
1

r

d

dr

(
r
dΦ

dr

)]
+

1

Ψ(z)

[
ρ(z)

d

dz

(
1

ρ(z)

dΨ(z)

z

)
+
ω2

c2
Ψ(z)

]
= 0 (3.2)

17
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Equation 3.2 contains two equations of the separated variables r and z. The only
way these equations can be satisfied is if they equal a constant, the separation
constant k2

rm. The modal equation (3.3) is obtained by equating the z-dependant
part of (3.2) with k2

rm.

ρ(z)
d

dz

[
1

ρ(z)

dΨm(z)

dz

]
+

[
ω2

c2
− k2

rm

]
Ψm(z) = 0 (3.3)

The boundary conditions that are imposed on this problem are the pressure release
surface (3.4) and a rigid bottom (3.5).

Ψ(0) = 0 (3.4)

dΨ

dz

∣∣∣∣
z=D

= 0 (3.5)

The modal equation is a Sturm-Louiville eigenvalue problem which has the following
properties:

• The modal equation has an infinite number of solutions (modes).

• Each mode is a modeshape function Ψm(z) that contains a propagation con-
stant krm.

• Ψm(z) is an eigenfunction and k2
rm an eigenvalue.

• The eigenvalues k2
rm are all real.

• The modes are orthogonal (3.6), (3.7)

∫ D

0

Ψm(z)Ψn(z)

ρ(z)
dz = 0 for m 6= n (3.6)∫ D

0

Ψ2
m(z)

ρ(z)
dz = 1 for m = m (3.7)

All modes will form a complete set. This means that the solution to (3.1) can be
expressed as a summation of modes (3.8) that converges to a total solution for the
motion in the medium.

p(r, z) =
∞∑
m=1

Φm(r)Ψm(z) (3.8)

Substituting this in (3.1) yields

∞∑
m=1

{
1

r

d

dr

(
dΦm(r)

dr

)
Ψm(z) + Φm(r)

[
ρ(z)

d

dz

(
1

ρ(z)

dΨm(z)

dz

)
+
ω2

c2
Ψm(z)

]}
= −δ(r)δ(z − zs)

2πr
(3.9)
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Note that the term in the square brackets equals k2
rm (3.3). This yields (3.10).

∞∑
m=1

{
1

r

d

dr

(
dΦm(r)

dr

)
Ψm(z) + k2

rmΦm(r)Ψm(z)

}
= −δ(r)δ(z − zs)

2πr
(3.10)

By making use of the orthogonality property ((3.6), (3.7)), equation 3.10 is multi-
plied with Ψn(z)/ρ(z) and integrated over the depth. This yields equation 3.11.

1

r

d

dr

[
r
dΦn(r)

dr

]
+ k2

rnΦn(r) = −δ(r)Φn(zs)

2πrρ(zs)
(3.11)

The solution to (3.11) is a standard solution in terms of a Hankel function.

Φn(r) =
i

4ρ(zs)
Ψn(zs)H

(1,2)
0 (krnr) (3.12)

Substituting (3.12) into (3.8) yields the solution to the pressure field in frequency
domain.

p(r, z, ω) =
i

4ρ(zs)

∞∑
m=1

Ψm(zs)Ψm(z)H
(1,2)
0 (krmr) (3.13)

This solution is used in the following problem, the isovelocity problem (Jensen
et al., 2011).

3.1.2 Isovelocity problem

This problem is an extended version of the isovelocity problem (figure 3.1) by moving
the point source down the z-axis (Lippert and Lippert, 2012). By moving the point
source in time, a Mach cone is simulated (Lippert and Lippert, 2012).

Pressure release surface

Rigid bottom

zs
0 m

D = 100 m

zr = 50m

Figure 3.1: The isovelocity problem (Jensen et al., 2011)

In this problem, it is assumed that the density and wavespeed are constant in
the entire domain. The problem to solve is basically equation (3.3), (3.4) and (3.5).
The general solution to the problem is shown in (3.14).

Ψm(z) = A sin(kzz) +B cos(kzz) (3.14)

The vertical wavenumber kz is defined by

kz =

√
ω2

c2
− k2

r (3.15)
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The pressure release surface boundary condition (3.4), states that B = 0 whereas
the rigid bottom boundary condition states:

Akz cos(kzD) = 0 (3.16)

This means either A = 0 (trivial solution) or

kzm =

(
m− 1

2

)
π

D
m = 1, 2, ... (3.17)

With equation (3.15), krm can be determined.

krm =

√
ω2

c2
−
[(
m− 1

2

)
π

D

]2

, m = 1, 2, ... (3.18)

A is determined on the basis of the orthogonality property (3.7) yielding

A =

√
2ρ

D
(3.19)

The eigenfunction thus becomes

Ψm(z) =

√
2ρ

D
sin(kzmz) (3.20)

This is substituted in equation (3.13) finally yielding the pressure function in fre-
quency domain for a certain zs.

p(r, z, ω) =
i

2D

∞∑
m=1

sin(kzmzs) sin(kzmz)H
(1)
0 (krmr) (3.21)

The time domain solution can be obtained by applying the inverse fourier transform
(3.22) to (3.21).

p(r, z, t) =
1

2π

∫ +∞

−∞
p(r, z, ω)e−iωtdω (3.22)

This is calculated numerically with (3.23). Which computes the pressure field shown
in figure 3.3.

1

2π

M∑
m=1

{
p(r, z, ω)e−iωtm∆ω

}
m = 1, 2, ..,M (3.23)

The extension of this problem is based on the work of Lippert and Lippert (2012).
They model a Mach cone by moving a point source in time. The movement of the
point source is modelled by introducing a phase ε in the Fourier transform. The
Fourier transform is calculated for each phase shift and then superimposed to each
other.

1

2π

N∑
n=1

M∑
m=1

{
p(r, z, zs,n, ω)e−iω(tm−εn)∆ω

}
m = 1, 2, ..,M n = 1, 2.., N (3.24)
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(a) (b)

Figure 3.2: Pressure field time domain solution to the isovelocity problem

(a) t = 0.02 s (b) t = 0.05 s

Figure 3.3: Mach cone by moving a point source in time

This results in a pressure field where a pulse is generated after every phase shift.
Every phase shift is calculated by ∆z/cs, where cs is approximately 5000 m/s. The
Mach cone propagates through water with a wave speed of cw = 1500m/s. The
angle of the Mach cone is approximately 17◦, which corresponds to the given angle
in subsection 2.2.2.

When the wave hits the bottom, a reflected wave is observed due to the rigid
boundary condition. This reflected wave is not realistic. The results from a simu-
lation may become distorted by the reflected wave after some time. Such events,
are the consequence of modeling assumptions. It is important to note that these
assumptions also occur in advanced models and should therefor be considered care-
fully.

3.2 SILENCE Near field model

In this section, the Near-Field model of the SILENCE model is described. First,
the configuration and assumptions are discussed. Then the governing equations are
presented. The information from the following subsections comes from , Tsouvalas
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(2015) and Tsouvalas (2020). A detailed description of solution strategy of the
model is beyond the scope of this work. Therefore, the reader is advised to consult
Tsouvalas (2015) and Tsouvalas (2020) for detailed derivations.

The SILENCE Near-Field model contains a pile, a fluid and a soil domain as
shown in figure 3.4. The sub-domains are described in the following subsections.

Figure 3.4: SILENCE Near-Field model geometry (Tsouvalas, 2015)

3.2.1 Pile

The pile is modelled in the domain 0 ≤ z ≤ L and 0 ≤ r ≤ R. To account for shear
deformation and rotational inertia, a thin shell theory as described by Kaplunov,
Kossovitch, and Nolde (1998). The parameters that describe the nature of the shell
are E, ρ, ν, R, t and L which are complex E-modulus, density, Poisson’s ratio,
radius, thickness and length respectively.

The governing equations for the shell vibrations are described in the following
equation:

Lup + Iüp = (H(z − z1)−H(z − L))ts − (H(z − z0)−H(z − z1))pf + f (3.25)

Here, the vector up contains the radial and vertical displacement of the shell and
ujs contains the radial and vertical displacement in soil layer j. The matrices L and
I are the stiffness and inertia matrices respectively. The vector tjs represents the
stress in soil layer j surrounding the pile and pf is the surrounding pressure in the
water-column. The force that is applied by the hammer is represented by the vector
f. The vector notations are described in the following equations.

tjs = [λj∇ · ujsI + µj
(
∇ujs + (∇ujs)

T
)
] · r̂ (3.26)

f = [frz(z, t), frr(z, t)]
T (3.27)

up = [up,z(z, t), up,r(z, t)]
T (3.28)

ujs = [us,z(r, z, t), us,r(r, z, t)]
T (3.29)
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The pile extension is modelled as rigid baffle below the pile. This is such that
the soil below the pile tip can be extended such that the reflection of the rigid
boundary has less effect. A transformation to the frequency domain yields the
following equation:

Lũ + Ĩũ = (H(z − z1)−H(z − L))t̃s − (H(z − z0)−H(z − z1))p̃f + f̃ (3.30)

The tilde denotes that the quantity is a complex value.

3.2.2 Fluid domain

The motion in the fluid domain, as mentioned in section 3.1, can be described by
the Helmholtz equation (3.31). Tsouvalas (2015) described the motion by a scalar
velocity potential in a cylindrical coordinate system. This is valid in the domain
z0 ≤ z ≤ z1 and r ≥ R.

∇φ̃f (r, z, ω) +
ω2

c2
f

φ̃f (r, z, ω) = 0 (3.31)

The solution to equation 3.31, which is based on the separation of variables
(Tsouvalas, 2015) (see 3.1.1), is given in (3.32). The Hankel function solves the the
radiation condition at r −→∞.

φ̃(r, z, ω) = H
(2)
0 (kφ,rr)(A1e

−αf z + A2e
αf z) (3.32)

Here, kφ,f is the separation constant and αf is calculated as
√
k2
φ,f − ω2/c2

f . In which

cf is the phase velocity of the waves in the fluid. A1 and A2 are complex constants,
which are determined by the boundary and interface conditions.

3.2.3 Soil domain

Tsouvalas (2015) also described the motion of the soil layers. Note that this is valid
for multiple layers. In the case of this research. Two layers are modelled. The
equation of motion of the soil is transformed into the frequency domain, yielding
equation 3.33.

µs,j∇2ũjs + (λs,j + µs,j)∇∇ũjs + ω2ρs,jũs = 0 (3.33)

This is valid for the domain z1 ≤ z ≤ L and r ≥ R
By applying ũs = ∇φ̃s+∇×ψ̃s, Tsouvalas (2015) finds a solution for the velocity

and displacement potentials φ̃s and ψ̃s based on the separation of variables method.
The Hankel functions in the solution satisfy the radiation condition at r −→∞.

φ̃s(r, z, ω) = H
(2)
0 (kφ,sr)(A3e

−αsz + A4e
αsz) (3.34)

ψ̃s(r, z, ω) = H
(2)
1 (kψ,sr)(A5e

−βsz + A6e
βsz) (3.35)

Here, kφ,s and kψ,s are the separation constants and αs and βs are defined as:

αs =
√
k2
φ,s − ω2/c2

L (3.36)

βs =
√
k2
ψ,s − ω2/c2

T (3.37)
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In which cL and cT are the compressional and shear wave speed respectively. A3,
A4, A5 and A6 are complex constants which are to be determined by the boundary
and interface conditions.

3.2.4 Boundary and interface conditions

Within the solid and fluid domain, boundary conditions need to be considered to
calculate the undetermined complex coefficients A1..A6. To couple the different me-
dia and the pile, interface conditions are added as well. First the following boundary
conditions apply:

• Radiation condition at r −→∞

• Pressure release surface at z = z0

• Rigid bottom at z = D

The radiation condition is already applied in the equations 3.32, 3.34 and 3.35 by
terms of the Hankel functions. The pressure release surface is stated as follows:

p̃f (r, z0, ω) = 0, r ≥ R (3.38)

The rigid boundary at the bottom is defined in the following manner.

ũs,r(r,D, ω) = ũs,z(r,D, ω) = 0, r ≥ R (3.39)

Next, the four interface conditions are identified by Tsouvalas (2015). The first
condition being the interface between the first soil layer and the fluid layer. Second
is the interface between the subsequent soil layers. Finally, the interface conditions
between the pile and the water column and the pile and soil domain was identified

The interface between the upper soil layer and fluid layer states how the stresses
(σ) and displacements (u) in the soil interact with the pressure and particle velocity
in the water column. Equation 3.40 states that the out-of-plane vertical stress
induces a pressure in the watercolumn. Equation 3.41 shows that that in-plane
stress in r-direction does not influence the watercolumn, since a fluid does not has
have a shear stress component. Equation 3.42 shows the relation between the soil
displacement and the velocity (v) that is induced by it.

σ̃s,zz(r, z1, ω) + p̃f (r, z1, ω) = 0, r ≥ R (3.40)

σ̃s,zr(r, z1, ω) = 0, r ≥ R (3.41)

ũs,z(r, z1, ω)− ṽf,z(r, z1, ω)

iω
= 0, r ≥ R (3.42)

Next are the interface conditions between the (j+1)th and jth soil layer. These in-
terface conditions describe that the stress (3.43)..(3.44) and displacement (3.45)..(3.46)
in layer (j+1) and layer j must be the same.
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σ̃j+1
s,zz(r, zj, ω)− σ̃js,zz(r, zj, ω) = 0, r ≥ R (3.43)

σ̃j+1
s,zr(r, zj, ω)− σ̃js,zr(r, zj, ω) = 0, r ≥ R (3.44)

ũj+1
s,z (r, zj, ω)− ũjs,z(r, zj, ω) = 0, r ≥ R (3.45)

˜uj+1
s,r (r, zj, ω)− ũjs,r(r, zj, ω) = 0, r ≥ R (3.46)

Finally, the interface conditions between the pile and the fluid-soil interface are
considered. Here, a non-slip condition between the pile wall and soil-fluid domain is
assumed. The interface conditions state how the displacement of the pile is coupled
to the velocity in the fluid (3.47) and the displacement in the soil.

ũp,r(z, ω)− ṽf,r(R, z, ω)

iω
= 0, z0 < z < z1 (3.47)

ũp,r(z, ω)− ũs,r(R, z, ω) = 0, z1 < z < L (3.48)

ũp,z(z, ω)− ũs,z(R, z, ω) = 0, z1 < z < L (3.49)

In this section, the governing equations and boundary- and interface conditions
are shown for the SILENCE near field model. These equations are based on the
work of Tsouvalas (2015) and Tsouvalas (2020). The full vibro-acoustic problem is
described by equations (3.30), (3.32), (3.34) and (3.35) together with the boundary
and interface conditions (3.38) ... (3.49) (Tsouvalas, 2015).

3.3 SILENCE Far field model

As mentioned in the previous section, the near-field module contains a rigid bound-
ary condition (3.39). This can lead to a reflective waves channeling the energy back
into the water column. It is important to emphasize that this reflection is not real-
istic. For this reason, the SILENCE near field model can simulate up to a certain
range, depending on how deep the rigid boundary condition lies. Please note that
the deeper the rigid boundary condition is, the more costly the computation is. As
a solution to this problem, the near field solution is used as source in the far field
model where this rigid boundary condition is not present. In this section a brief de-
scription of the far-field module is described based on the work of Peng, Tsouvalas,
and Metrikine (2019) and Peng, Tsouvalas, and Metrikine (2020).

First of all, the far-field module aims to propagate the wave field which is gener-
ated in the near field module (Peng, Tsouvalas, and Metrikine, 2019). In principal,
the far field model works as follows. To overcome problem with the rigid boundary
condition, the far field module includes a half-space for the deepest boundary.

Under the assumption that a ring source is positioned at (r0, z0)(fig. 3.5), the
acoustic field in frequency domain can described for the three potential functions φ̃f
(Displacement potential in the fluid), φ̃s (Compressional displacement potential in
the soil) and ψ̃s = [0, ψ̃s, 0]T (shear potential in the soil). The equation of motion
in the frequency domain is described as follows:

[∇2 + k2
ξ ]G̃(r, z; r0, z0, ω) =

δ(r − r0, z − z0)

2πr
Sξ(ω) (3.50)
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For which, G̃(r, z; r0, z0, ω) stands for Green’s function that describes the solution for
the aforementioned displacement potentials. kξ denotes the medium wavenumber,
of which ξ denotes the type of source (f = fluid source, p = compressional source
and s = shear source). Finally, Sξ(ω) describes the source strength of the impulse
denoted by the delta function located at (r0, z0).

Figure 3.5: Ring source in cylindrical coordinates (Tsouvalas, 2020)

When equation 3.50 is transformed in the Hankel domain, the following depth
separated equation is found.[

d2

dz2
+ k2

z,ξ

]
Ĝ(kr, z; r0, z0, ω) =

J0(krr0)

2π
δ(z − z0)Sξβ(ω) (3.51)

Here, β denotes the direction at source point (r0, z0).
After finding a solution for Ĝ(kr, z; r0, z0, ω), the inverse Hankel transform is

applied to (3.51).

G̃(r, z; r0, z0, ω) = −1

2

∫ ∞
−∞

(
Sξβ(ω)

e−ikz,ξ|z−z0|

4πikz,ξ
+ A1

ξe
ikz,ξz + A2

ξe
−ikz,ξz

)
·J0(krr0)H

(2)
0 (krr)krdkr

(3.52)

As indicated earlier, the radiation condition in z-direction must be taken into
account at the soil half-space located in the domain z > zN . This is simply done by
applying A1

ξ = 0 for z ≥ zN . This means that a downward propagating wave leaves
the domain without any reflection. Like in the near-field module, the boundary and
interface conditions (3.38)..(3.46) apply to the far-field module as well. If (3.52)
is substituted in these conditions, a system of linear algebraic equations is found.
These can be solved for coefficients A1

ξ and A2
ξ . When the solution is found to these

amplitudes, the Green’s function for the complete field can be obtained. For the
evaluation of the integral given in (3.52) the reader is referred to (Peng, Tsouvalas,
and Metrikine, 2020).

After deriving the expression for the Green’s functions, the next step is to couple
the near-field module to the far-field module. This is done by means of a boundary
element method (BEM) which is discussed in a brief manner1.

From the derived Green’s potential functions φ̃gf , φ̃
g
s and ψ̃gs , the displacement

tensor ŨΞξ
αβ is derived at receiver point (r, z) in medium Ξ in direction α as a result

1For a detailed description the reader is referred to (Peng, Tsouvalas, and Metrikine, 2020) and
(Tsouvalas, 2020)
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of a unit impulse function at (r0, z0) in medium ξ in direction β. The displacement
tensors for the fluid and soil domain are derived as follows:

Ũ sξ
αβ(r, r0, ω) = ∇φ̃sj ,ξ(r, r0, ω) +∇×−

∂ψgsj ,ξ(r, r0, ω)

∂r
(3.53)

Ũ fξ
αβ(r, r0, ω) = ∇φ̃f,ξ(r, r0, ω) (3.54)

In the soil domain, the stress tensor T s,ξαβ can be calculated by substituting Ũ sξ
αβ

into the relations for the deformation of solids (stress and strain). The final BEM
formulation is defined in the following manner (Peng, Tsouvalas, and Metrikine,
2020).

ũΞ
α(r) =

∑
β=r,z

∫
Ss

(
ŨΞs
αβ(r, r0, ω) · t̃nβ(r0, ω)− T̃n,Ξs

αβ (r, r0, ω) · ũβ(r0, ω)
)
dSs0(r0)

+

∫
Sf

(
ŨΞf
αr (r, r0, ω) · p̃(r0, ω)− T̃n,Ξf

αr (r, r0, ω) · ũr(r0, ω)ũr(r0, ω)
)
dSf0 (r0)

(3.55)

Here, n is the normal vector to the cylindrical surface. t̃nβ , ũβ and p̃ are the stress
vector, displacement vector and pressure vector output from the near-field module.
This final expression is used to propagate the noise to any position r (Tsouvalas,
2020).

3.4 Validation of the model

In order to use the SILENCE model, it must be validated by comparing the measure-
ment data to the output of the model. The main purpose of this validation study is
to know what the limitations are and how the model performs at the conditions of
the offshore windfarm.

For a simulation in the SILENCE model, assumptions are made in order to
approach reality as much as possible. These assumptions concern the pile geometry,
the soil layering and the hammer force. They are described in detail in this section.
The assumptions are based on the model geometry presented in figure 3.4.

3.4.1 Dataset

For this research, Van Oord provided sound measurements from the OWF
that took place in 2018. The OWF consists of Offshore Wind Turbine
Generators (OWTG) and , of which all founda-
tions are monopiles with a diameter between . The monopiles were
installed along with a BBC except for monopiles .
These monopiles were selected to test the new AdBm system. These tests were
performed in the following scenario’s:

• Scenario 1: Benchmark test, no noise mitigation

• Scenario 2: Test with only AdBm system
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• Scenario 3: Test with AdBm + BBC

• Scenario 4: Test with BBC only

For this research, scenario 1 and scenario 4 are of importance. Scenario 1 is used
for validation and scenario 4 is used to compare the simulations, involving a BBC.
Note that scenario 4 also applies to the other monopiles, since those are installed
regularly. The measurements were taken in four directions and distances 750, 1500
and 5000 m (figure 3.6). Every measurement beacon consisted of two hydrophones,
one hydrophone at 2 m from the seabed and one 10 m from the seabed. The
hydrophones have a measurement accuracy of <2 dB resp. ±1 dB. (Bellmann,
2019).

Figure 3.6: Schematic top overview of the measurement set-up (Elzinga et al., 2019)

The data that are selected for validation are based on the following criteria. The
first criterion is that noise mitigation should be absent during the measurement in
order to study the generation and propagation of sound. The second criterion is that
the SILENCE model assumes a constant bathymetry. Therefore, it is desirable to
select a location with with a bathymetry that is as uniform as possible. This choice is
based on the fact that sand waves could influence the measurement data, since sand
waves reflect noise due to an impedance mismatch (Jensen et al., 2011). Usually the
hydrophone is placed at 2m from the seabed. It is possible that hydrophones are
placed behind a sandwave, thus record less noise.

The measurements without noise mitigation are performed on
of which proved to be the measurement with the flattest bathymetry. That
is for the measurements in north-east direction and south-west direction (see ap-
pendix A). The hydrophones associated with these directions are MB1, MB3, MB5
and MB7. For the validation the measurements at 750m were used. The choice is
made to perform the simulation in a duration of 0.75 seconds. In this time frame,
the noise at 750m can be calculated. However, calculating the noise levels at larger
distances requires a longer duration. Therefore, the validation is performed by com-
paring the simulation to the measurements at 750m.
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3.4.2 Model input data

Force input

In SILENCE, the hammer blow is modelled as a vertical force (Tsouvalas, 2015).
For the validation analysis, the forcing function is also approximated due to the
lack of hammer force data. The forcing function used in this research is a modified
equation based on the work of Lippert, Nijhof, et al. (2016). This force type has
a sharp peak which is not realistic, it is also common to use a smooth exponential
function (Tsouvalas, 2015).

F (t) =


0 for t < t0
Fp
tr

(t− t0) for t0 ≤ t < t0 + tr

Fp exp
(
t−(tr+t0)

td

)
for t ≥ t0 + tr

(3.56)

The numerical values that are used for the forcing function are shown in table 3.1.
These values are iteratively chosen based on whether the SILENCE output matches
the data, note that this cannot be calculated beforehand. Primarily the
energy input must match the measured blow energy, in this case at full penetration.
The blow energy and sound levels depend on the magnitude and the duration of the
pulse. This can be changed with parameter tr and td. The forcing function is shown
in figure 3.7.

Variable Value Unit
Fp 210 MN
t0 0.01 s
tr 0.002 s
td 0.004 s

Table 3.1: Variables for forcing function

Figure 3.7: Force approximation based on the work of Lippert, Nijhof, et al. (2016)
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Additionally, a frequency analysis is performed on this forcing function by ap-
plying the Fourier transform (3.57).

F (ω) =

∫ ∞
−∞

F (t)e−iωtdt (3.57)

It is important to analyze the frequencies that make up the forcing function. The
frequency analysis must show that the magnitude (and thus energy) of the forcing
function in frequency domain decays to zero at higher frequencies. It is important
to prove this because then it can be assumed that most energy from the blow is
taken into account when solving the vibro-acoustic problem in frequency domain.
Note that the forcing is an approximation and that real forces are of more complex
nature, resulting in higher frequencies (order of magnitude ≥ 5 kHz). Solving for
these high frequencies takes more computational time and is not necessary since the
main frequencies due to piling are between 31.5 and 800 Hz (Elzinga et al., 2019).

Figure 3.8: Frequency analysis showing that the energy decays to zero at high
frequencies

From a numerical perspective, the forcing function is discretized. The way it
is discretized, determines the maximum number of frequencies that are used in the
calculation. The forcing function has a duration of Tmax and a time step ∆t. These
determine the frequency step ∆f and the maximum frequency fmax. The frequency
step ∆f is calculated by ∆f = 1

Tmax
. The maximum frequency is calculated by

fmax = 1
2∆t

Variable Value Unit
∆t 0.0006 s
Tmax 0.75 s
Nt 1000 -
∆f 1.3333 Hz
fmax 833.3333 Hz
Nf 625 -

Table 3.2: Stepsize, maximum and amount of the time and frequency vectors
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Pile geometry and properties

Monopiles are generally built of multiple sections which have different wall thick-
nesses. Additionally, the diameter of the monopile varies on the top half, giving it
a conical shape at the top. For the simulation a straight monopile is assumed with
a constant wall thickness. For the diameter, the largest section diameter is chosen
because this diameter is valid for approximately 50% of the pile. However, the wall
thickness varies in almost every section. Therefore, the choice is made to average
the wall thickness over the number of sections according to equation 3.58. Here, n is
the section number, N the total number of sections and tn the thickness of a section.

twall =
1

N

N∑
n=1

tn (3.58)

For , the average wall thickness is chosen at and the diameter
is chosen at . The length of the pile is naturally based on the technical spec-
ifications of the monopile. The length of is . The input parameters
for the monopile are summarized in table 3.3.

Variable Value Unit
ρs 7850 kg/m3
νs 0.28 -
Es 2.10E+11 N/m2
Dpile m
Lpile m
twall m

Table 3.3: Input parameters monopile

Water column

The water column has properties density (ρ) and compressional wave speed (cf ).
For the validation, it is assumed that the water column has a constant density and
compressional wave speed over the entire column. The assumed density is 1000
kg/m3 and an assumed wave speed of 1500 m/s is used in the validation.

Soil layering and properties

At the location of , a cone penetration test (CPT) was performed up to
below the seabed (figure 3.9). From the CPT’s, several layers were determined

of which the majority can be referred to as a . The monopile
penetrates the soil deep. This means that 80% of the soil in which the pile
is situated is and 20% is . Note that this is qualitatively derived
from figure 3.9. In SILENCE, the soil layering consists of two soil layers. Because
the majority of the energy, that influences the water column, flows through the
upper layers of the soil (Tsouvalas, 2015), the two layers in SILENCE are modelled
as . Layer 1 is modelled based on the properties of the
(green layer in figure 3.9) and layer two is modelled based on an average of the
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Figure 3.9: Censored for confidentiality

properties of the (blue, grey and light purple layers
in figure 3.9 respectively).

The domain is defined in z2 ≤ z ≤ zbedrock as shown in figure 3.4. In reality, soil
contains more layers. So in order to model the soil, some assumptions are needed.
The interface between the soil layers (z2) is placed such that the first soil layer is
modelled according to the CPT report and the properties of the layers below are
averaged. Furthermore, the interface is also placed at a position such that the pile
penetrates both layers. Figure 3.10 shows how the layers are placed in relation to
the pile. Note that the levels are measured from the top of the pile.

Figure 3.10: Soil layering in SILENCE

The SILENCE model requires three inputs for the soil data, density (ρ), Poisson
ratio (ν) and Young’s modulus (E). The assumptions are checked by looking at the
shear wave speed (cT ) and compressional wave speed (cL). For clay and sand layers,
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the magnitude of the shear wave velocity is between 100 and 500 m/s (Aziman et
al., 2016). The compressional wave velocity is between 300 and 1900 m/s (Aziman
et al., 2016).

The magnitude of the required parameters is based on calculations from the
CPT report provided by Van Oord. The calculations provide the bulk unit weight
of the soil (γs), the Young’s modulus (E), a poisson’s ratio (ν) and small strain
shear modulus (G0). The Poisson ratio ν is recommended to be 0.5 for undrained
conditions. However, since this yields a division by zero in equation 3.59, a slightly
lower approximation is used. This approximation is iteratively checked with equation
3.60 and compared with the magnitudes by Aziman et al. (2016).

λ =
2µν

1− 2ν
(3.59)

cL =

√
λ+ 2µ

ρ
(3.60)

The required parameters are summarized in 3.4. These values are deemed to be
realistic based on the calculated shear and compressional wave velocities and the
magnitudes by Aziman et al. (2016).

Soil layer 1:
z1 ≤ z ≤ z2 m
ρsoil,1 kg/m3
νsoil,1 -
Esoil,1 MPa
cs,1 m/s
cp,1 m/s
αp,1 -
αs,1 -

Soil layer 2:
z1 ≤ z ≤ zrigid m
ρsoil,2 kg/m3
νsoil,2 -
Esoil,2 MPa
cs,2 m/s
cp,2 m/s
αp,2 -
αs,2 -

Table 3.4: Input parameters soil
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3.4.3 Validation results

Here, the noise prediction is presented for validation of the SILENCE model. The
measurement data was obtained at the OWF at 2 meters from the seabed
at 750m from the pile. First, the input energy is shown. This input energy was
calculated such that it is in agreement with the measurement data. Secondly, the
frequency spectra are shown. Here, the sound exposure level per frequency is com-
pared to the measurement data and the evolution of the spectra over distance is
shown. Thirdly, the evolution of the pressure in time is shown. This was simulated
5m from the sea surface and 2m from the seabed at various distances. Finally,
the SEL and Lp,pk are presented as a function of distance from the pile. Here, a
comparison with the measurements is shown.

Input energy

The input energy is the primary quantity to check when comparing simulation results
to measurement data. This is because the energy that is going into the system
depends on the dynamic response of the structural system. The parameters that
play a role in this are pile diameter, thickness, penetration depth, soil layering, soil
properties and input force. The total energy in the system cannot be calculated
beforehand. To calculate the energy flux and finally the total energy, the velocity
and force at a certain location needs to be known. This is only known when the
response is found. Based on the cumulative energy per cross section, an estimation
of the input energy can be made (Figure 3.11). Note that the wavy pattern in this
figure is an artefact of the modal sum2. The input energy is more or less the average
of the wave pattern up to the pile length (red line). The calculated input energy in
this case was kJ. In reality the recorded blow energy was kJ.

Figure 3.11: Cumulative energy per cross-section

2The solution of a problem consists of an infinite number of modes. Because this is computa-
tionally not possible, the modes are truncated, leading to artefacts in the output.
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Frequency spectrum

In order to compare the sound exposure per frequency bin, SEL spectra are deter-
mined. This is presented in 1/3 octave bands. Figure 3.12 shows a comparison of
the 1/3 octave SEL simulated at 750m and a 1/3 octave SEL from the ITAP report
(Bellmann, 2019). Note that due to the lack of frequency spectra per blow, the
measurement that is shown is the median of all the recorded blows. Therefore it is
lower than the simulated spectrum. However, it does show the same trend. Figure
3.13 shows the evolution of the frequency spectra over distance. Here, a decrease
in SEL per frequency is observed for the entire bandwidth. Higher frequencies tend
to decay faster than low frequencies. Furthermore, the sound exposure level decay
rate decreases over distance.

Figure 3.12: Frequency spectrum compared with measurements at 750m

Figure 3.13: Evolution of the noise 1/3 octave band SEL spectrum
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Time domain solution

Figure 3.14 shows the evolution of the pressure measurements at various distances
from the pile. It is shown for a hydrophone placed 5m below the surface and 2m
above the seabed. A distinct peak is observed in the pressure recording. A rough
approximation of the arrival time at 750m (t = cw/rhf = 1500/750 = 0.5s) shows
that the simulation is in good agreement with this. This also applies to the other
distances that are plotted in the figure.

Figure 3.14: Evolution of the pressure in time and space
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Comparison to measurement data

The next step in validation of the model is to compare the simulation results to the
measurement data. As can be seen in figure 3.15, responses have been simulated for
from 10 m up to 750 m with steps of 10 m. At 750m from the pile, the simulated
SEL and Lp,pk fit within the range of the data. Specifically, the calculated SEL and
Lp,pk deviate 1.7 dB and 2.2 dB from the mean respectively. A difference in trend
between SEL and Lp,pk is observed. This is because Lp,pk is more susceptible to local
constructive and destructive interference of the waves.

Figure 3.15: Comparison of simulation vs. measurement SEL and Lp,pk. Note that
the internationally standard symbol for peak pressure (Lp,pk) is denoted as Lpeak in
the figure.
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3.4.4 Energy and spectra near the seabed

Here, the energy flux in z-direction (fig. 3.16) and r-direction (fig. 3.17) are pre-
sented. The energy flux in the z-direction is presented in normalized form. It
indicates which layer channels the most energy. Figure 3.16 shows that most en-
ergy flows through the upper soil layer. It is also observed that energy in the water
column grows rapidly near the sea floor.

Figure 3.16: Normalized energy flux along the z-coordinate for various distances
from the pile’s surface

To indicate where the most energy leaks in the water column, figure 3.17 is shown.
Here, it can be observed that in the vicinity of the pile, there is a significant amount
of leakage, which decays over distance. This is done by calculating the energy at
0.1m above the seabed for various distances from the pile’s surface up to 150m. It can
be observed that an energy transfer is present over the entire distance. Moving the
bubble curtain may indicate which distance this is significant.Figure 3.18 indicates
that the frequency content near the seabed is dominated by low frequencies.

Influence of the hammer force on the energy radiation

Figure 3.19 shows how the amplitude of the hammer force affects the energy ra-
diation in the water column. The base case for this analysis was an amplitude of
210MN. It was compared to a 20% higher and 20% lower force. In figure 3.19 a
linear increase and decrease is observed for the harder and softer blow respectively.
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Figure 3.17: Total energy that radiates back in the water column

Figure 3.18: Frequency spectra 0.1m from the seabed

Figure 3.19: Effect of the force amplitude on the energy radiaton into the water
column
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Chapter 4

Bubble curtain implementation

This chapter discusses the modeling strategy of the bubble curtain. First, an in
depth overview is given on the working principles of a bubble curtain in section
4.1. Next, the modeling strategy is explained in section 4.2. Finally, three different
scenarios are shown in section 4.4.

4.1 The noise reduction by a bubble curtain

In section 2.3 the working mechanisms of a bubble curtain are briefly discussed. In
this section a closer look is presented at the damping characteristics of the bubble
curtain. Ultimately, it is explained which effects have been modeled and ignored,
including their effects.

4.1.1 Noise reduction mechanisms

Primarily, the noise reduction of a bubble curtain is determined by two effects. The
first effect is the reflection of the sound waves by an impedance mismatch between
the sea water and the bubble cloud. The second effect in which damping takes place
is due to resonance of the bubbles as the sound waves travel through the bubbly
medium. These two mechanisms were investigated experimentally by Rustemeier,
Grießmann, and R. Rolfes (2012). They concluded that a dense layer of slow rising
bubbles of small radii improves noise reduction compared to the same air-volume
content with less larger bubbles.

Figure 4.1 shows the sound exposure level spectra obtained at the OWF.
It shows a distinct peak between 63 and 500 Hz. Such low frequencies require a
bubble size range of 8 - 32mm near the sea surface and 14 - 50mm at a depth of 30m
(Tsouvalas, 2020). Creating such large bubbles under offshore conditions is difficult
because the bigger the bubbles the more unstable they are. Although the bubble
resonance may have an effect, the impedance mismatch between the bubbly layer
and the water is governing (Tsouvalas, 2020). Therefore, the thickness of the bubble
curtain and the air concentration are governing for the effectiveness of the bubble
curtain. This can be controlled by following parameters (Diederichs et al., 2014):

• Air flow

• Nozzle diameter

41
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• Nozzle spacing

• Space between curtains in case of a DBBC

In figure 4.1, the noise reduction per octave band can be seen. The red dotted
line indicates the measurements where a BBC is applied. It shows that the noise
transmission is frequency dependant. The noise at low frequency range (≤ 125Hz)
is reduced less compared to high frequency noise.

Figure 4.1: SEL Octave band spectra from the measurements, showing a baseline
measurement without noise mitigation next to three different noise mitigation set-
ups (Elzinga et al., 2019)

4.1.2 The influence of currents

Currents are usually present in offshore conditions. They can influence the shape
of the bubble curtain and also the uniformity of the bubble curtain. It is expected
that currents influence the effectiveness of the noise reduction but those are left out
of the scope of this thesis.

4.1.3 Distance of the bubble curtain

Another influence on the mitigation of noise is the location of the BBC. As discussed
in chapter 2, a large contribution to underwater noise is the Mach cone generated
by the radial expansion of the steel due to the compressional wave traveling at
supersonic speed vertically along the pile after the impact. This primary noise path
can mostly be mitigated by the bubble curtain. When the compressional wave in
the pile is reflected, an upward Mach cone is created. This Mach cone radiates back
in the water column. Figure 4.2 shows what happens when the bubble curtain is
placed close to the pile (I.). In this case the upward-going Mach cone will travel
underneath the bubble curtain and back in the water column behind the BBC.
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This can be prevented by placing the bubble curtain further from the pile (II.).
This location is governed by the angle of the upward moving Mach cone, which is
determined by the properties of the soil.

Receiver

I. II.

Figure 4.2: Schematic representations of noise paths, compared to the bubble curtain
and receiver location

Seismic waves, which contain body and interface waves, also play a role in de-
termining the bubble curtain location. In the upper layer, noise is tunneled often
because upper layer is almost fluid of nature. This ’tunneling effect’ might leak noise
back into the water column. This energy leakage cannot be reduced by the bubble
curtain. Theoretically, if the bubble curtain is placed as close to the receiver as
possible, the noise leakage will be blocked by the bubble curtain. However, receivers
are legally placed at 750m. For such a radius, a hose with length ≈ 4.7km is needed.
Besides that this is impractical, it is also very expensive. Ultimately, it is expected
that a bubble curtain location far from the source results in better noise reduction.
However, simulations must provide insight on what a practical location is.

4.2 The effective source reduction approach

To examine the noise reduction by a bubble curtain, an effective source reduction
strategy is performed in combination with the SILENCE model. This strategy has
the following steps:

1. Generate the source with the SILENCE Near-Field module1;

2. Reduce the noise level at the location of the air bubble curtain system by
applying a depth- and frequency dependent source reduction factor;

3. Propagate the wave field with the SILENCE Far-Field module.

1When the SILENCE near-field model is used as input for the source reduction model, the
rigid boundary was lowered which results in longer computation time. A faster approach is to use
the propagation module as input for the source reduction model. This is further discussed in the
section 6.2.
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This strategy does not include the current nor the resonance effect of the bubbles.
However, the distance of the bubble curtain as well as the frequency dependent
transmission is considered.

The attenuation of the amplitude of the pressure and velocity spectrum is per-
formed by multiplying the SILENCE Near-Field output (P (ω, z)) by a coefficient
matrix (M(ω, z)) at the location of the bubble curtain (rbc).

P (ω, z)∗ = P (ω, z)M(ω, z) (4.1)

Vr(ω, z)
∗ = Vr(ω, z)M(ω, z) (4.2)

Vz(ω, z)
∗ = Vz(ω, z)M(ω, z) (4.3)

Here, Mi,j consists of transmission coefficients which are depth and frequency
dependant. The frequency dependence follows from a transmission coefficient (4.5)
formulated by Commander and Prosperetti (1989). Here, s is the thickness of the
bubble curtain, c is the wave speed in the water column and cb and kb are the wave
speed and wavenumber in the bubbly liquid.

A+ =
exp(iks)

cos(kbs) + (i/2)(c/cb + cb/c) sin(kbs)
(4.4)

T = |A+|2 (4.5)

This equation is modified, such that the width of the bubble curtain (s) is depth
dependent (4.6).

s(z) =
smin − smax

zmax
z + smax (4.6)

It is assumed that the width of the bubble curtain decreases in a linear way with
depth (fig 4.6). Figure 4.3 shows the build up of the coefficient matrices. Figure 4.3a
shows the frequency dependence. Here, the low frequencies are transmitted and the
higher frequencies are damped. Figure 4.3b shows the transmission, but varying
with depth. This means that near the seafloor there is more transmission than
near the sea surface. By configuring the bubble curtain through smin and smax and
comparing it to the measurement data, a coefficient matrix is iteratively constructed.
It is assumed that the wave speed in the bubble curtain is constant with depth.

4.3 Depth-dependent wavenumber

To derive the depth-dependent wavenumber, the work of Bohne, Grießmann, and
Raimund Rolfes (2019) is used and verified. Figure 4.4 shows three regions in a
bubble curtain. In region I, which is near the nozzle, the bubbles form and rise due
to buoyancy and momentum. The flows of nozzles merge in this stage. In region II
a Gaussian flow profile is assumed. Region III contains horizantal flows induced by
a return flow. Bohne, Grießmann, and Raimund Rolfes (2019) assumed that region
II was extended over the entire depth thus neglecting region I and III.

The equation to be solved in this work is equation 4.7.

keff (ω, x, z)2 =
ω2

c2
w

+ 4πω2

∫ ∞
0

an(x, z, a)

ω0(z, a)2 − ω2 + 2ib(z, a)ω
da (4.7)
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(a) Uniform (b) Depth dependant

Figure 4.3: Coefficient Matrices. Red = 100% Transmission, Blue = 0% Transmis-
sion

Figure 4.4: Description from the model (Bohne, Grießmann, and Raimund Rolfes,
2019)

Here, n(a, x, z) is calculated as follows with a being the bubble radius:

n(x, z, a) = f(a, x, z)N(x, z) (4.8)

With f(a, x, z) being the Probability Density Function (PDF) of the bubble size.
N(x,z), the total number of bubbles, is calculated as follows:

N(x, z) =
ε(x, z)

v(x, z)
(4.9)

Here, εg is the local air fraction and v is the mean bubble volume calculated as:

v(x, z) =

∫ ∞
0

4

3
a3f(a, x, z)da (4.10)
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First the PDF f(x, µ, σ) is calculated according to the following equation.

f(a, µ, σ) =
1

aσ
√

2π
exp(−(ln(a)− µ2)/2σ2) (4.11)

For validation purposes of the work by Bohne, Grießmann, and Raimund Rolfes
(2019) the expected value µ and standard deviation σ are taken as -6.70 and 0.67
respectively. These values were recommended in their work.

To calculate equation 4.9, the volume fraction εg(x, z) are determined. This
depends on the fluid dynamics within the bubble curtain. Bohne, Grießmann, and
Raimund Rolfes (2019) present a simplified representation of the bubbly flow based
on the momentum balance and continuity equations. They state the following set
of equations that depend on the volume fraction εg and bubble velocity ulz.

d

dz

∫ ∞
−∞

(1− εg)γρlu2
lzdx =

∫ ∞
−∞

εgρlgdx (4.12)

d

dz

∫ ∞
−∞

(1− εg)ρlulzdx = 2αρlulzmdx (4.13)

As mentioned, the volume fraction and bubble velocity are assumed to have a Gaus-
sian profile describing them as follows.

ulz(ulzm, b, x) = ulzm exp(−x2/b2) (4.14)

εg(εgm, b, x) = εgm exp(−x2/(λb)2) (4.15)

When substituted in equation 4.12 and 4.13 a standard solution is found. The
solution comes in the following form:∫ ∞

−∞
exp(−x2/a)dx =

√
π

a
(4.16)

Then equations 4.14 and 4.15 can be solved for the εgm and ulzm. The dependence
on z comes from the half width b which can be readily solved as:

b(z) =
ṁ0

εgm
√
πλρg(z)

(
ulzm√

λ2+1+urel

) (4.17)

The density that varies over the depth is calculated with the ideal gas law, assuming
an isothermal expansion of the bubble. This is derived in equation 4.18 through 4.20.
Note that the mass is equal at the seafloor compared to the sea surface, by the law
of conservation of mass.

P0V0 = PnVn (4.18)

P0ρg0��m = ρlgzρg(z)��m (4.19)

ρg(z) =
ρg0
P0

(ρlgz + P0) (4.20)

(4.21)
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Equations 4.12 and 4.13 are summarized in vector form.

d

dz
(m(u, z)) = b(u, z) (4.22)

Here, m(u, z) is the vector that contains the fluxes, the source terms are rep-
resented in vector b. The unknowns εgm and ulzm are represented in the vector
u = [ulzm, εgm]T . To derive the derivative of u to z, the chain rule is applied result-
ing in the following.

∂m

∂u

du

dz
= b− ∂m

∂z
(4.23)

By left multiplying with the inverse of ∂m
∂u

the derivative of u with respect to z is
calculated in the following manner.

(
∂m

∂u

)−1
∂m

∂u

du

dz
=

(
∂m

∂u

)−1(
b− ∂m

∂z

)
(4.24)

du

dz
=

(
∂m

∂u

)−1(
b− ∂m

∂z

)
(4.25)

This first-order ordinary differential equation is solved with a Forward Euler itera-
tion.

un+1 = un +
dun
dz

∆z (4.26)

Initial conditions

The derivation of the initial conditions depends on both the half width b and the
initial centerline velocity ulzm. They cannot be calculated explicitly so an itera-
tion approach is used. The initial volume fraction (εgm0) is set to 0.95 which is
recommended by Bohne, Grießmann, and Raimund Rolfes (2019).

b0(z) =
ṁ0

εgm0

√
πλρg0(z)

(
ulzm0√

λ2+1+urel

) (4.27)

ulzm0 =

√
2
√
M0(2λ2 + 1)(1/4)

π(1/4)

√
(
√

4λ2 + 2− 2εgm0λ)γb0(z)ρl

(4.28)

For a stable iteration a ∆z of 0.0001 was advised. Other parameters that are used
are summarized below. These values are based on the work of Bohne, Grießmann,
and Raimund Rolfes (2019).
The initial momentum flux M0, used in equation 4.28, is defined as follows:

M0 =
4∆ynṁ

2
0

πρg0d2
n

(4.29)

The figure below shows the obtained result compared to the work of Bohne,
Grießmann, and Raimund Rolfes (2019). This is done for the same air flows used
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Quantity Variable Value Unit
Spreading coefficient λ 0.2 -
Amplification factor γ 1.0 -
Entrainment coefficient α 0.16 -
Relative velocity urel 0.4 m/s
Airflow ṁ0 0.003 m2/s
Nozzle spacing ∆yn 0.1 m

Table 4.1: Unknown parameters (Bohne, Grießmann, and Raimund Rolfes, 2019)

in this work. It stands out that the trend of the solutions is the same. However,
because the same initial conditions are not found, a slight deviation is observed.
Nevertheless, a stable solution is observed which also shows the sensitivity on the
initial conditions.

Figure 4.5: Comparison of the centerline velocity between simulation and original
work (Bohne, Grießmann, and Raimund Rolfes, 2019) and measurements (Kobus,
1968)

It is important to note that this extension is analyzed to see whether this method
could be applied to SILENCE. However, this depth dependant wavenumber ap-
proach is not used in scenario 3 of the bubble curtain study (sec. 4.4) because the
complexity of solving (4.7) does not add to the scope of this research. Nevertheless,
it could be a viable method to model a bubble curtain based on airflow, nozzle diam-
eter and nozzle spacing because it gives more physical sense to the input parameters
that are used in reality.

4.4 Bubble curtain scenario’s

To analyze the noise reduction level by a BBC, three scenarios are considered (figure
4.6). Scenario 1 is the modeling of a perfect BBC, which blocks en entire water-
borne path. This is done by generating noise at a desired distance (rbc). The output
from the SILENCE Near-field module that runs in the soil is fed in the propaga-
tion module, thus neglecting the waterborne path. By doing this, the maximum
achievable noise reduction can be assessed. Additionally, this provides insight in the
contribution of the soil to the underwater noise.
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1 2 3

smax

smin

Figure 4.6: Schematic representations of Bubble curtain configurations, 1. Full
block, 2. Partial block, 3. Artificial BBC

The next case consists of a full block of the water column, except there is a
1m gap created that lets sound pass through. This is done to mimic the reduced
effectiveness of the BBC near the seabed. With this setup, the noise contribution
of this gap is examined.

The final case is to artificially implement a BBC. This is done by reducing
the output of the SILENCE Near-field module and feeding it in the propagation
module. The damping of a BBC is done by decreasing the pressure values based on
frequency and depth. The z-dependancy is done to account for the varying thickness
of the bubble curtain along the z-axis. Note that physical properties of a BBC such
as volume fraction, varying density and varying wave speeds are neglected. This
method is explained in depth in section 4.2.

For each of the cases mentioned in figure 4.6, a parametric study s conducted to
investigate the influence of the bubble curtain radius (rbc) is on the transmission of
noise. This study is presented in section 5.
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4.5 Bubble curtain validation results

To validate the effective source reduction model, a comparison was made with the
data obtained at the OWF. First, the sound exposure level (SEL), and
peak pressure (Lp,pk) were compared (fig. 4.7). Additionally, the result from the
simulations was compared in frequency domain to see the reduction per frequency
bin (fig. 4.8). This was compared with the work of Elzinga et al. (2019).

Figure 4.7: Comparison between the SEL and Lp,pk of the measurement data and the
simulation with the bubble curtain. Note that the internationally standard symbol
for peak pressure (Lp,pk) is denoted as Lpeak in the figure.

Figure 4.8: Comparison of noise reduction in one-third octave bands

This was iteratively found by adjusting the lower (smin) and upper (smax) width
of the bubble curtain. In this case smin = 0.1m and smax = 0.2m had noise values
which are in good agreement with the measurement data. Note that this approach is
a forward approach. For future applications it is desired model in a predictive way.
Therefor, a sensitivity analysis is shown in appendix C. It is visible that changing the
lower width is more sensitive to the noise reduction compared to the upper width.



Chapter 5

The location of the bubble curtain

In this section the location of the bubble curtain is examined by means of a para-
metric study, the methodology is presented in section 5.1. Followed by the results
and discussion presented in section 5.2 and 5.4 respectively. Finally, some flaws and
improvements of the model are discussed.

5.1 Methodology of the parametric study

The parametric study of the bubble curtain is conducted for the three cases men-
tioned in section 4.4. The placement of the bubble curtain at rbc is done by generat-
ing a near field prognosis with the SILENCE generation module up to rbc, next the
effective source reduction method is applied and finally the SILENCE propagation
model propagates the reduced noise field up to 750m with an input coordinate of
(rbc, z0).

With the time domain solution at 750m, the sound exposure level and peak
pressure level are calculated according to (2.8) and (2.5) respectively. This procedure
is performed for differenc bubble curtain locations (rbc) in a range from 10m up to
150m from the pile wall. The noise reduction can be calculated by comparing the
noise from the mitigated case to the free-field case as shown in (5.1) and (5.2).

∆SEL = SELref − SELc (5.1)

∆Lp,pk = Lp,pk,ref − Lp,pk,c (5.2)

Here, the reference case was the unmitigated simulation. The subscript c denotes
the mitigation case type (fig. 4.4) that was applied.

5.2 Result of the parametric study

In this section, the result of this study is presented. Figure 5.1 shows the SEL and
Lp,pk reduction of the aforementioned bubble curtain cases (section 4.4). The graphs
per case are presented in appendix B.

By taking a look at appendix B, a clear trend is visible for every case. It shows
that the noise reduction increases when the bubble curtain is placed further away
from the pile. However, there is a tipping point where a plateau is reached where the
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Figure 5.1: ∆SEL and ∆Lp,pk for a bubble curtain placed at different ranges from
the piles surface.

bubble curtain radius does not influence the noise reduction anymore. This tipping
point can be an ideal location for a bubble curtain.

When comparing the partial block and BBC case with the full block case as
shown in figure 5.1, it is visible that the trend flattens out for the partial block an
BBC case. In other words. The worse the noise reduction mechanism, the smaller
the difference between the minimum noise reduction and the noise reduction at the
tipping point. This is summarized in table 5.1. The location of the tipping point
differs per case. There is no clear trend visible for this matter. Nevertheless it is
expected that the noise reduction for a bubble curtain near the pile does influence the
noise reduction since other effects come into play such as destructive or constructive
interference and the longest wavelength might not be fully blocked.

Case: Min Reduction at ∆SEL [dB]: Tipping
reduction [dB]: tipping point [dB]: point [m]

1. 18.7 37 18.3 70
2. 16 22.6 6.6 90
3. 6.7 8.1 1.3 50

Table 5.1: Difference between minimum and maximum noise reduction for different
cases

5.3 Relation of the tipping point to the energy

leakage

In this section, the possible causes of the effective bubble curtain location are dis-
cussed. As mentioned before (Figure 4.2), two possible energy leakage phenomena
are expected namely the upward moving Mach cone and leakage due to tunneling.

By looking at the upward moving Mach cone, an approximation can be made
of the distance where the Mach cone ultimately penetrates the water column. Note
that different soil layers, refract and reflect this compressive wave. However, it is
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not expected that refraction has a large influence on the maximum distance. On
the contrary, the reflection between soil layer may have an effect. Especially for the
part of the Mach wave that travels the longest path to the water column (radiated
from the pile tip). One could argue whether this wave front makes it to the water
column thus in reality the effect of the upward Mach cone has more effect close to
the pile.

106.7 m

35
.9

m ϕs = 18.6◦

Figure 5.2: Rough approximation of the maximum horizontal distance over which
the upward moving Mach cone can penetrate the water column.

By taking the energy leakage into account as a whole, like shown in figure 5.3,
it is visible that energy radiation is present and decays over distance from the pile.
The energy radiation is still effective up to 70m, this can be derived from the tipping
point of the full block case. However, it is not clear if either the tunneling effect or
the Mach cone is responsible for this effect. The ultimate mechanism contributing
to the noise leakage back to the water column will also depend on the stratigraphy
of the soil layers below.

Figure 5.3: Total energy that radiates back in the water column for the free field
case

Ultimately, the distance of the tipping point is influenced by the energy leakage in
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the water column. This energy leakage is a combination of an upward traveling Mach
cone and the tunneling effect. The contribution of each phenomenon to the energy
leakage is not observed. It is arguable which contribution of these phenomena is
dominant in certain cases. Figure 3.19 shows that the energy leakage is proportional
to the force amplitude. The contribution of the soil is not examined.

5.4 Trend of the noise reduction potential

Figure 5.1 shows that the bubble curtain radius has less influence on the noise
reduction when more noise is let through the bubble curtain case i.e. from full block
to bubble curtain. This trend, together with the validation of the bubble curtain
model (figure 4.7 and 4.8), indicates that the bubble curtain location has minor
influence on the noise reduction and can therefor be placed closer to the pile. It is
recommended to verify this based on experiments.

5.5 Model flaws

The result which is discussed can be influenced by assumptions in the model. This
model does not include reflection of the bubble curtain nor the scattering of the
noise field. This scattering has influence on the transmission characteristics. In this
model the amplitude is reduced based on the frequency content and depth. This
model could be improved by modifying the particle velocity vectors based on the
bubble curtain characteristics to examine whether the scattering has an effect to the
noise reduction trend.



Chapter 6

Conclusion and recommendations

The growing demand for renewable energy triggered the development of larger off-
shore wind turbines, resulting in larger foundations to place them on, deeper waters
and less favorable soil. Underwater noise that results from pile driving can do se-
rious harm to aquatic life. Currently with all mitigation measures, installation still
reaches the legal limits. Bubble curtains are deployed to reduce noise emissions
from offshore piledriving. This research aims to identify the critical parameters that
can influence the location of the bubble curtain. In this chapter the results of this
research are discussed and concluded, finally a recommendation is given.

6.1 Discussion and concluding remarks

This scope of this research was to identify the critical parameters that determine
the optimal position of a bubble curtain. For this purpose, the SILENCE model
(Tsouvalas, 2015) was used to analyze the physical effects that occur in the water
column and soil as a result of a hammer blow.

First, a literature study was performed with the purpose of gaining an under-
standing on ocean acoustics. This literature study also gave insight in the existing
models that are related to noise generation during pile driving. It is worth men-
tioning that the state of the art models are able to capture the physical effects that
occur in both the water column and soil. This means that the effects of shear waves
and Scholte waves are included. SILENCE, the model used in this research, belongs
to the second generation of models. The SILENCE model uses a semi-analytical ap-
proach which comes with the benefit of computational efficiency. In previous studies
(Tsouvalas, 2015) it was able to predict noise within ±2dB accuracy.

Prior to working with SILENCE, a validation study was performed which brings
us to the first sub-question of this research. What is the accuracy of SILENCE
compared to the measurement data? Here, the accuracy and validity of SILENCE
were examined. This was done by comparing the noise simulation to the measure-
ment data, obtained at a few unmitigated installations at the OWF. The
comparison of the sound exposure level and peak pressure level at 750m gave similar
results. The peak pressure was simulated with 2.2 dB deviation from the mean and
the sound exposure level was simulated with a 1.7 dB from the mean. Time domain
plots showed physical arrival times of the wave-fronts and the simulated frequency
spectrum had a similar trend as the median frequency spectrum from the measure-
ments. These results were in agreement with previous studies (Tsouvalas, 2015).
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Therefore, validity of SILENCE is proven.
After conducting the validation study, the implementation of a bubble curtain

was studied to answer the following question. How can a bubble curtain be imple-
mented in the SILENCE software? The basic idea was to generate a source in the
SILENCE generation module, artificially dampen this source and use this dampened
source in the propagation module to calculate the noise levels at larger distances.
This is also referred to as an effective source reduction. To dampen the source, the
output of the generation module was multiplied with a coefficient matrix with a
unique damping value per frequency and depth. The coefficients were based on the
work of Bohne, Grießmann, and Raimund Rolfes (2019). The transmission coeffi-
cient, as described in (4.5), was slightly modified to account for the varying width
of the bubble curtain over depth. The input for the bubble curtain model was de-
fined as the minimum and maximum width of the bubble curtain. Based on that
input, a configuration was iteratively found. The validity of this method was tested
by comparing it to the bubble screen installations from the OWF dataset.
Here, the frequency spectrum and the SEL and Lp,pk were compared. The frequency
spectrum had the same trend as the measurements. The SEL and Lp,pk deviated
1.1 dB and 0.1 dB from the mean of the measurements respectively. Therefore,
the validity of this method was demonstrated. However, this method includes only
the transmission characteristics of a bubble curtain, whereas reflection is neglected.
Therefore, noise levels before the bubble curtain lack reflected waves. Nevertheless,
this did not influence this study since it focused on the noise reduction of the field
outside the bubble curtain. Scattering of the incoming noise field was also neglected.
This could influence the noise transmission.

The last sub-question to answer is why to place a bubble curtain in a certain
manner. This is analyzed in two ways. First the energy flux and frequency spectra
were analyzed at the seafloor. This showed that energy leakage from soil to water
is present over a radial range between 10 to 150m from the pile wall. The frequency
content is mainly shifted towards low frequencies. Next, a parametric study was
performed for three bubble curtain configurations. The three cases were a ”perfect”
bubble curtain, a ”perfect” bubble curtain with a 1m gap at the bottom and a
realistic approach mentioned in the previous paragraph. For these three cases, a
bubble curtain radius was applied between 10m and 150m with steps of 10m. All
three cases show less noise reduction if the BBC is placed in the vicinity of the pile.
The minimum radii are summarized in table 6.1.

Case: Minimum rbc [m] Reduction potential [dB re 1 µPa]
Full block 70m 18.3
Partial block 90m 6.6
Bubble curtain 40m 1.3

Table 6.1: Minimum radius per case and reduction potential

However, the results also show a trend that when more noise is transmitted
in comparison to a full-block, the noise reduction potential becomes less when the
bubble curtain is placed further away from the pile. The noise leakage plays a key
role in this. However, other effects like the longest wavelength and destructive or
constructive interference also play a role. When a full-block is placed ”too far” away
a plateau in noise reduction is reached. It is the tipping point where the optimal
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position of a bubble curtain could be. However, if the transmission characteristics
of a bubble curtain are modelled based on frequency content the effect of the bubble
curtain radius on the noise reduction potential becomes much less influential. For
example, placing the the full block further away form the pile (up to 70m) can lead
to a noise reduction of 18 dB, for the bubble curtain case this potential is only 1.6
dB. This is because the frequency content of the leakage is mainly shifted towards
low frequencies (∼31.5 Hz). A bubble curtain is not very effective in this frequency
range.

Finally, the main goal of this research was to find the critical parameters that
determine the location of the bubble curtain. It can be concluded from this research
is that the distance of the bubble curtain matters and that the energy leakage from
the soil in the water column contributes to that location. Figure 3.16, 3.17 and 5.1
confirm this. It is not

6.2 Recommendations

In this section, the recommendations of this research are presented. First, sugges-
tions are given in order to get a better understanding of the effects in the soil on
the location of a bubble curtain. Next, the bubble curtain implementation is dis-
cussed and how to improve it. Finally, a recommendation on the SILENCE model
is presented.

This research shows that the bubble curtain position matters for the effectiveness
of the noise reduction. For a full block of the waterborne path, the most effective
location was at 70m. However, the difference in soil type was not examined. To gain
a further understanding of the relation between soil parameters and energy leakage,
it is recommended to do a parametric study with with different soil parameters. To
do this, multiple simulations need to be performed and for that reason a source needs
to be generated at a close distance from the pile which benefits the computational
time. Then the SILENCE propagation module should be used to calculate the
response at larger distances.

It was also visible that the noise reduction potential for a bubble curtain case
was lower than for a full block. This is because the energy leakage is mainly shifted
towards low frequencies at which a bubble curtain is not effective. Therefore, one
could argue whether the location of a bubble curtain matters. It is recommended to
verify this by experiments. Additionally, this low frequency leakage can be mitigated
by near field noise mitigation systems such as AdBm and HSD. The effectiveness
of these systems can be argued because significant leakage happens up to 100 m.
It is possible that the frequencies for which these systems are ”tuned” propagate
underneath the near field system. It is recommended to see whether such systems
can be improved by deploying them at larger distances.

To mimic the transmission characteristics of a bubble curtain, an effective source
reduction model was built. This approach gave valid results in comparison to the
measurement data (Van Oord, 2018). The shape of the bubble curtain was deter-
mined iteratively. This means that the lower and upper width of the bubble curtain
were configured until a match with the measurement data (Van Oord, 2018) was
found. This method was a forward approach. It is desired to have a more pre-
dictive approach in the future. In this work, the transmission characteristics were
derived under the assumption that the wave speed is constant in the bubbly medium.
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SILENCE
Generation

SILENCE
Propagation

BBC
SILENCE

Propagation

Figure 6.1: Recommended approach for use of the effective source reduction

Bohne, Grießmann, and Raimund Rolfes (2019) proposed to calculate the transmis-
sion characteristics based on bubble size distributions. Even though this method
was verified, it was not used in this research. To gain a better understanding of the
relation between the noise reduction and the input parameters of a bubble curtain
(airflow, nozzle spacing and nozzle diameter), this method by Bohne, Grießmann,
and Raimund Rolfes (2019) can be an effective way to improve to the effective source
reduction approach. Additionally, scattering of the waves was also not included. It
is expected that scattering might have an influence on the noise data recorded at
750m. It is also recommended to further examine this.

The effective source reduction showed its validity but using this approach at
larger distances required more computational effort since a deep rigid boundary was
applied in the simulations. The application of a deep rigid boundary condition frus-
trated the efficiency of the model and was not necessary. However, in this research
the bubble curtain model was applied to the output of the SILENCE generation
module. For future research it is recommended to generate a noise field in the SI-
LENCE generation module with a shallow rigid boundary condition. The next step
would be to propagate this field with the propagation module. This output should
then be reduced by the effective source reduction method and finally be propagated
to larger distances (Figure 6.1). The effective source reduction mechanism is pro-
grammed generically in a python toolbox which is presented in appendix D. It can
therefor be adopted for future research.

Lastly, the application of SILENCE is discussed here. If we look to the state of
the art models, SILENCE belongs to the second generation of models that describe
the noise related to offshore piledriving. With second generation is meant that soil
effects are included in the model opposed to first generation models where the soil
was modelled as an equivalent fluid. By taking the soil into account, shear waves and
Scholte waves become visible which contributes to a more complete understanding
of the different contributions to underwater noise. SILENCE uses a semi-analytical
approach. This approach requires less computational effort than full FE. Further-
more, SILENCE was able to predict underwater noise with a ±2 dB accuracy. For
these reasons, SILENCE is suitable for doing many calculations in a short time al-
beit under the right modeling assumptions. Therefore, SILENCE is a useful method
to study the physical aspects of underwater noise in a thorough manner.

However, SILENCE requires specialist knowledge to be used effectively. Working
with SILENCE is not yet ’user friendly’ and takes time to understand how simula-
tions should be performed and why some simulations ’crash’. For that reason, it is
recommended to add an error report or manual to the software. This way, reasons
for errors can be found more easily.
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A Bathymetry

Figure A.2: Censored for confidentiality

(a) Censored for confidentiality

(b) Censored for confidentiality

Figure A.3: Censored for confidentiality
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B Zoom in of parametric study on bubble curtain

location

Figure B.4: Full block

Figure B.5: Partial block

Figure B.6: BBC model
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C Sensitivity analysis for different bubble curtain

configurations

Smin = 0.03m, Smax = 0.1m

Smin = 0.04m, Smax = 0.1m
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Smin = 0.05m, Smax = 0.1m

Smin = 0.06m, Smax = 0.1m

Smin = 0.08m, Smax = 0.1m
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Smin = 0.09m, Smax = 0.1m

Smin = 0.01 m, Smax = 0.02m

Smin = 0.01 m, Smax = 0.03m
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Smin = 0.01 m, Smax = 0.04m

Smin = 0.01 m, Smax = 0.1m
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D Notebooks

Bubblecurtain package

https://github.com/gjwglasbergen/Bubblecurtain
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