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Abstract

The large-scale deployment of offshore wind farms is critical to achieving global renewable energy
targets. However, the installation of monopile foundations through impact pile driving generates
significant underwater noise, posing risks to marine ecosystems. While noise mitigation measures,
such as air-bubble curtains and pulse elongation systems, have been developed to reduce peak
sound levels (Lpeak) and sound exposure levels (SEL), less is understood about their effects on
cumulative noise exposure (cumSEL) - a key metric in regulatory frameworks like that of the
United States.

This study investigates the influence of operational parameters, including the target blow count
and impulse elongation, on cumulative underwater noise levels during offshore pile driving. Using
the SILENCE model, a semi-analytical approach is applied to simulate noise propagation in
realistic offshore conditions. The research evaluates the combined effectiveness of mitigation
strategies such as pulse elongation and air-bubble curtains, as well as the effect of frequency
weighting on sound levels for specific species.

The results show that varying the target blow count has negligible influence on cumulative under-
water noise, while impulse elongation (PULSE) achieves modest broadband reductions and more
substantial reductions when species-specific1 frequency weighting is applied. The combination of
PULSE with a Double Big Bubble Curtain (DBBC) offers the most effective mitigation across
all marine mammal hearing groups.

This study provides insights into the complex interactions between operational parameters and
noise mitigation strategies, supporting the development of effective solutions to comply with
cumulative noise regulations. The findings aim to contribute to more sustainable offshore wind
farm construction while minimizing impacts on marine ecosystems.

1"Species-specific" refers here to the hearing sensitivity curves prescribed for different marine-mammal groups
(low-, mid-, and high-frequency cetaceans and pinnipeds) in current regulatory guidance.



Executive summary

Nations worldwide are accelerating the transition to renewable energy sources to reduce green-
house gas emissions and meet ambitious climate targets. Offshore wind energy plays a crucial
role in this transition, offering large-scale, low-carbon electricity generation. However, the con-
struction of offshore wind farms presents environmental challenges, particularly regarding un-
derwater noise pollution caused by impact pile driving. This method, commonly used to install
steel monopiles as foundations for offshore wind turbines, generates significant acoustic energy
that propagates through water and seabed sediments. The resulting noise can disrupt marine
ecosystems, affecting species that rely on sound for navigation, communication, and survival.
To mitigate these impacts, governments have introduced regulations that limit underwater noise
levels and mandate the use of noise abatement measures during installation.

A key challenge in regulating underwater noise is the shift from measuring individual sound
events to assessing cumulative noise exposure over extended periods. Many countries enforce
limits based on peak sound pressure level (Lpeak) and sound exposure level (SEL), which quantify
the intensity of single noise events. However, in the United States, cumulative Sound Exposure
Level (cumSEL) over a 24-hour period serves as a primary regulatory criterion. This cumulative
approach complicates compliance for offshore wind developers, as it requires precise management
of pile driving schedules and noise mitigation strategies to ensure that cumulative thresholds are
not exceeded.

While noise mitigation technologies such as air-bubble curtains and pulse elongation systems are
widely used, the effectiveness of these measures in reducing cumulative noise levels is not yet
fully understood. One of the primary knowledge gaps is the impact of pile driving operational
parameters, such as hammer strike energy and blow rate, on cumulative underwater noise. Low-
ering hammer energy per blow, for example, may reduce instantaneous noise levels but increase
the total number of blows required, potentially leading to higher cumulative exposure. Similarly,
modifying the blow rate or combining different mitigation strategies could influence cumulative
noise levels in ways that are not yet systematically quantified.

This study investigates the relationship between operational pile driving parameters and cumu-
lative underwater noise exposure. The objective is to assess how variations in hammer strike
energy and blow rate affect cumulative Sound Exposure Level (cumSEL) and to evaluate the
effectiveness of noise mitigation strategies, such as pulse elongation and air-bubble curtains, in
reducing cumulative noise. The research seeks to provide insights that contribute to regulatory
compliance and improve noise management practices for offshore wind turbine installation.

To achieve this, a computational modeling approach is employed, utilizing two key simulation
tools: DYNPAC and SILENCE. DYNPAC is a pile driving simulation model used to calculate
the energy input required to achieve a specified penetration depth, while SILENCE is a semi-
analytical noise prediction model that simulates underwater noise generation and propagation.
The SILENCE model consists of a sound generation module, which captures the interaction
between the pile, water, and soil, and a sound propagation module, which traces the transmission
of noise to greater distances.
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Using these models, multiple pile driving scenarios are analyzed to explore how different op-
erational strategies influence cumulative noise exposure. The first set of simulations examines
the effect of varying the target blow count, with scenarios comparing 20, 25, and 30 blows per
25 cm of pile penetration. The second set of simulations investigates the impact of spreading
hammer energy over a longer duration using PULSE. In the third set, an integrated analysis is
conducted to assess the combined effects of impulse elongation and air-bubble curtains, deter-
mining whether their individual noise reductions can be linearly added or whether interaction
effects influence their combined effectiveness. Finally, the influence of frequency weighting on
the cumulative sound emissions is studied.

The results show that varying the target blow count has a negligible effect on cumulative noise
emissions. Although lower blow counts result in higher hammer energy per strike and elevated
peak levels, the total acoustic energy released over the full installation remains nearly constant.
Consequently, differences in cumulative Sound Exposure Level (cumSEL) between blow count
scenarios are less than 0.1 dB, confirming that blow count optimisation alone is not an effective
noise mitigation strategy when total energy input remains unchanged.

A 50% elongation of the impact duration (PULSE) yields only a modest broadband reduction in
cumulative SEL (-1.18 dB). This limited effect arises because pulse shaping lowers the force per
strike but simultaneously increases both the number and total energy of blows, partly negating
the acoustic benefit and highlighting a drivability-mitigation trade-off. When frequency weighting
is applied, however, the same pulse shaping proves more effective: weighted cumSEL decreases
by more than 11 dB for mid- and high-frequency cetaceans, as spectral energy is shifted away
from their most sensitive hearing bands.

The most effective reduction in cumulative underwater noise is achieved through the combined ap-
plication of PULSE and a Double Big Bubble Curtain (DBBC). These methods operate through
complementary mechanisms: PULSE reshapes the impact force and redistributes energy across
frequencies, while the DBBC attenuates mid- and high-frequency sound via acoustic scattering
and impedance mismatch. Their combined effect results in broadband and frequency-weighted
cumSEL reductions across all marine mammal hearing groups. Yet, the incremental benefit of
PULSE over DBBC alone is limited to approximately 0.6 dB, indicating diminishing returns
when multiple strategies are stacked.

Overall, the study demonstrates that operational parameters influence underwater noise through
distinct mechanisms. The DBBC provides the most robust, broadband attenuation, whereas 50%
PULSE mainly benefits those hearing groups that are most sensitive to mid- and high-frequency
sound. The apparent effectiveness of any mitigation method depends on the noise metric used:
a change that brings only a small improvement in unweighted cumSEL can produce much larger
reductions when species-specific, frequency-weighted metrics are applied.

Because all main simulations were conducted for a specific sand profile, the results and conclu-
sions are most relevant to sandy seabeds with similar acoustic properties. Strongly layered or
non-sandy soils – such as clay, silt, or mixed deposits – can alter both drivability and sound prop-
agation; therefore, the present findings should be viewed as case-specific rather than universal,
and future work should test a wider range of soil conditions.
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1 | Introduction

1.1 Relevancy

The transition from fossil fuels to renewable energy sources is being driven by the urgent need
to address climate change and reduce greenhouse gas emissions. In 2022, renewable energy
accounted for 23% of the total energy consumption within the EU, marking a 1.1% increase
compared to the previous year [1]. However, to achieve the 2030 target of 42.5% renewables,
significant expansion is required. Wind and solar energy are currently the primary contributors
to this growth. The Global Wind Energy Council (GWEC) reported that 2023 was a landmark
year for the wind energy sector, with a record-breaking 117 GW of new capacity installed - a
50% increase from 2022 [2].

The pursuit of stronger wind resources and the aim to minimize visual impact prompted the
construction of the first offshore wind farm, Vindeby, in Danish waters in 1991. The success of
the turbines, which generated more power than their onshore counterparts due to higher wind
speeds at sea, marked the beginning of large-scale offshore wind development [3].
The large-scale deployment of offshore wind farms requires the installation of stable foundations,
often achieved through impact pile driving, a process in which large steel monopiles, sometimes
exceeding 10 meters in diameter, are driven into the seabed using hydraulic hammers. This
method, used in about 75% of offshore wind turbine installations, generates significant underwa-
ter noise, posing risks to marine ecosystems [4]. Many marine species rely on sound for critical
behaviors like communication and navigation, and excessive noise can disrupt these activities,
leading to stress, behavioral changes, and even physical harm [5, 6].

To address these impacts, several countries enforce noise mitigation measures targeting metrics
such as Sound Exposure Level (SEL) and peak sound pressure level (Lpeak) [7]. The SEL quan-
tifies the total acoustic energy of a single sound event, standardized to a one-second duration,
allowing comparison of events with different durations. The Lpeak represents the maximum in-
stantaneous sound pressure level reached during a noise event. Since both SEL and Lpeak are
linked to short, well-defined time intervals, they can be measured in real time, enabling imme-
diate adjustments to construction activities if limits are approached or exceeded. In contrast,
certain countries, including Denmark, Poland, and the United States, place a stronger emphasis
on cumulative Sound Exposure Level (cumSEL) over a set time period, often 24 hours [8]. Un-
like SEL and Lpeak, the cumSEL requires continuous tracking and projection of noise exposure
over time, making real-time adjustments more challenging. Biologically, this metric is relevant
because many hearing-related effects (such as irreversible hearing damage and long-term be-
havioural disruption) scale with the total acoustic energy received rather than with a single peak
or short-duration pulse; studies on harbour porpoises and seals show that cumulative doses above
species-specific thresholds correlate strongly with sustained stress responses and irreversible hear-
ing loss [6, 9]. Consequently, regulators that emphasize cumSEL aim to protect marine fauna
from the additive impact of thousands of hammer blows rather than just the loudest individual
hits.
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For this study, the focus will be on the regulatory framework of the United States, as its emphasis
on cumulative thresholds provides a well-defined and structured case for analysis. By narrowing
the scope to one country’s regulatory system, the study aims to provide a focused exploration of
how these noise limits influence offshore wind installation procedures, with broader insights that
may be applicable to other nations with similar approaches, such as Denmark [10].

1.2 Research Gap

Regulatory context. Offshore piling noise is typically assessed using three metrics:

1. The peak sound pressure level Lpeak for acute injury risk;

2. The single-strike sound exposure level (SEL), the integral of acoustic energy over one blow;
and

3. The cumulative SEL (cumSEL), obtained by summing SEL over all blows within a chosen
time window.

Each metric captures a different biological endpoint, yet none is entirely satisfactory. Lpeak

ignores the total dose; SEL ignores the accumulation of blows; cumSEL cannot be tracked in real
time because it requires post-integration of the full strike series. These shortcomings complicate
operational decision making, especially when regulators set limits on more than one metric or
apply species-specific frequency weighting.

Existing mitigation. External measures such as single or double bubble curtains attenuate
broadband sound, but are known to be less effective for low-frequency noise [11]. Operational
measures, e.g. pulse elongation or deliberate variation of hammer energy and blow rate, offer
additional control but change installation logistics.
Unresolved interactions. Lower per-blow energy decreases SEL but necessitates more blows;
a slower blow rate redistributes strike energy in time but leaves cumSEL uncertain. Although
practitioners acknowledge these trade-offs, quantitative relationships between hammer settings,
all three regulatory metrics, and associated ecological risks remain poorly documented.
Research gap. Robust guidance is lacking on how specific operational adjustments influence
Lpeak, SEL, and cumSEL, and whether those influences persist under alternative soil stratigra-
phies or when combined with external mitigation (e.g. bubble curtains).

These unresolved questions highlight a critical research gap. The interactions between opera-
tional parameters and cumulative noise are not yet fully established, complicating efforts to pre-
dict and manage underwater noise levels during offshore wind turbine installation. This study
aims to address these knowledge gaps by investigating how changes in hammer energy, blow
rate, and mitigation systems affect cumulative noise exposure. By providing insight into these
relationships, the research seeks to support the development of more effective noise mitigation
strategies and facilitate compliance with cumulative noise regulations.

1.3 Objective and Scope

This study investigates the operational parameters influencing cumulative noise levels during
offshore pile driving and explores strategies to minimize these impacts. Specifically, it examines
how variations in strike energy, blow rate, and mitigation systems, such as pulse prolongation
equipment and air-bubble curtains, affect cumulative sound exposure thresholds.

The primary research question is:
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How do operational parameters affect the cumulative Sound Exposure Level (cumSEL) during
offshore pile driving?

To answer this research question, the following subquestions are formulated:

1. Does variation in the target blow count (number of blows per 25 cm of pile penetration)
influence the cumulative Sound Exposure Level?

2. Is impulse elongation effective in reducing the cumulative Sound Exposure Level?

3. What is the effect of impulse elongation in combination with an air-bubble curtain on the
cumulative Sound Exposure Level?

4. What is the effect of frequency weighting on the cumulative Sound Exposure Level?

1.4 Approach and Methodology

Noise can be evaluated using different modeling approaches, including empirical, semi-analytical,
and numerical models, as discussed in Chapter 3. For this study, the SILENCE model, a semi-
analytical computational tool, is utilized for its combination of computational efficiency and high
accuracy. This makes it a viable alternative to more time-consuming methods, such as Finite
Element Methods (FEM) [12].

To answer the subquestions, a scenario-based approach is employed to explore how variations in
operational parameters affect the cumulative Sound Exposure Level (cumSEL) during offshore
pile driving. The analysis focuses on the impact of blow rate, pulse prolongation, and the use of
an air-bubble curtain.

The first subquestion, "Does variation in the target blow count (number of blows per 25 cm of
pile penetration) influence the cumulative Sound Exposure Level?", is addressed by designing
three distinct scenarios. These scenarios represent different blow rates for every 25 cm of pile
penetration: 20 blows (Scenario A), 25 blows (Scenario B - the industry standard), and 30 blows
(Scenario C). For each scenario, the hammer energy is optimized using the DYNPAC program,
a computational model which calculates the required energy input to achieve the target blow
count and penetration depth. The Sound Exposure Level (SEL) for each energy level is then
determined using the SILENCE model. The cumulative SEL (cumSEL) is calculated by summing
the products of SEL and the total number of blows for each scenario.

The second subquestion, "Is impulse elongation effective in reducing the cumulative Sound Ex-
posure Level?", is approached by adjusting the hammer’s energy profile within the SILENCE
model. Pulse prolongation can be achieved using an add-on component installed between the
impact hammer and the monopile. This component modifies the impact pulse by spreading the
energy input over an extended time frame. As a result, the hammer’s peak energy is reduced,
which can potentially lower sound pressure levels. This adjustment allows for a comparison of
cumulative SEL under different pulse prolongation strategies.

The third subquestion, "What is the effect of impulse elongation in combination with an air-
bubble curtain on the cumulative Sound Exposure Level?", is investigated with the SILENCE
model, which allows direct specification of bubble-curtain parameters [13]. Air-bubble curtains
are modeled as a spatial mitigation measure that attenuates underwater sound propagation.
Their effectiveness is quantified by simulating the additional transmission loss for each pulse
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elongation scenario, after which the combined impact on cumulative SEL is evaluated to explore
potential synergies between temporal and spatial mitigation strategies.

Finally, the fourth subquestion, "What is the effect of frequency weighting on the cumulative
Sound Exposure Level?", is addressed by applying species-specific frequency weighting to the
cumSEL values obtained in the previous sub-questions, thereby converting a purely physical
quantity into a biologically meaningful metric. The analysis evaluates whether the spectral
changes introduced by PULSE and the DBBC reduce acoustic exposure in the frequency bands
most relevant to each hearing group, allowing comparison of both overall noise reduction and
species-specific mitigation effectiveness.

This thesis is structured in seven chapters, each building on the previous one to provide a com-
prehensive numerical investigation of the research question. After introducing underwater-noise
generation, regulatory frameworks and mitigation techniques, the text describes the compu-
tational methodology and model configuration, presents the cumulative-noise simulations, and
concludes with key findings and recommendations.

• Chapter 1: Introduces the study and presents the problem statement, research gap,
objectives, and overall methodology.

• Chapter 2: Provides the acoustic background, explaining sound-wave propagation, acous-
tic impedance, and cumulative sound exposure levels. It also summarises underwater noise
regulations, describes how impact piling generates sound, and reviews the relevant noise-
abatement systems (air-bubble curtains and pulse-prolongation devices) together with their
physical mechanisms and limitations.

• Chapter 3: Surveys computational tools for pile-driving noise prediction. First- and
second-generation acoustic models are compared, the semi-analytical SILENCE model is
introduced in detail, and the drivability model DYNPAC is discussed as the source of
depth-dependent hammer energy and blow counts.

• Chapter 4: Describes the model configuration – geometry, material, soil, and environ-
mental inputs to SILENCE – and defines the scenarios used to evaluate the influence of
operational parameters on underwater noise.

• Chapter 5: Presents the simulation results, supported by figures and tables that illustrate
drivability trends, single-strike SEL, and cumulative SEL for all scenarios, in both the time-
and frequency domain.

• Chapter 6: Summarises the principal findings, discusses limitations, and offers recom-
mendations for future research and industry practice.

This structure provides a logical progression from foundational knowledge to scenario-based
analysis, forming a robust framework for addressing the research objectives.



2 | Research Background and Motiva-
tion

Governments have introduced regulations to limit underwater noise and protect marine life,
often based on specific acoustic metrics [7]. This chapter introduces these acoustic principles,
forming the basis for the regulatory discussion in Section 2.2. In Section 2.3, the generation and
propagation of sound are discussed.

2.1 Understanding Acoustic Principles

As a type of vibration, sound moves through media like seawater or sediment in the form of acous-
tic waves [14]. During offshore construction activities, vibrating structures, such as monopiles,
act as primary sources of underwater sound.

2.1.1 Sound Waves

Sound waves are mechanical waves that propagate through a medium such as water [15]. These
waves are characterized by their frequency, amplitude, and wavelength, as shown in Figure 2.1.
When sound waves travel, they create alternating regions of compression and rarefaction, which
transfer energy through the medium without transferring matter [16].
The speed of sound in water is determined by the medium’s properties, including density and
temperature. The general formula for the speed of sound in a medium is given by:

c =

√
B

ρ
(2.1)

where c is the speed of sound (m/s), B is the bulk modulus of the medium (Pa), and ρ is the
density of the medium (kg/m3). For seawater, this speed is typically around 1500 m/s, though
it varies with temperature, salinity, and depth [16].

Figure 2.1: A simple sound wave
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2.1.2 Acoustic Impedance

When sound waves pass between different media, such as water and seabed sediments, they may
be reflected or transmitted depending on the mismatch in acoustic impedance [15]. Acoustic
impedance, Z, quantifies the resistance a medium offers to the passage of sound waves and is
defined by:

Z = ρc (2.2)

where ρ is the density of the medium (kg/m3), and c is the speed of sound in that medium
(m/s). Impedance is measured in Rayls (Pa · s/m3). The degree to which sound is transmitted
or reflected at the interface between two media depends on the impedance mismatch:

R =

(
Z2 − Z1

Z2 + Z1

)
(2.3)

where Z1 and Z2 are the acoustic impedances of the two media (Pa · s/m), and R is the
reflection coefficient.

2.1.3 Sound Intensity and the Decibel Scale

The decibel (dB) is a logarithmic unit widely used in underwater acoustics to express the rel-
ative difference between two values, such as sound intensity or pressure [17]. This logarithmic
representation makes it easier to handle extremely large or small quantities by transforming mul-
tiplicative relationships into additive ones, thus simplifying calculations and visual interpretation.
The decibel scale is defined mathematically as:

Level = 10 log10

(
I

Iref

)
(2.4)

where I is the intensity of the sound (W/m2), and Iref is the intensity of a reference sound.

2.1.4 Sound Pressure Level

Sound pressure, p, is the variation in pressure due to the passage of sound waves through a
medium. It is typically measured in Pascals (Pa). However, due to the wide range of sound
pressures encountered, especially underwater, the decibel (dB) scale is used to express sound
pressure levels (SPL) logarithmically [14]. The SPL is given by:

SPL = 10 log10

(
1

T

∫ T

0

p(t)2

p20
dt

)
[dB re 1 µPa2] (2.5)

where p(t) is the time-variant sound pressure (Pa), p0 is the reference sound pressure (for
underwater sound, p0 = 1µPa), and T is the averaging time (s). The logarithmic scale allows
the representation of the vast range of sound pressures in a manageable format.

2.1.5 Zero-to-peak Sound Pressure Level

The zero-to-peak sound pressure level, Lp,pk, represents the highest instantaneous pressure during
a sound event. It is particularly relevant for impulsive sounds like those generated during impact
pile driving. Peak sound pressure is given by:

Lp,pk = 20 log10

(
|ppeak|
p0

)
[dB re 1 µPa] (2.6)

where ppeak is the peak sound pressure (Pa).
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ppeak does not account for the duration of the sound wave but is crucial for evaluating the
immediate impact of high-intensity, short-duration noise sources. In Figure 2.2 an example of a
zero-to-peak level and a peak-to-peak level is shown.

Figure 2.2: Typical measured time signal of the underwater noise during pile-driving in a
distance of several 100 m [14].

2.1.6 Sound Exposure Level

The Sound Exposure Level (SEL resp. LE,p) measures sound energy by taking both the received
sound pressure and the exposure duration into account.

LE,p = 10 log10

(
1

p20T0

∫ T2

T1

p2(t) dt

)
[dB re 1 µPa2] (2.7)

where T1 and T2 define the time window over which the integration is performed, and T0 is
a reference time of 1 second, used to normalize the SEL measurement.

LE,p can be calculated for either an individual sound event (commonly referred to as single-pulse
or single-strike SEL, denoted as SELSS , in the context of pile driving) or over an extended
period to determine the cumulative sound exposure (cumSEL).

2.1.7 Cumulative Sound Exposure Level (cumSEL)

For sound sources that occur repeatedly, such as multiple pile strikes, the cumulative sound
exposure level (cumSEL resp. LE,cum) is used to assess the total energy experienced over multiple
events. It is calculated as:

LE,cum = 10 log10

(
N∑

i=24h

10SELSS/10 ·Ni

)
[dB re 1 µPa2] (2.8)

This metric is essential for understanding the long-term exposure effects on marine life.

2.1.8 Power and sound exposure spectral density level

Power spectral density (PSD) describes the distribution of a signal’s power across frequencies. It
is calculated by dividing the mean squared pressure for each frequency band by its bandwidth. To
express PSD in decibels, it is converted to Power Spectral Density Levels (PSDL). Similarly, the
Sound Exposure Spectral Density Level (ESDL) quantifies sound exposure per unit bandwidth.
The reference values for these metrics are:
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• PSDL: 1µPa2/Hz

• ESDL: 1µPa2 · s/Hz

Both PSDL and ESDL can be calculated over different frequency ranges (e.g., 1 Hz bands) and
time periods (e.g., hourly, daily, monthly).

2.2 Legal requirements for the protection of the marine environ-
ment against pile-driving

Various countries have developed distinct regulatory frameworks to address underwater noise,
reflecting differences in national approaches to marine protection. European nations, including
the Netherlands, Germany, and Belgium, have established fixed threshold values for sound ex-
posure levels (SEL) and peak sound pressure levels (Lp,pk). In contrast, the United States uses a
species-specific approach, with regulations tailored to the sensitivities of different marine species.

In Europe, countries like the Netherlands regulate underwater noise by setting specific sound
exposure limits at defined distances, such as the 750-meter threshold used to protect species
like harbour porpoises. Germany and Belgium follow similar frameworks, applying consistent
noise limits across various species. Table 2.1 provides a comparative overview of the noise limits
established by several European countries.

Country dB limit Explanation
Netherlands LE : 164 Sound exposure level threshold at 750m.
Germany LE : 160, Lp,pk : 190 Sound exposure level and zero-to-peak pressure

thresholds at 750m.
UK (Ireland) - Often using species-specific weighting functions.
Denmark - Using species-specific weighted sound exposure

levels over 24 hours.
Belgium Lp,pk : 185 A zero-to-peak pressure threshold at 750m.

Table 2.1: Noise limits for offshore wind farm (OWF) construction in countries with extensive OWF activity,
as outlined by national regulations. The regulation is under different bodies: The Netherlands under the Ministry
of Economic Affairs and Climate via the Water Act, Germany through the Federal Maritime and Hydrographic
Agency (BSH), Belgium via the Belgian MSFD, Denmark by the Danish Environmental Protection Agency (EPA),
and the UK following the Marine Strategy Framework Directive (MSFD). Each country aligns its regulations with
the Marine Strategy Framework Directive (MSFD) [18, 19, 20, 21].

In some countries, like the United States, regulations regarding underwater noise are established
using both peak sound pressure level (Lpk) and 24-hour cumulative sound exposure level (cum-
SEL) thresholds, which vary by species depending on their auditory sensitivity [6, 22]. This
species-specific regulatory framework ensures that noise limits are tailored to the hearing abil-
ities of different marine species. However, this approach requires offshore wind developers to
manage compliance with multiple thresholds, depending on the species present in the project
area, which can increase the complexity of planning and operations [23].

Furthermore, advancements in noise abatement technologies, including alternative foundation
designs and construction methods, are being developed to reduce the impact of noise from offshore
wind farm installations. These technologies, such as bubble curtains and vibratory pile driving,
provide opportunities to further minimize the environmental effects of noise on marine ecosystems
and could support greater consistency in meeting regulatory requirements [22, 23].
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2.2.1 Regulatory Framework for Underwater Noise

To safeguard marine ecosystems, regulatory bodies worldwide have established thresholds for
underwater sound exposure. This framework typically involves setting noise limits, developing
mitigation guidelines based on scientific research and stakeholder input, and enforcing these
standards through comprehensive environmental assessments.

Key Aspects of the Regulatory Process

– Regulatory Authorities: Typically, one or more governmental agencies are responsible
for implementing and enforcing underwater noise regulations. These agencies set species- or
ecosystem-specific noise thresholds and review environmental impact assessments (EIAs).
They also issue permits that allow projects to have limited, controlled noise impacts during
construction and operation.

– Rule Development: Noise thresholds and mitigation guidelines are developed based
on scientific research and stakeholder input. The established thresholds focus on the cu-
mulative exposure of sound (cumSEL) to ensure that adverse impacts on marine life are
minimized.

– Enforcement and Oversight: During both the planning and construction phases, projects
are required to implement noise mitigation measures. Authorities monitor compliance with
these measures through rigorous pre- and post-construction surveys that assess species dis-
tribution, abundance, and overall environmental impact.

General Guidelines and Recommendations

Many guidelines require:

a) Detailed pre-construction assessments to map marine species presence and abundance.

b) Continuous monitoring during and after construction to ensure cumulative sound exposure
does not exceed established thresholds.

c) The use of appropriate noise mitigation systems (e.g., bubble curtains, hydro-acoustic
dampers) to reduce excessive noise emissions.

2.2.2 Marine Animal Sensitivity to Noise

The effects of underwater noise on marine animals vary significantly, as different species have
differing sensitivities to sound based on factors such as intensity, frequency, and duration. These
variations are often linked to the animal’s specific hearing range and biological characteristics [6,
24].

For instance, low-frequency noise can interfere with communication and navigation in certain
marine mammals, such as baleen whales, which rely heavily on low-frequency vocalizations.
Conversely, high-intensity sounds, like those produced by impact piling, can cause direct phys-
ical harm, including hearing damage and behavioral disturbances in species sensitive to these
frequencies, such as dolphins and porpoises [25, 26]. Understanding the diverse sensitivities
of marine animals to different noise frequencies and levels is essential for developing effective
mitigation measures and regulations [8].
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Hearing groups and Frequency Sensitivity

Recent research, using both direct behavioral and electrophysiological data, as well as predictions
based on factors like inner ear structure, behavior, and vocalizations, shows that different marine
mammal species have varying hearing capabilities. These differences exist in both absolute
hearing sensitivity and the range of frequencies they can hear [25, 24, 6, 26]. As a result, marine
mammal species are categorized into hearing groups to account for their differing sensitivities and
vulnerabilities to noise-related hearing loss. These groups and their respective hearing ranges
are shown in Table 2.2.

Hearing Group Generalized Hearing Range
UNDERWATER
Low-frequency (LF) cetaceans 7 Hz to 35 kHz
(baleen whales)
Mid-frequency (MF) cetaceans 150 Hz to 160 kHz
(dolphins, toothed whales, beaked whales,
bottlenose whales)
High-frequency (HF) cetaceans 275 Hz to 160 kHz
(true porpoises, Kogia, river dolphins,
cephalorhynchid, Lagenorhynchus cruciger &
L. australis)
Phocid pinnipeds (PW) 50 Hz to 86 kHz
(true seals)
Otariid pinnipeds (OW) 60 Hz to 39 kHz
(sea lions and fur seals)

Table 2.2: Marine mammal hearing groups [27].

Weighting factors

The ability to detect sounds varies within an animal’s hearing range. Auditory weighting func-
tions are used to represent how well an animal can detect sounds at different frequencies, though
they do not necessarily indicate how the animal perceives or responds to those sounds behav-
iorally. To account for heightened sensitivity at certain frequencies, sounds are often weighted
accordingly [8]. The weighting factor is calculated by Equation 2.9.

W (f) = C + 10 log10

(
(f/f1)

2a

[1 + (f/f1)2a] [1 + (f/f2)2b]

)
dB (2.9)

Species group a b f1 (Hz) f2 (Hz) C (dB)
LF cetaceans (baleen whales) 1 2 200 19,000 0.13
MF cetaceans (larger odontocetes and most dolphins) 1.6 2 8,800 110,000 1.3
HF cetaceans (high-frequency specialists, incl. porpoises) 1.8 2 12,000 140,000 1.36
Phocid seals (true seals) 2 2 940 45,000 0.64
Otariid seals (sea lions and fur seals) 1 2 1,900 30,000 0.75

Table 2.3: Auditory time and frequency weighting parameters for different hearing groups of
marine mammals [27]

Acoustic Thresholds

Some regulatory frameworks around the world establish acoustic thresholds in terms of both
Cumulative Sound Exposure Level (cumSEL) and peak sound pressure level (Lpeak) measured



CHAPTER 2. RESEARCH BACKGROUND AND MOTIVATION 11

over specified time periods. For example, in the United States, these thresholds are defined
based on the 24-hour cumSEL and Lpeak values [28]. For regulatory purposes, noise exposure is
typically categorized into two types of harassment based on its impact on marine mammals:

• Level A harassment: Refers to physical injuries, including Permanent Threshold
Shift (PTS), which is a lasting reduction in hearing sensitivity due to intense or prolonged
noise exposure. Other forms of auditory or physical injury may also fall under this category.

• Level B harassment: Involves behavioral disturbances caused by noise, such as disrup-
tions in migration, communication, or feeding patterns. This category can also include
Temporary Threshold Shift (TTS), a transient reduction in hearing sensitivity that
typically recovers after the noise exposure ends.

To manage these impacts, regulatory agencies like the National Marine Fisheries Service (NMFS)
have established onset thresholds for PTS and TTS, which vary depending on the hearing group
of the species in question. Table 2.4 below outlines the onset thresholds for TTS and PTS in
various marine mammal hearing groups exposed to impulsive noise.

Marine mammal hearing group TTS
LE,p,24h
(weighted)

TTS
Lp,0−pk,flat
(un-
weighted)

PTS
LE,p,24h
(weighted)

PTS
Lp,0−pk,flat
(un-
weighted)

Low-Frequency (LF) Cetaceans 168 213 183 219
Mid-Frequency (MF) Cetaceans 170 224 185 230
High-Frequency (HF) Cetaceans 140 196 155 202
Phocid Pinnipeds (PW) (Underwater) 170 212 185 218
Otariid Pinnipeds (OW) (Underwater) 188 226 203 232

Table 2.4: TTS- and PTS-onset thresholds for marine mammals exposed to impulsive noise:
SEL thresholds in dB re 1 µPa2s under water; and peak SPL thresholds in dB re 1 µPa under
water [27]

.

2.2.3 Limitations in the regulations

The cumulative sound exposure metric employed by NMFS has notable limitations and introduces
complexities.

1. Recovery Assumptions Between Exposures: NMFS assumes no recovery between inter-
mittent, repeated exposures for cumulative SEL calculations. However, studies on both
terrestrial and marine mammals suggest that intermittent exposure may reduce the risk
of hearing damage, indicating that the assumption of no recovery may not fully capture
real-world conditions [29].

2. Challenges in Quantifying Recovery: The potential for recovery from hearing loss (with
PTS leading to incomplete recovery and TTS to full recovery) complicates predictions of
cumulative effects. Currently, recovery in wild marine mammals is difficult to quantify
accurately, and models of recovery (e.g., based on bottlenose dolphins) may not be gener-
alizable to other species.

3. Lack of Modeling Guidance: NMFS does not provide specific guidelines for exposure mod-
eling, leaving it to the action proponent to determine the best approach. This can be
challenging for proponents with limited modeling capabilities or resources.
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4. Ongoing Development: NMFS plans to convene a working group to explore more realistic
accumulation periods, particularly for stationary sources, indicating that current guidance
may still evolve [29].

Therefore, it is essential to investigate the optimal operational approach for installing offshore
wind turbines in a way that minimizes cumulative sound exposure for marine life.

2.3 Underwater noise generation from impact pile-driving

Monopiles can be installed into the seabed through two primary methods: using hydraulic impact
hammers and large vibratory devices. In impact piling, a hammer applies repeated short bursts
of force to the top of the pile, driving it into the seabed. Alternatively, vibratory installation
involves applying a continuous, quasi-periodic force at the pile head, which gradually pushes the
pile into the ground [30]. Both techniques produce noise in the water, while also generating
elastic waves that spread through the seabed. The way these waves behave depends on factors
such as the installation method, the size of the pile, and local site characteristics [31]. These
factors play a critical role in assessing noise pollution and understanding the complexities of
sound propagation over long distances [32].
Studying noise generated by pile driving requires examining a system made up of three inter-
connected domains - seawater, seabed, and the pile - whose interactions determine the sound
generation mechanism, see Figure 2.3.

Figure 2.3: Interrelations of strain wave, hydrosound and ground vibration [33]

Given that impact piling is the predominant technique used for monopile installation [4], this
report will focus specifically on this method. Impact piling is particularly suitable for the in-
stallation of larger monopiles, as vibratory hammers are often limited in their ability to achieve
the required penetration depths and soil resistances for these larger structures. The high energy
output and efficiency of impact hammers make them the preferred choice for ensuring monopiles
are securely embedded in the seabed, especially in challenging soil conditions.
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2.3.1 Interaction between piles, soil and water

This section explores the fundamental interactions between the pile, water, and soil during impact
piling. It examines the propagation of compressional waves, the formation of Mach cones, and
the generation of Scholte waves at the seabed-water interface, which act as an additional noise
source. Additionally, the behavior of shear waves within the seabed is discussed.

Pile dynamics

An impact on an offshore monopile induces a force F and a particle velocity v at the top of the
foundation (Pile 1 in Figure 2.4) [33]. This results in a compression wave propagating along the
pile in the axial direction (pile 2 to 4 in Figure 2.4) with a speed cp, which is a function of the
modulus of elasticity E and the mass density ρ of the pile:

cp =

√
E

ρ
(2.10)

Based on Poisson’s contraction, the compression wave causes an associated radial expansion of
the pile, increasing the radius. The compressional wave travels downwards to the pile’s bottom
and pushes it into the ground (pile 5 in Figure 2.4). Assuming the material properties specified
in 2.10, as well as the pile’s cross-sectional shape and area (A), remain constant, the wave
will continue its movement towards the pile toe. Conversely, if the dynamic stiffness changes
- characterized by the mechanical impedance of the pile (Zpile) - a portion of the wave will be
reflected, traveling back towards the pile head. The pile impedance is obtained by the following
equation:

Zpile = A · ρ · cp (2.11)

Depending on the resistance encountered, a tension or compression wave is reflected at the pile
toe. For the initial blows, low resistance can be assumed, resulting in tension waves traveling
to the top of the pile (pile 6 to 8 in Figure 2.4), causing a reduction in the radius. The extent
to which wave components are reflected or transmitted depends on the change in impedance. A
larger difference in pile impedance leads to increased reflection of the wave and a decrease in the
amount of strain wave energy that is transmitted [34].

Figure 2.4: Simplified wave propagation in a monopile [33].



CHAPTER 2. RESEARCH BACKGROUND AND MOTIVATION 14

Energy transfer

Energy transfer from the pile to the surrounding water during impact piling occurs through two
main mechanisms: a primary noise source and a secondary noise source. The primary
source consists of Mach cones, which form due to the vibrations of the pile throughout the entire
water column. These Mach cones travel at a speed of 1500 m/s, equivalent to the speed of sound
in water, and encompass energy across the frequency spectrum. The secondary source involves
Scholte waves, which occur only at the interface between the seabed and the water. Scholte
waves are characterized by their low frequency and propagate at speeds lower than the shear
wave velocity in the soil [31].

Primary noise source
The radial expansion during the compression phase of the impact generates an underwater pres-
sure field (Figure 2.5 a). Due to the wave speed in water cw, this field propagates downwards,
forming a conical wave. The study by Reinhall and Dahl [34] revealed that the pressure field
around the pile is characterized by Mach cones, which consist of coherent wave fronts that form
alternating zones of compression and rarefaction in the seawater. These Mach cones are gener-
ated by supersonic compressional stress waves, which propagate from the pile head to the pile
toe immediately following the hammer impact. Upon reflection of these stress waves from the
pile toe, reverse Mach cones were also formed. The angles of the cones can be calculated based
on the phase speeds of compressional waves in the pile, water, and seabed, denoted by cp, cw,
and cs, respectively.

The angle φ of the Mach cone is defined as:

sinφw =
cw
cp

(2.12)

The upward traveling tension wave and decreasing radius produce a pressure wave in the water,
similar to the compression phase, but with an uprising cone shape (Figure 2.5 b). The angle of
the refracted compression wave can be calculated similarly to that of the preceding cone:

sinφs =
cs
cp

(2.13)

Figure 2.5: Mach cone generation due to compression and tension in a monopile [33].

As the compressional waves initiated at the pile head propagate downward, they reach the pile
toe. Upon arrival, a portion of the wave energy is reflected due to the impedance mismatch
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between the steel pile and the underlying soil. This reflection results in upward-travelling tension
waves, which propagate back along the pile shaft. Similar to the initial downward wave, these
returning tension waves induce radial motion in the pile wall, generating a second set of upward-
propagating Mach cones. These cones appear in both the soil and the water layers and can be
described using the same angular relationships as the downward-propagating cones.

In addition to these compression waves, the interaction between the pile and the surrounding
soil produces shear waves [35]. Shear waves are categorized into two types: vertical shear waves
and horizontal shear waves. According to Tsouvalas [31], the emitted shear waves predominantly
exhibit vertical polarization, attributed to the significant difference in velocity between shear
waves in the soil and structural waves in the monopile.

Secondary noise source
The secondary noise source arises from the waves at the interface between the seabed and the
water. These interface waves are classified as either Scholte waves, which propagate along the
boundary between a solid and a fluid, or Stoneley waves, which travel along a solid-solid inter-
face [36]. Unlike body waves, which radiate spherically, interface waves propagate cylindrically,
causing them to decay more slowly over distance [36]. Scholte waves traveling along the soil-
water boundary play a significant role in causing pressure fluctuations in the water column near
the seabed, although this effect diminishes with increasing distance from the seabed [31]. The
different wave types are schematically shown in Figure 2.6.

Figure 2.6: Different wave types: (a) compression wave, (b) shear wave, and (c) interface wave.

Technical and structural influencing factors

This section discusses key technical and structural parameters influencing underwater noise dur-
ing monopile (MP) installation.

• Pile diameter
This thesis focuses on monopile (MP) foundations. According to Bellmann et al. [14], the
pile diameter plays a critical role in determining noise levels during MP installation. Figure
2.7 illustrates the relationship between pile diameter and the resulting Sound Exposure
Level (SEL) and peak sound pressure level (Lp,pk), showing a clear increase in noise levels
with larger pile diameters. As the pile diameter grows, both the hammer size and the
energy per blow must also increase to overcome the greater soil resistance associated with
larger MPs [37].
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Figure 2.7: SEL and Lp,pk against the pile diameter [14].

For MPs with diameters exceeding 6 meters, the peak frequency in the noise spectrum
shifts from approximately 160 Hz to 100 Hz [14]. This shift cannot be directly linked to
the pile diameter or hammer size alone. Instead, it is likely that blow energy, pile diameter,
and hammer size are interrelated and collectively influence the observed changes [14].

• Impact hammer, blow-energy, and pile-driving process
The key parameters defining an (impulse) impact hammer include (i) the drop mass, (ii) the
required acceleration-which determines the applied power-and (iii) the design of the anvil,
which facilitates the transfer of force from the hammer to the pile head. The hydraulic
control system, often managed through power packs, is critical for lifting and accelerating
the drop mass. The resulting force is the product of the drop mass and acceleration. The
anvil plays a pivotal role in transmitting the blow energy into the pile head and must be
tailored to the specific requirements of the project, including the pile diameter and the
design of the pile head [14].

2.3.2 Site-specific influencing factors

This section discusses key site-specific parameters influencing underwater noise during monopile
(MP) installation.

• Soil resistance
Soil resistance plays a significant role in pile-driving noise levels due to its influence on
the required blow energy during monopile installation. Higher soil resistance necessitates
greater blow energy to penetrate the seabed, which in turn correlates with increased noise
levels generated during piling. While site-specific factors, such as soil composition and
stratification, vary widely, the general relationship between blow energy and noise levels
underscores the impact of soil resistance on underwater noise emissions during foundation
installation [14].

• Soil coupling
Soil coupling affects pile-driving noise by transferring part of the hammer’s energy into the
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soil, which is then reflected back into the water column. Its contribution to far-field noise
levels is relatively small compared to direct pile noise. However, it influences near-pile
noise mitigation systems by introducing noise pathways through the soil [14]. The extent
of its impact depends on soil type and stratification, making it an important factor in noise
abatement planning.

• Water depth
Water depth influences pile-driving noise in shallow waters through two mechanisms: the
reduction of noise emission into the water and the effect on sound propagation. Below
a specific cut-off frequency, continuous noise input and propagation are constrained, with
shallower water resulting in higher cut-off frequencies. For sandy soils, this cut-off frequency
in water depths of around 25 m is typically below 50 Hz [14]. Frequencies near or below
the cut-off frequency are less efficiently coupled into the water and experience stronger
attenuation with distance.

In offshore wind farms located in water depths of 20-40 m, the cut-off frequency is generally
lower than the dominant frequencies in the unmitigated pile-driving noise spectrum (63-250
Hz) [14]. Measurements indicate that water depth within this range does not significantly
impact overall noise levels for impulsive pile driving. However, in very shallow waters (e.g.,
4.5 m), noise emission is constrained at lower frequencies, with sound coupling into the
water occurring only above approximately 160 Hz for sandy soils [14].

• Bathymetry
Bathymetry can significantly influence sound propagation over long distances. However,
for shorter ranges, typically up to a few kilometers, the sea is often approximated as a flat
surface for sound prediction [38]. Schecklman et al. [39] note that average water depth is
the primary factor affecting long-range sound propagation, while variations in bathymetry
generally result in localized effects.

2.4 Underwater noise mitigation for impact pile driving

To ensure compliance with legal noise limits during the installation of offshore monopile foun-
dations, innovative technologies are continually being developed to minimize noise emissions.
Several noise abatement systems are currently available on the market, including the hydro-
sound damper (HSD), noise mitigation screen (IHC-NMS), AdBm system, cofferdam, big bubble
curtain (BBC), and pulse prolongation by adaptation of hydraulic hammers.

The focus of this research is to minimize the cumulative noise by the optimization of the blow
rate, the spreading of the hammer energy over time, and the use of a Bubble Curtain. This
section delves into the fundamentals, advantages and limitations of the air-bubble curtain and
pulse prolongation by adaptation of hydraulic hammers, done by systems such as IQIP’s PULSE
and Menck’s MNRU.

2.4.1 Air-Bubble Curtains

Bubble curtains are a commonly used technique to mitigate underwater noise generated during
offshore pile driving. They can be implemented as a single big bubble curtain (BBC), a double
big bubble curtain (DBBC), a triple big bubble curtain (TBBC) or in combination with a close-
range system (CRS) positioned directly around the pile [40]. In Figure 2.8a and 2.8b, an aerial
view of the application of a double Big Double Curtain and the schematic concept are shown
shown.
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(a) Aerial view of an applicated double Big
Bubble Curtain configuration [41].

(b) Schematic depiction of the non-uniform
pressure distribution in the hose [42].

Figure 2.8: (a) Aerial view of a double Big Bubble Curtain and (b) schematic depiction of
pressure distribution in the hose.

Noise Reduction Mechanism

The primary mechanism of air-bubble curtains involves generating a rising wall of air bubbles
that serves as a barrier to attenuate underwater noise. These bubbles are produced by injecting
air into the water through perforated holes or nozzles in air supply hoses positioned on the
seabed, see Figure 2.9a. The hoses are arranged to encircle the entire monopile at a specific
radial distance. The curtain disrupts sound wave propagation through several key mechanisms,
which are detailed in this section.

To start, the bubble layer’s unique acoustic properties differ significantly from those of the
surrounding water. This discrepancy leads to an impedance mismatch, causing sound waves to
be partially reflected and scattered at the interface [43]. As a result, less noise travels further into
the water column. The reflection effect is particularly useful across a wide range of frequencies,
making the method versatile for various noise profiles.

The bubbles themselves play a dual role in noise attenuation. First, they scatter incoming
sound waves in multiple directions, dispersing the energy and thereby lowering the overall sound
intensity. Second, when the frequency of the noise approaches the resonance frequency of the
bubbles, they absorb energy more effectively. The resonating bubbles convert the sound energy
into thermal energy, which then dissipates, leading to additional noise reduction, especially at
higher frequencies [13].

The efficiency of the curtain is also shaped by the characteristics of the bubbles, such as their
size and spatial distribution. By adjusting these parameters, the system can be tuned to target
specific noise frequencies, maximizing its effectiveness. Larger bubbles are more effective at lower
frequencies, while smaller bubbles are better suited for high-frequency noise [43].

Additionally, air-bubble curtains help mitigate noise originating from the seabed, including waves
like Mach cones generated during pile driving. These ground waves, when re-entering the wa-
ter, contribute significantly to the overall noise levels [34]. The bubble barrier interrupts this
transmission pathway, reducing the impact of soil-generated waves. Optimizing the curtain’s
configuration can further enhance its performance in intercepting these secondary noise sources.
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(a) Close-up view of a bubble curtain in
operation. The bubble streams are exiting
the hose through the nozzles [44].

(b) Schematic overview of underwater noise emis-
sions due to offshore pile driving in combination with
a bubble curtain [45].

Figure 2.9: (a) Close-up view of the bubble curtain’s operation and (b) schematic overview of
noise emissions mitigated by the bubble curtain.

Advantages & Limitations

Air-bubble curtains offer several key advantages, making them a widely used choice for under-
water noise mitigation during offshore pile driving.

Advantages:

• Ease of Deployment and Operational Efficiency: The deployment of air-bubble cur-
tains involves placing perforated hoses on the seabed, which are connected to compressors
on a support vessel [43]. These hoses can be pre-laid before piling begins and retrieved
afterward, minimizing disruption to the project timeline. Once installed, the system can
operate continuously, providing sustained noise mitigation throughout the pile-driving pro-
cess [43].

• Significant Noise Attenuation: Air-bubble curtains are proven to be a powerful method
for reducing underwater noise levels, effectively targeting both Sound Exposure Level (SEL)
and peak pressure levels (Lpeak). Studies, such as those by Koschinski et al. [46], highlight
that employing a single bubble curtain (BBC) can achieve a reduction in SEL by up to 15 dB
at a 750-meter range from the source. Utilizing a double bubble curtain (DBBC) can further
enhance this effect, reaching noise reductions of up to 18 dB. Nevertheless, the effectiveness
of these noise reductions can vary significantly, depending on site-specific factors like seabed
composition, soil characteristics, water depth and environmental conditions [13, 42, 32].

• Adaptability to Site Conditions: One of the main advantages of air-bubble curtains is
their flexibility in adapting to different operational environments. The system’s design can
be tailored to meet site-specific requirements, such as depth and seabed characteristics.
However, for water depths greater than 50 m, the effectiveness of the system becomes
uncertain. Adjustments can be made to the size of the curtain, the air injection rate, and
the nozzle configuration, allowing the system to be optimized for maximum noise reduction
in a variety of scenarios [42].
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Limitations:

• Susceptibility to Ocean Currents: One challenge is the influence of ocean currents.
Strong currents can disperse the rising bubbles, reducing the effectiveness of the noise
barrier. This issue becomes more significant at greater depths, where stronger currents are
often encountered, leading to a decrease in noise attenuation performance [46].

• Uneven pressure: To ensure even pressure distribution along the hose, the diameter of
the nozzle openings should ideally increase as the distance from the feed points grows [46].
However, this approach is not practically feasible due to the complexity of manufacturing
variable nozzle sizes, increased maintenance demands, and reduced operational flexibility.

• Increased Air Demand at Greater Depths: The compressibility of air requires a
higher volume of air injection at greater depths. As the depth increases, additional com-
pressors may be needed to maintain the required air volume, complicating the logistics and
increasing operational costs [42].

• Variability in Noise Reduction Efficiency: The efficiency of noise reduction can vary
significantly based on site conditions, such as the type of seabed and environmental fac-
tors. This variability makes it challenging to predict the exact level of noise attenuation,
particularly in complex underwater environments with heterogeneous conditions.

2.4.2 Pulse prolongation by adaptation of hydraulic hammers

By adapting hydraulic hammers, the impact energy can be distributed over a longer time period,
resulting in a potential reduction of the peak sound pressure level (Lpeak). However, this approach
may also influence the cumulative Sound Exposure Level (cumSEL), as the energy is released
over an extended duration. Existing methods to achieve this are IQIP’s PULSE and MENCK’s
MNRU, which operate on a similar principle: reducing the driving force while prolonging the
time over which it acts on the pile. This section provides an in-depth explanation of the operating
principles and functionalities of these systems.

PULSE system

PULSE is an innovative technique for mitigating underwater noise during offshore pile driving.
It serves as an add-on component, installed between the impact hammer and the monopile.

Noise reduction mechanism

The PULSE system consists of an upper piston and a lower piston, separated by a fluid medium
[47]. This fluid medium plays a critical role in the PULSE system by enabling adjustments to
the impact characteristics, which are essential for its effective noise reduction performance. A
schematic overview of the mechanism of PULSE is shown in Figure 2.10. Figure 2.10b shows the
pistons without the fluid medium and Figure 2.10c shows the pistons with the fluid medium.
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(a) Application of the PULSE sys-
tem between the impact hammer and
the monopile.

(b) PULSE without fluid
medium between the pis-
tons.

(c) PULSE with fluid
medium between the pis-
tons.

Figure 2.10: Schematic configurations of the PULSE system [48].

The PULSE system operates by modifying the transmission of impact energy during pile driving,
leveraging a fluid medium. Its functionality can be explained through four key mechanisms:

When the hammer strikes the upper piston of the PULSE system, the force is transferred through
the fluid medium to the lower piston, which is in contact with the monopile. The presence of the
fluid medium extends the duration of the impulse, effectively distributing the applied force over
a longer period. This principle, based on impulse and momentum, reduces the peak force trans-
mitted to the monopile while maintaining the same overall impulse. The nearly incompressible
nature of the fluid enables gradual energy transfer, providing a cushioning effect that mitigates
the sudden intensity of the hammer’s impact. The rate at which energy is transmitted can be
regulated by adjusting the fluid properties, allowing for precise control over energy distribution
[14].

The fluid medium also serves as a damping mechanism. By varying the fluid volume, the damping
characteristics of the system can be modified. A larger fluid volume increases the damping effect,
resulting in enhanced noise reduction, whereas a smaller volume reduces the damping capability.
This adjustability allows the system to be tailored to specific operational requirements and
environmental conditions, optimizing its performance for a range of scenarios.

In addition to transmitting energy, the fluid absorbs part of the impact energy and dissipates it as
heat. This process reduces the amount of energy transferred to the monopile, thereby lowering
the overall noise generated. However, this energy dissipation introduces losses, necessitating
additional input energy to achieve the same driving efficiency as operations without the PULSE
system.

By elongating the impulse duration and minimizing the peak force, the PULSE system reduces
the radiated noise generated during pile driving [14].

Advantages

The manufacturer of PULSE, IQIP [47], claims several advantages of the system.

• Energy efficiency and adaptability: The design of the PULSE system allows for in-
tegration with other underwater noise mitigation measures. This adaptability makes the
PULSE system versatile for varying project requirements and environmental conditions.
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• Secure and flexible installation: The PULSE system is equipped with a liquid-filled
chamber between the top and bottom pistons, which can be adjusted to match specific
project needs. By draining the liquid, the system can function as a conventional Hydro-
hammer, while a fully filled chamber represents the maximum noise-reduction mode.

• Reduced noise levels in water and air: During installation, the SEL is reduced by
6-10 dB and the Lpeak by 5-12 dB [48].

• Reduced installation fatigue: Fatigue is reduced by up to 60%.

The claims regarding PULSE are based on information provided by its manufacturer, IQIP.
However, the limited availability of independent scientific research on PULSE makes it difficult
to substantiate these claims.

MNRU system

MNRU is a technique for mitigating underwater noise during offshore pile driving, developed by
MENCK. It is an add-on component that is integrated between the hydraulic hammer and the
monopile.

Noise reduction mechanism

The MNRU system operates on a similar principle to the PULSE system, aiming to reduce peak
impact forces and extend the duration of impact energy transmission. The system achieves this
by incorporating a number of metal blocks between the ram weight [46]. This configuration alters
the energy transfer process, allowing the force to be distributed over a longer period, thereby
reducing the peak sound pressure level (Lpeak).

The MNRU system works by absorbing part of the kinetic energy from the hammer strike. When
the hydraulic hammer delivers a blow to the upper part of the MNRU, the damping element
deforms. This deformation increases the duration of the impact, effectively reducing the peak
force transmitted to the monopile. Unlike fluid-based systems, the elastomer provides consistent
damping properties that are less affected by temperature changes and fluid dynamics.

The compression and recovery of the elastomer act as a mechanical "buffer", dissipating energy in
the form of internal strain. This dissipation reduces the sudden intensity of the hammer’s impact
while ensuring that sufficient force is applied to drive the monopile into the seabed. However,
the deformability of the elastomer may vary depending on the applied force, requiring careful
consideration during the system’s design and operation [14].

The primary difference between MNRU and fluid-based systems like PULSE is the nature of the
damping element. Instead of using a fluid medium to achieve damping, MNRU relies on a metal
blocks.

Advantages

Several advantages of the MNRU are highlighted in Koschinski et al. [46].

• Secure and flexible installation: The MNRU can be simply added to existing standard
hydraulic hammers without requiring major modifications [46].

• Reduced noise levels in water and air: During installation, the SEL is reduced by 9
dB and the Lpeak by 11 dB for a 6.5 m monopile and a 3500 kJ hammer [46].

• Reduced installation fatigue: Damping the contact force between the anvil and pile
reduces material fatigue of the pile [46].
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Limitations for pulse prolongation (PULSE and MNRU)

• No mitigation of ground-borne (low-frequency) noise: Impulse elongation primarily
reduces waterborne pressure peaks but does not address sound transmission via the soil
(e.g., Mach or Rayleigh waves) [49].

• Limited effectiveness for large diameter monopiles: Since impulse elongation pri-
marily attenuates high-frequency noise components, meaning its effectiveness diminishes
with increasing pile and hammer size. For example, with an S-4000 hammer, the result-
ing SEL reduction is limited to approximately 4-6 dB, often insufficient to comply with
stringent regulatory thresholds.

• Higher energy consumption per blow: The per-blow energy increases by 4%, poten-
tially raising operational fuel costs and wear on equipment[50].

• Increased mechanical load and logistical burden: The PULSE module adds substan-
tial weight and length to the hammer assembly (up to 108 t and 3.2 m), requiring heavier
cranes and increasing offshore handling complexity [50, 51].

• Lack of long-term independent validation: Most performance claims originate from
prototype tests or manufacturer reports. Peer-reviewed, long-term field studies are scarce
[49, 50].

• Reduced energy transfer efficiency: Numerical models show that the efficiency drops
from 97% to 84%, meaning less impact energy is transmitted to the pile. This can increase
the total number of blows or require larger hammers [50].

• Slowed down installation: PULSE and the MNRU significantly elongate the duration
of each impact, which, without system compensation, extends overall piling time [50].



3 | State of the art in noise prognosis

This chapter provides a comprehensive literature review of various models developed to predict
underwater noise generated by pile driving. The models are categorized into first-generation
(3.1.1), second-generation (3.1.2), and state-of-the-art models (3.1.3), following the classification
by Tsouvalas [32]. The functioning of these models, along with their advantages and limita-
tions, will be discussed, as well as the mathematical foundations underlying these models. The
information is derived from the research conducted by Tsouvalas [32].

The accuracy of the models is subject to the complexity of the environment in which the noise
propagates. While noise propagation in deep ocean settings is relatively well understood, shallow
water environments pose significant challenges. This is primarily due to the complex interac-
tions of sound waves with the seabed and water surface, involving phenomena such as reflections,
refractions, and scattering. The seabed characteristics, in particular, introduce substantial un-
certainty due to their heterogeneous and variable nature. This chapter discusses the evolution of
acoustic models for underwater noise prediction, focusing on the first-generation models, recent
advancements in second-generation models, and the current state of the art.

3.1 Existing computational models

3.1.1 First-Generation Models

First-generation models primarily employed numerical discretisation techniques to solve the un-
derlying partial differential equations governing underwater acoustics. These models laid the
groundwork for more detailed simulations but faced several limitations, particularly in capturing
the interactions between the pile, water, and seabed.

One of the earliest detailed numerical models for predicting underwater noise from impact pile
driving was developed by Reinhall and Dahl [34], as illustrated in Figure 3.1a. The model
employed the Finite Element Method (FEM) to simulate sound generation mechanisms, while the
parabolic equation (PE) method was used to describe sound propagation over longer distances.
In both approaches, water and soil were represented as linear acoustic fluids, and the pile was
modeled using structural elements.

To efficiently manage the computational domain in the FEM model, Perfectly Matched Layers
(PMLs) were implemented, ensuring accurate truncation. The PE method simplified the wave
equation under the assumption of predominantly forward wave propagation, optimizing it for
long-distance modeling. A key outcome of the model by Reinhall and Dahl was the identification
of Mach cones in the pressure field near the monopile, as shown in Figure 3.1b [34]. These cones
result from supersonic compressional stress waves propagating from the monopile head to the
toe and back following the hammer impact.
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(a) Axisymmetric FE model of pile and
water [34].

(b) Acoustic pressure surface plots showing acoustic
radiation from the pile at 3, 6, 10, and 16 ms after
impact. The wavefront propagation direction associ-
ated with Mach cones is indicated by the arrows [34].

An alternative approach was proposed by MacGillivray [52], who adopted a finite difference
scheme for near-field acoustics, avoiding the inclusion of bending energy stored in the shell surface
of the pile. For far-field sound propagation, various methods were used, including normal mode
representations, wavenumber integration algorithms, energy flux-based methods and parabolic
equation models.

Additionally, some models coupled the structural domain (modeled with FEM) with the exterior
domain (soil), utilizing the Boundary Element Method [53, 54, 55]. These approaches focused
on capturing the soil vibrations near the pile, providing insights into the local acoustic effects.

As an alternative modelling method, semi-analytical models provide a simplified yet efficient
approach to noise prediction. One notable example is the analytical model by Hall [56], which
considered a thin cylindrical shell immersed in a fluid. Another significant contribution was made
by Tsouvalas and Metrikine [57], who employed shell theory to model the pile. In their model,
the pile was represented using shell theory, the water as a linearized acoustic fluid, the seabed
by using distributed springs and dashpots attached to the pile surface and the shell and water
responses were expressed as modes, with a mode-matching technique used to solve the problem.

The primary advantage of semi-analytical models lies in their computational efficiency, making
them suitable for a large number of simulations. However, they lack the detailed accuracy
provided by numerical methods like FEM, especially in complex environments.

3.1.2 Second-Generation Models

The main limitation of the first-generation models, described in Section 3.1.1, is that the seabed
is represented either as an acoustic medium or as spring-dashpot elements. This approach fails
to capture all essential physics of the problem for two main reasons: (i) A significant portion of
the energy during pile driving is released into the seabed while the pile is partially embedded
in the soil [58], necessitating a detailed description of the seabed for accurate predictions. (ii)
Addressing the coupled soil-fluid-pile interaction is crucial for accurately identifying the acoustic
source amplitude.

To overcome the limitations of first-generation models, second-generation models incorporate
an elastic description of the seabed. Notable contributions were made by Tsouvalas et al. [59],
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Figure 3.2: Semi-analytical model proposed by Tsouvalas and Metrikine [57].

whose work emphasized the importance of accounting for elastic waves within the seabed. Figure
3.3 illustrates the geometry of their model. Their findings demonstrated that during offshore
pile installations, the seabed predominantly exhibits vertically polarized shear waves, induced
by pulses traveling through the pile at supersonic speeds. Additionally, compressional waves,
analogous to those in seawater, were identified within the seabed. Furthermore, Scholte waves,
originating at the seabed-water interface, were observed to propagate at significantly lower speeds
than compressional waves.

These findings, visualized in Figure 3.4, have been validated by subsequent studies and experi-
ments, confirming the model’s predictions [60, 35, 61, 62, 63].

Figure 3.3: Geometry of the second generation model by Tsouvalas and Metrikine [59].

3.1.3 State-of-the-Art Acoustic Models

Acoustic models can be categorized based on the level of detail in representing the sound source
and the domain of energy release. These models range from empirical approaches to highly
detailed numerical simulations.
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Figure 3.4: Evolution of the particle velocity norm in the seawater and the seabed for several
moments in time after the hammer impact using the model by Tsouvalas and Metrikine [59].

Empirical models are based on the source-receiver distance and the characteristics of the acoustic
environment. For greater distances, they rely on general transmission loss formulas. These
models do not require detailed descriptions of the pile geometry or excitation characteristics.
Instead, empirical or semi-empirical formulas are derived from energy attenuation laws and data
collected from underwater noise measurements in various environments.

Semi-analytical approaches provide a more detailed representation. In these models, a close-
range module is employed to simulate the wave field near the pile, while a far-range model is
used for propagation over longer distances. The models are coupled through a boundary integral
at the interface. Shell theories are applied to characterize the dynamics of the monopile. This
model serves as the foundation for the SILENCE software, upon which this research is based. In
Section 3.2, this model is discussed in detail.

Additionally, numerical models utilize finite element packages or finite difference schemes to
simulate the acoustic field surrounding the pile. For longer distances, a sound propagation
model is applied, as described in Section 3.1.1.

3.2 SILENCE model

This section delves into a state-of-the-art semi-analytical model developed by Tsouvalas et al.
[31, 12], offering computational efficiency in predicting sound fields resulting from impact piling,
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for both sound generation and sound propagation. This chapter describes the model and the
governing equations of the fully coupled vibroacoustic system.

3.2.1 Description of the model

The total system consists of the monopile, hydraulic hammer, surrounding fluid and soil media,
as shown in Figure 3.5. A cylindrical coordinate system (r, ϕ, z) is utilized for the fluid and soil
domains, where z represents the downward vertical direction, and r indicates the radial distance
from the pile. Since the model is assumed to be axisymmetric, the displacement along the ϕ-
direction is considered to be zero [12]. Based on the assumption that the fluid and soil inside
the pile have negligible influence on pile vibration and radiated energy [57], these regions are
excluded from the model.

Figure 3.5: Schematic of the complete system (left) and the coupled model (right). r0 represents the
radial distance of the coupled cylindrical surface, z0 denotes the sea surface level, and z1 corresponds to
the seabed level. zj indicates the bottom level of the (j−1)th soil layer, L is the bottom level of the pile,
and H represents the level of the rigid boundary within the sound generation module [12].

The complete model consists of two modules: a sound generation module and a sound propaga-
tion module. The sound generation module models the pile as a linear elastic thin shell, while
the surrounding medium is represented as a horizontally stratified acousto-elastic waveguide [31,
59]. A rigid cylinder beneath the pile tip (H −L) prevents radiation of elastic waves into deeper
soil layers, simplifying computations without significantly affecting noise predictions in shallow
layers near the seafloor.

The hydraulic hammer and anvil are not explicitly modeled but replaced by an external force
applied at the pile top (z = 0). This force is derived from measurement data or numerical models
[35, 64]. The dynamic response of the pile is described using a linear high-order shell theory [65],
chosen for its accuracy across various pile sizes and excitation frequencies without additional
computational cost.

The pile occupies the domain 0 ≤ z ≤ L, with material and geometrical parameters: modulus
of elasticity (E), Poisson’s ratio (ν), radius of the shell mid-surface (R), density (ρ), and shell
thickness (t). The fluid is modeled as a three-dimensional inviscid compressible medium with
wave speed (cf ) and density (ρf ), occupying the domain z0 ≤ z ≤ z1 with R ≤ r ≤ r0 for the
sound generation module and r ≥ r0 for the sound propagation module.
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The soil is represented as a three-dimensional elastic continuum in the domain z ≥ z1. Soil
properties are defined by Lamé coefficients (λj , µj) and density (ρj) for each layer, where j =
1, 2, . . . , N . Damping in the soil is introduced via complex Lamé coefficients λ̃j and µ̃j .

3.2.2 Governing equations

The physical quantities in the frequency domain, such as shell displacement, soil stresses, or
fluid pressure, are defined as g(t) and G̃(ω). To analyze these quantities, the following Fourier
transform pair is used:

g(t) =
1

2π

∫ +∞

−∞
G̃(ω)e−iωt dω and G̃(ω) =

∫ +∞

−∞
g(t)eiωt dt. (3.1)

By performing the forward Fourier transform, the governing equations are derived in the fre-
quency domain.

The dynamic response of the coupled system, comprising the shell structure and the acousto-
elastic media, is governed by the following partial differential equations in the time domain:

Lu+ Iü = −
(
H(z − z1)−H(z − L)

)
ts +

(
H(z − z0)−H(z − z1)

)
pf + fe, (3.2)

∇2pf (r, z, t)−
1

c2f
p̈f (r, z, t) = 0, (3.3)

(λj + 2µj)∇(∇ · uj)− µj∇× (∇× uj) = ρjüj . (3.4)

The variables are explained as follows:

• u = [uz(z, t), ur(z, t)]
T: The displacement vector of the mid-surface of the shell for 0 ≤

z < L.

• L and I: The stiffness and modified inertia matrices of the shell, respectively.

• ts: The boundary stress vector accounting for the soil’s reaction surrounding the shell in
the range z1 ≤ z ≤ L.

• pf : The fluid pressure exerted at the outer surface of the shell between z0 ≤ z ≤ z1.

• H(z − zi): The Heaviside step functions used to define the spatial limits of the applied
forces or boundaries.

• fe = [fz(z, t), fr(z, t)]
T: The externally applied force vector acting on the shell’s surface.

• pf (r, z, t): The pressure field of the fluid described in Equation 3.3.

• uj = [wj(r, z, t), uj(r, z, t)]
T: The vertical (wj) and radial (uj) displacements of the j-th

soil layer, as defined in Equation 3.4.

For the fluid-soil domain, the Helmholtz decomposition can be applied:

uf = ∇ϕf , uj = ∇ϕj +∇×
(
0,−∂ψj

∂r , 0
)
. (3.5)

Eventually, Eq. 3.5 can be substituted in Eq. 3.3 and Eq. 3.4, which yields the following
equations.

∇2ϕf (r, z, t) =
1

c2f

∂2ϕf
∂t2

, (3.6)
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∇2ϕj(r, z, t) =
1

c2pj

∂2ϕj
∂t2

, (3.7)

∇2ψj(r, z, t) =
1

c2sj

∂2ψj
∂t2

. (3.8)

The variables are explained as follows:

• cpj : speed of compressional waves in soil layer j.

• csj : speed of shear waves in soil layer j.

Boundary and interface conditions

With full contact at the soil-soil interface, both stress equilibrium and displacement continuity
are enforced [12]. The resulting boundary and interface conditions are expressed as:

pf (r, z0, t) = 0, r ≥ R, (3.9)

σzz1(r, z1, t) + pf (r, z1, t) = 0, uzf (r, z1, t) = ws1(r, z1, t), σzr1(r, z1, t) = 0, r ≥ R, (3.10)

wj(r, zj , t) = wj−1(r, zj , t), uj(r, zj , t) = uj−1(r, zj , t), 2 ≤ j ≤ N, r ≥ R, (3.11)

σzzj (r, zj , t) = σzzj−1(r, zj , t), σzrj (r, zj , t) = σzrj−1(r, zj , t), 2 ≤ j ≤ N, r ≥ R. (3.12)

Assuming no pile slip, a perfect contact condition is enforced at the pile-soil interface [12]. The
kinematic conditions at the interface between the shell and the surrounding medium (r=R) are
defined as:

ur(z, t) = uf (R, z, t), z0 ≤ z ≤ z1, ur(z, t) = uj(R, z, t) and uz(z, t) = wj(R, z, t), z1 ≤ z ≤ L, 1 ≤ j ≤ N.
(3.13)

3.2.3 Sound Generation Module

The sound generation module uses a 3D cylindrically symmetric vibroacoustic model [59] to
capture dynamic interactions between the pile and surrounding media. By applying modal
decomposition and a mode-matching technique, the coupled pile-water-soil system’s response is
determined in the frequency domain. Key response functions (pressure, velocity, displacement,
stress) are provided as input for the sound propagation model [12]. Expressions for the fluid
pressure are given as follows [59]:

p̃f (r, z, ω) =

∞∑
p=1

CpH
(2)
0 (kpr)p̃f,p(z), (3.14)

In this equation: p̃f (r, z, ω) represents the complex pressure field in the fluid, expressed in
Pascals (Pa). The coefficients Cp are dimensionless and determined by solving the forced response
of the coupled system. The term H

(2)
0 (kpr) is the Hankel function of the second kind, describing

the radial behavior of the wave. The eigenfunction p̃f,p(z) accounts for the vertical pressure
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distribution, also expressed in Pascals (Pa). Finally, kp is the wavenumber for mode p, with
units of m−1, defining the spatial variation of the wave.

The linearity of the system and the independent solving of the shell and acousto-elastic waveguide
eigenvalue problems make the sound generation module computationally efficient. Unlike finite
element or finite-difference models, it requires only partial re-evaluation of simulations when
input parameters such as forcing functions, soil conditions, or penetration depths are varied,
enabling quicker analysis of multiple scenarios.

3.2.4 Sound Propagation Module

The sound propagation module receives its input from the sound generation module through a
boundary integral formulation [12]. Green’s tensors are derived for a fluid overlying a multilayered
soil half-space, considering sources located both in the fluid and in the soil. These tensors are
computed by placing a ring source in cylindrical coordinates at the boundary of the sound
generation module. In the fluid, a pressure-type ring source is positioned at [rs, zs], while in the
soil, either a radial or vertical ring source is placed at [rs, zs], generating pressure waves with a
unit pressure amplitude at the source location. Figure 3.6 provides a schematic representation
of these ring sources.

Figure 3.6: Ring source at r = rs in the configuration of acousto-elastic layered half-space [12].

Fluid source

To derive the Green’s functions for an acoustic source, a pressure-type ring source is placed
at [rs, zs] in the fluid domain, generating pressure waves with a unit amplitude at the source
location. The displacement potential satisfies:

[
∇2 + k2f

]
ϕff (r, z; rs, zs, ω) =

1

−ρ0ω2

δ(r − rs, z − zs)

2πr
, rs ≥ R, z0 ≤ zs ≤ z1. (3.15)

Applying the forward Hankel transform reduces the wave equations to depth-separated forms,
as detailed in Bakr [66]. The resulting equations for fluid and soil displacement potentials in the
Hankel domain are:
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[
d2

dz2
+ k2z,f

]
ϕgf (kr, z; rs, zs, ω) =

1

−ρω2
δ(z − zs)

J0(krrs)

2π
, (3.16)

[
d2

dz2
+ k2z,p,j

]
ϕgj,f (kr, z; rs, zs, ω) = 0, (3.17)

[
d2

dz2
+ k2z,s,j

]
ψgj,f (kr, z; rs, zs, ω) = 0. (3.18)

in which kz,n =
√
k2n − k2r is the vertical wavenumber in the domain n (n = f, pj , or sj). The

boundary conditions are provided in Section 3.2.2.

The solutions for the displacement potentials consist of a particular solution added to the general
solution of the homogeneous equation.

ϕgf (kr, z; rs, zs, ω) =

(
1

−ρω2

e−ikz,f |z−zs|

4πikz,f
+Ag1e

ikz,f z +Ag2e
−ikz,f z

)
J0(krrs), (3.19)

ϕgj,f (kr, z; rs, zs, ω) =
(
Ag4j−1e

ikz,p,jz +Ag4je
−ikz,p,jz

)
J0(krrs), (3.20)

ψgj,f (kr, z; rs, zs, ω) =
(
Ag4j+1e

ikz,s,jz +Ag4j+2e
−ikz,s,jz

)
J0(krrs), (3.21)

in which the coefficients Aig (i = 1, 2, . . . , 4N +2) are undetermined complex amplitudes [12].

By applying the inverse Hankel transform and utilizing the properties of Bessel functions [67],
the Green’s tensor for the acousto-elastic medium in the frequency domain is derived as:

Φ̃gΞ,f (r, z; rs, zs, ω) = −1

2

∫ +∞

−∞

(
Φ̂gΞ,f (kr, z; rs, zs, ω)

)
H

(2)
0 (krr)kr dkr, (3.22)

where
Φ̂gΞ,f =

[
ϕ̂gf,f ϕ̂gj,f ψ̂gj,f

]T
represents the solutions of the displacement potential functions in the Hankel domain, and Φ̃gΞ,f
denotes the corresponding potential functions in the frequency domain.

The pressure, displacements, and stresses in the acousto-elastic medium are expressed through
Green’s functions of displacement potentials, which are omitted here for brevity [68]. By substi-
tuting these expressions into the boundary and interface conditions outlined in Section 3.2.2, the
final set of linear algebraic equations with the unknowns Aig is derived. This derivation, omitted
here for brevity, is discussed in detail by Peng et al. [12]. Once the amplitude coefficients are
determined for each kr, the Green’s tensor for a pressure-type ring source in the fluid domain is
obtained.

Soil source

For a radial or vertical ring load applied in the soil, as illustrated in Fig. 3.6, the corresponding
jump condition for stresses is imposed at the source level z = zs. Since all soil layers are assumed
to be free of body-force sources, the solutions for the potential functions are expressed as:

ϕ̂gf,s,n(kr, z; rs, zs, ω) =
(
Ag1e

ikz,f z +Ag2e
−ikz,f z

)
J0(krrs), (3.23)
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ϕ̂gj,f,s,n(kr, z; rs, zs, ω) =
(
Ag4j−1e

ikz,p,jz +Ag4je
−ikz,p,jz

)
J0(krrs), (3.24)

ψ̂gj,f,s,n(kr, z; rs, zs, ω) =
(
Ag4j+1e

ikz,s,jz +Ag4j+2e
−ikz,s,jz

)
J0(krrs), (3.25)

For the radial load case, the following set of interface conditions hold at z = zs in the Hankel
domain:

σ̂g+zr,sn(kr, zs, ω)− σ̂g−zr,sn(kr, zs, ω) =
J0(krrs)

2π
, (3.26)

σ̂g+zz,sn(kr, zs, ω) = σ̂g−zz,sn(kr, zs, ω), (3.27)

ûg+α,sn(kr, zs, ω) = ûg−α,sn(kr, zs, ω), α = r, z. (3.28)

Similarly, for the vertical load case, one obtains:

σ̂g+zz,sn(kr, zs, ω)− σ̂g−zz,sn(kr, zs, ω) =
J0(krrs)

2π
, (3.29)

σ̂g+zr,sn(kr, zs, ω) = σ̂g−zr,sn(kr, zs, ω), (3.30)

ûg+α,sn(kr, zs, ω) = ûg−α,sn(kr, zs, ω), α = r, z. (3.31)

By combining Eqs. (3.26)–(3.31) with Eqs. (3.9)–(3.12), after transforming the latter into the
Hankel domain, a linear algebraic system is constructed with unknownsAig for i = 1, 2, . . . , 4N+6.
Once the displacement potentials are resolved in the Hankel domain, the Green’s tensors for
displacement and stress in the frequency domain can be derived.

Coupling of the Modules

The evaluation of Green’s tensors relies on two primary methods. The first approach involves
direct integration of the wavenumber kr along its real axis. The second method applies the con-
tour integration technique, offering an alternative route to compute the tensors. Comprehensive
explanations of these techniques are available in the work by Peng et al. [12].
Once the Green’s tensors are evaluated, the direct boundary element method is utilized to estab-
lish the coupling between the sound generation and propagation modules. In-depth information
regarding this coupling process can be found in Peng et al. [12].

3.2.5 Implementation of Air-Bubble Curtains

The integration of air-bubble curtain modeling into the semi-analytical SILENCE model involves
a series of interconnected steps. The approach, inspired by the multi-physics framework devel-
oped by Peng et al. [42], consists of four key modules, each addressing a specific aspect of the
noise mitigation process:

• Compressible Flow Model: This module simulates the flow of compressed air from the
injection vessel to the perforated hose located on the seabed. The output from this module
serves as the basis for subsequent modeling steps.

• Hydrodynamic Model: Using the results of the compressible flow model, this module
captures the generation and evolution of air bubbles with respect to depth and range,
providing critical inputs for acoustic analysis.
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• Acoustic Model: This model predicts the sound transmission loss caused by the air-
bubble curtain. The transmission loss quantifies the reduction in sound energy as it prop-
agates through the bubble layer.

• Vibroacoustic Model: The vibroacoustic model uses the transmission loss calculated
by the acoustic model to predict the resulting underwater noise levels. Coupling between
these models is achieved through a boundary integral formulation, ensuring a seamless
interaction between modules.

By linking these modules, the SILENCE model provides a comprehensive framework for evalu-
ating the effectiveness of air-bubble curtains in mitigating underwater noise. Figure 3.7 offers a
visual overview of the coupled modeling process, including the sound generation, reduction, and
propagation stages.

Figure 3.7: Left: Schematic representation of the complete system with an air-bubble curtain.
Right: the coupled model incorporating the transfer function for transmission losses caused by
the air-bubble curtain [42].

3.3 Computational methods for drivability

To determine whether a monopile can reach the target penetration depth, a drivability analysis
is performed. The analysis also evaluates the driving stresses that develop during installation.
The in-house wave-equation program DYNPAC, developed by Heerema Engineering Solutions,
is used for this purpose. It requires soil, pile and hammer data as input and returns a range
of blow-count predictions (lower, expected and upper scatter). Results are usually displayed
as blow-count curves and hammer-energy curves versus depth. If the blow count for a given
pile-soil-hammer combination exceeds a specified threshold (defined in the internal HMC refusal
criteria, expressed as blows / 0.25 m), the pile is considered to have reached refusal.

A brief comparison with alternative drivability tools and a concise summary of DYNPAC’s
modelling assumptions are given below, followed by the theoretical background.

3.3.1 State-of-the-art overview

Current drivability tools can be grouped into three tiers.

(i) 1-D wave-equation programs (e.g. GRLWEAP, AllWave-PDP, TNOWAVE) are the most
widely used in practice because they run quickly and need only simplified soil input.[69, 70].
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(ii) Finite-element (FE) models capture full 2- or 3-D pile-soil interaction, rate effects and
pore-pressure build-up [71], but are computationally demanding and therefore used mainly in
research or for special back-analyses.

(iii) Hybrid approaches couple, for instance, an FE pile to simplified soil springs or boundary
elements, aiming to bridge the accuracy gap of 1-D tools without the full cost of FE [72].

3.3.2 Position of DYNPAC

DYNPAC belongs to tier (i): a 1-D wave-equation code developed for offshore projects. Its main
assumptions are:

• the pile is modelled as an elastic rod; only axial stress waves are considered [69];

• soil resistance is represented by non-linear springs in parallel with dashpots (velocity-dependent
damping) [73];

• ultimate shaft and toe resistances are user-supplied, typically from CPT/API correlations.

Distinctive features include an optional non-linear Coyle-Gibson damping law [74] and a signal-
matching mode for PDA data [75]. Limitations mirror those of other 1-D tools: no bending or
lateral effects, simplified rate dependence, and reduced accuracy for very large monopiles where
wave dispersion and soil plugging become significant [71]. In practice, DYNPAC gives blow-
count and stress predictions comparable to GRLWEAP [70] but lacks the extensive hammer
database and modern GUI of commercial packages.

Theory behind DYNPAC

DYNPAC is based on the wave-equation method for simulating dynamic interactions during
pile driving [69]. The program models the propagation of stress waves generated by a hammer
impact through the pile and its interaction with the surrounding soil.

The key concepts include:

• Wave propagation: Stress waves travel along the pile, reflecting at the tip and head.
These are modelled with the one-dimensional wave equation

∂2u

∂t2
= c2

∂2u

∂x2
,

where u is displacement, t time, x position and c wave speed.

• Pile-soil interaction: Soil response is idealised as a spring-dashpot system,

F = k u+ c
du

dt
,

with stiffness k and damping c.

• Hammer energy transfer: The program computes energy transfer from hammer to pile
and evaluates the resulting stress distribution and blow count required for penetration.

• Numerical method: DYNPAC solves the wave equation via an explicit finite-difference
scheme, discretising the pile into segments to simulate wave propagation and soil interaction
[69].

This approach provides insight into drivability, blow counts, energy transfer and stress distribu-
tion during offshore monopile installation.
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This chapter outlines the configuration and approach used to assess the impact of different oper-
ational hammer settings on cumulative underwater noise emissions during monopile installation.
The analysis is based on scenario simulations combining the DYNPAC pile-driving model with
the SILENCE acoustic model. First, Section 4.1 describes how SILENCE is configured and
validated using a representative German North Sea monopile geometry and CPT-derived soil
profiles. Then, Section 4.2 defines scenarios of single-blow simulations, with varying target blow
count and impulse duration at key penetration depths, that form the basis for all subsequent
noise assessments.

4.1 Configuration and validation of the acoustic model

This section presents the configuration and validation of the SILENCE acoustic model. The
model input is based on a monopile geometry representative of offshore practice in the German
North Sea. Soil conditions are derived from cone penetration test (CPT) data from the German
Bight, providing a realistic acoustic environment for simulation.

Subsection 4.1.1 introduces the main input parameters required for the simulation, including the
geometry and material properties of the monopile, the stratification of the water and soil layers,
the frequency- and time-domain discretisation, and the definition of the force input.

Subsection 4.1.2 outlines modeling assumptions and limitations. The chapter concludes with
a validation study in Section 4.1.3, where model outputs are compared to field measurements.
This includes the comparison of key acoustic metrics, evaluation of arrival time, and general
interpretation of the results.

4.1.1 Model Setup and Input Parameters

This subsection outlines the key input parameters required for the modeling process. These in-
clude monopile geometry, material properties, water and soil characteristics, and the parameters
for frequency- and time-domain analyses.

Geometry and material properties of the monopile

Monopiles typically have a tapered shape, with larger diameters at the base and smaller diameters
near the top. The embedded section of the pile generally has a greater diameter than the exposed
part. For modeling purposes, an average diameter over the submerged section is used to ensure
consistency in calculations.

In addition to diameter variations, the wall thickness of the monopile also changes along its
length. Data from a recent project in the German North Sea is used, where the monopile
diameter ranges from 7.3 m to 9.2 m, and the wall thickness varies between 80 mm and 100 mm.
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Since the submerged section, including both the water-exposed and soil-embedded parts, plays a
crucial role in sound propagation [31], this part is the primary focus in the modeling approach.

In addition to geometric properties, modeling the monopile in SILENCE requires material pa-
rameters such as density, Young’s modulus, and Poisson’s ratio. The monopile is made of S355
steel, and the corresponding material properties are as follows:

• Density (ρ): 7850 kg/m3.

• Young’s Modulus (E): 210 GPa.

• Poisson’s Ratio (ν): 0.28.

The material properties are based on the values specified in Eurocode 3 for the design of steel
structures [76].

The parameters for the monopile geometry are outlined in Table 4.1.

Description Parameter Value Unit
Steel kind - S355 -
Young’s modulus E 210 GPa
Poisson’s ratio ν 0.28 -
Density ρ 7850 kg/m3

Thickness d 0.089 m
Pile diameter D 8.8 m
Pile length L 69.5 m

Table 4.1: Parameters for the monopile geometry.

Water and soil stratification

The representation of water and soil properties is critical for accurate modeling of acoustic wave
propagation. The following assumptions are made:

• Seawater as a homogeneous fluid: For the frequency range analyzed in this study
(up to 1000 Hz), dominant sound channels are not expected [77]. Consequently, layering
within the water column does not need to be considered, and seawater is modeled as
a homogeneous fluid with uniform temperature and salinity throughout the water depth
[77]. Additionally, given the relatively shallow water depth, the influence of increasing
hydrostatic pressure on the speed of sound propagation is minimal. As a result, the speed
of sound is assumed to remain constant throughout the water column.

• Density of seawater (ρw): 1028 kg/m3, based on the assumption of well-mixed saltwater
conditions at the study location.

• Speed of sound in seawater (cw): 1510 m/s.

• Soil stratification: Soil layers are modeled as stratified, with acoustic properties based
on location-specific data.

The soil profile in the model is based on a CPT test, which revealed multiple sand layers of
varying compactness. To simplify the input, the data was first depth-averaged into a single
representative layer. However, a pronounced increase in cone resistance was observed at a depth
of 11 m, justifying a two-layer interpretation. As a result, the soil is modeled as two distinct sand
layers with different properties: Layer 1 extends from the seabed to 11 m depth, and Layer 2,
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representing a more compacted sand, spans from 11 m to 50 m below the seabed. The CPT-based
properties of both layers are summarized in Table 4.2.

The target penetration depth in the model is 27.5 m LAT (Lowest Astronomical Tide), indicating
that the pile tip is positioned 27.5 metres beneath the lowest expected tidal water level. Above
the sand layers, a water column is present, providing the interface between the monopile and the
surrounding environment. The distinct acoustic properties of Layer 1 and Layer 2 are incorpo-
rated into the model to ensure an accurate representation of soil-induced sound propagation.

A schematic representation of the soil and water setup for the model, including the required
water depths z0, z1, z2, and z3, is shown in Figure 4.1. The corresponding water depths for the
fully penetrated pile are shown in Table 4.3.

Layer qc [MPa] fs [MPa] qt [MPa] u [MPa]

Layer 1 (<11 m) 12.96 0.08580 13.08 0.06993
Layer 2 (>11 m) 65.27 0.4355 65.45 0.3182

Table 4.2: CPT-derived soil layer properties.

Figure 4.1: Schematic representation of the soil and water setup in the model, showing the
water layer and soil layer 1 and 2.

Description Parameter Value Unit
Target penetration depth Lp 27.5 m
Sea surface from top pile z0 2.5 m
Water depth from top pile z1 42.0 m
Soil layer 1 depth from top pile z2 53.0 m
Soil layer 2 depth from top pile z3 92.0 m

Table 4.3: Required water depths for the fully penetrated pile in the model.
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All soil parameters are listed in Table 4.4 and have been derived from the Cone Penetration Test
(CPT) data of a sand profile corresponding to a recent project in Germany. The parameters vs,
vp, and the Poisson’s ratio (ν) were directly obtained from the CPT measurements, while the
density (ρ) was derived from the same dataset. Using these known values, the Young’s modulus
(E) was calculated with the following equations for compressional and shear wave velocity:

vp =

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
(4.1)

vs =

√
E

2ρ(1 + ν)
(4.2)

According to Aziman et al. [78], typical compressional wave velocities for sands and clays range
between 300 and 1900 m/s, while shear wave velocities typically lie between 100 and 500m/s.
The obtained values for vp and vs in this model fall within these ranges, indicating consistency
with sandy soil conditions. Specifically, for Soil Layer 1, vp = 1750m/s and vs = 288m/s, while
for Soil Layer 2, vp = 1886.36m/s and vs = 304.45m/s.

The compressional wave velocity vp is highly sensitive to variations in the Poisson’s ratio, meaning
that even small changes in its value can have a significant impact on vp. Therefore, the Poisson’s
ratio is carefully evaluated to ensure it remains within a realistic range in the aforementioned
equations. According to Aziman et al. [78], the Poisson’s ratio should approach 0.5 but must not
be exactly 0.5, as this would result in division by zero in Equation 4.6. The values for soil layers 1
and 2, 0.486 and 0.487, are considered realistic based on the calculated shear and compressional
wave velocities reported by Aziman et al. [78].

In addition to the aforementioned soil parameters, soil-damping properties must be considered.
These properties are incorporated into the model using complex Lamé constants, as defined in
Equations 4.3 and 4.4, where λ and µ represent the real parts. i represents the imaginary unit,
while αp and αs denote the damping coefficients for compressional and shear waves, respectively.
The imaginary components account for energy dissipation in the model.

λ∗ = λ(1 + iαp) (4.3)

µ∗ = µ(1 + iαs) (4.4)

The values of λ and µ are determined using Equations 4.5 and 4.6, as presented by Peng et al.
[13]:

vs =

√
µ

ρs
(4.5)

vp =

√
λ+ 2µ

ρs
(4.6)

In SILENCE, the damping coefficients αp and αs are expressed as percentages. Based on Jensen
et al. [77], the corresponding values are presented in Table 4.4.
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Description Parameter Soil layer 1 Soil layer 2 Unit
Young’s modulus E 477 576 MPa
Poisson’s ratio ν 0.49 0.49 -
Soil density ρ 1937 2090 kg/m3

Damping ratio of compressional waves αp 2.48 1.85 %
Damping ratio of shear waves αs 6.85 4.63 %
Compressional wave velocity Vp 1750 1886 m/s
Shear wave velocity Vs 288 304 m/s

Table 4.4: Parameters for soil properties and wave characteristics for soil layer 1 and soil layer
2.

Frequency and time domain analyses

Frequency and time domain analyses in the SILENCE model require careful selection of param-
eters:

• Frequency Intervals (Nf): Calculated as half the number of time intervals (Nt).

Nf =
Nt

2
(4.7)

• Time Step (∆t): Determined as the inverse of twice the maximum frequency (fmax).

∆t =
1

2fmax
(4.8)

The maximum frequency is set to 1000 Hz, as higher frequencies are unlikely to significantly
contribute to pile noise generation in this study.

• Number of time steps (Nt): The total number of time intervals, Nt, is determined by
dividing the analysis duration t by the time step ∆t:

Nt =
t

∆t
(4.9)

• Total time duration (t): In this study, the modeling is done for a position of 750 m
from the monopile. The analysis duration must therefore be sufficient for sound waves to
propagate across this distance. Given that the speed of sound in water is approximately
1510 m/s, the minimum required duration is:

tmin =
750

1510
= 0.5 s (4.10)

To ensure accuracy and account for potential variations, a conservative duration of 1 second
is selected for t.

• Frequency Resolution (∆f): Defined as:

∆f =
fmax

Nf
(4.11)

All required parameter values for the frequency and time analyses are summarized in Table 4.5.
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Description Parameter Value Unit
Number of frequency steps Nf 1000 -
Time step size ∆t 0.0005 s
Number of time steps Nt 2000 -
Total time duration t 1 s
Maximum frequency fmax 1000 Hz
Frequency step size ∆f 1 Hz

Table 4.5: Parameters for the frequency and time analyses.

Force input

The hammer force is represented as a vertical load applied at the top of the monopile. The force
varies over time and can be illustrated using a force-time diagram.

For this study a IHC S-5500 hydraulic hammer is used.

The force-time diagrams for the maximum hammer force, with and without pulse prolongation,
are shown in Figure 4.2. The data is generated using DYNPAC, a computational model for
drivability analysis, as described in Section 3.3.2.

The force-time data is transformed into force-frequency data using the discrete Fourier transform,
as given in Equation 3.1. The force in the frequency domain, with and without pulse prolongation,
is shown in the second figure in Figure 4.2.

Figure 4.2: The force input for different settings of the hammer in the time domain (top) and
the frequency domain (below).
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Model implementation of the Double Big Bubble Curtain

In this study, a Double Big Bubble Curtain (DBBC) configuration is applied in Case 6 and
Case 7. The DBBC parameters (nozzle diameter, spacing, hose diameter, and ring radius) are
consistent with those used in Peng et al. (2023) and the CVOW-C mitigation plan by DEME
and Prysmian (2023) [79, 80]. Section 3.2.5 explains how Air-Bubble Curtains are implemented
in SILENCE, including how transmission losses are numerically integrated into the model.

Description Value Unit
Nozzle diameter 0.00200 m
Nozzle spacing 0.250 m
Hose diameter 0.102 m
Injected airflow 0.000283 m3/s
Radius BBC 1 75 m
Radius BBC 2 150 m
Gas velocity at the nozzle 90 m/s

Table 4.6: Parameters for the double big bubble curtain system.

4.1.2 Model Assumptions and Limitations

Several simplifications and assumptions are made in the acoustic model setup, which introduce
limitations to the interpretation of the results.

• Soil characterisation
The soil parameters used in the SILENCE model are based on site-specific data from the
German Bight, derived from cone penetration testing (CPT). However, soil conditions can
vary significantly over small spatial scales due to natural heterogeneity in stratigraphy and
compaction [81, 82]. This is particularly relevant because acoustic generation and propa-
gation is highly sensitive to soil characteristics, as discussed in Section 2.3.2. Additionally,
the SILENCE model applies a simplified soil stratification consisting of only two homo-
geneous layers. In reality, offshore soil profiles often contain a more complex layering of
materials, each with varying stiffness, density, and damping behaviour. This simplification
may result in deviations in the predicted pressure field, especially since reflections and
refractions between layers are important.

• Monopile geometry
The pile geometry used in the model is simplified to a uniform cylindrical monopile with
constant outer diameter and wall thickness. In practice, monopiles are typically tapered
and constructed from multiple segments with varying diameters and thicknesses. In this
study, an averaged diameter and wall thickness were used based on the submerged part
of the pile at full penetration. The resulting pile mass was verified to match that of
the real pile to ensure the dynamic response remains realistic. However, this geometric
simplification may influence the pile impedance and the way energy is transferred to the
surrounding medium.

• Numerical limitations
Due to computational constraints, the number of frequency steps in the model was limited
to a maximum of 1000. Increasing the frequency resolution improves the accuracy of the
pressure wave reconstruction in the time domain but also significantly increases computa-
tion time. This trade-off limits the precision of the temporal waveform, particularly in the
case of sharp or short-duration impulses.
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4.1.3 Validation of the model

To ensure the credibility of the simulation results, the acoustic model is validated against field
data and subjected to basic sanity checks. This step is essential to assess whether the model
outputs are within a realistic range and whether the implemented physics adequately capture
the behaviour of underwater sound propagation during impact piling. The validation focuses
exclusively on the unmitigated case, as this is the only configuration for which comparable field
data is available. No pulse prolongation or bubble curtain systems were used during these
particular blows.

Comparison to field data

The modeled data are compared to field measurements from a project conducted in the German
North Sea, in which the same pile type was driven into geotechnically similar soil. In that project,
several noise-mitigation systems were available but, for validation purposes, a subset test of 100
blows was performed without any mitigation measures. These unmitigated SEL values therefore
provide a directly comparable basis for assessing the model’s unmitigated predictions.

Hydrophones were positioned at a distance of 750 meters from the source. In total, four hy-
drophones were deployed. For comparison purposes, the average of the hydrophone measure-
ments is used. The recorded SEL values are first converted to pressure using Equation 4.12,
after which the average pressure is computed. Subsequently, the averaged pressure is converted
back to SEL using Equation 2.4. The differences in measured sound levels between the hy-
drophones can be attributed to slight variations in their precise positioning, which can lead to
differences in sound wave interactions and interference patterns despite all hydrophones being at
the same distance from the pile.

X = Xref · 10
Decibel Level

10 (4.12)

Although the complete field dataset cannot be disclosed in this report due to confidentiality,
the modeled LE,p and Lp,pk levels show close agreement with the measured, unmitigated values.
On average, the difference between model and field averages remains within ±2, dB, well inside
typical measurement uncertainty [83], confirming the validity of the model under the same pile
and comparable soil conditions.

Selection of representative penetration depths

Due to the long computational time of each SILENCE simulation (approximately 7 hours),
it is not feasible to simulate every individual blow. To ensure that the selected penetration
depths capture the main physical transitions in pile-soil-water interaction, sensitivity runs were
performed at multiple penetration depths. The aim was to verify whether acoustic trends such as
SEL decay, frequency shifts, and drivability characteristics could be interpolated reliably between
selected depths. The results of this sensitivity analysis are provided in Appendix A.

As shown in Table A.1, the SEL values remain relatively stable across the examined penetration
depths. While deeper embedment increases the contact area between the pile and surrounding
soil, potentially introducing more energy dissipation through friction and plastic deformation,
this additional loss occurs primarily in the ground. Since the dominant underwater noise source
is the supersonic radial expansion of the pile wall (Mach-wave radiation), which originates in
the upper, unburied part of the pile, the influence of increased embedment on the radiated
SEL is limited. Both field data and modelling studies confirm that, beyond a certain minimum
embedment length, increasing penetration depth does not substantially affect the underwater
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SEL measured at a fixed distance [84, 85, 34, 14]. Reinhall and Dahl [34] show that the Mach-
cone mechanism is relatively insensitive to soil coupling, while Trimoreau et al. [86] demonstrate
that SEL variation between 10 and 18 m embedment remains below 2 dB.

Based on this sensitivity analysis, six representative depths were chosen: 5 m, 10 m, 12 m, 18.5
m, 23 m, and 27.5 m. These depths span critical geotechnical transitions (e.g., soil layering
at 11 m), increasing embedded pile length, and varying hammer energy input. The selection
provides a balance between physical coverage and computational efficiency and enables accurate
reconstruction of cumulative noise levels using the method described in Chapter 4.

Arrival time of the impulse

To verify that frequency-domain results from the model are accurately transformed into the time
domain, the arrival time of the impulse can be examined. Given the radius of interest for this
research is 750 m and assuming a sound propagation speed of 1510 m/s, the impulse should
arrive at approximately 0.5 seconds:

Arrival time =
distance

speed of sound
=

750m
1510m/s

≈ 0.5 s (4.13)

As shown in Figure 4.3, the simulated impulse reaches the system at about 0.5 seconds, in
agreement with the predicted arrival time.

Figure 4.3: Time-domain pressure evolution of the modeled impulse generated by an IHC
S-5500 hammer without mitigation measures, modeled at 2 meters above the seabed for a pene-
tration depth of 27.5 m.

4.2 Scenario definition

To explore how variations in target blow count and impulse duration influence both the drivability
of the pile and the resulting Sound Exposure Levels (SEL), three scenario sets are defined. Each
scenario consists of a series of single-blow simulations at selected penetration depths. The section
begins by describing the structure of these scenarios and the parameters that are varied.

The scenarios defined in this section form the foundation for all subsequent simulations.
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4.2.1 Overview of scenarios

To address the research objectives, three sets of scenarios are developed: one focusing on variation
in target blow count, one on pulse prolongation, and the other on the combination with a Double
Big Bubble Curtain (DBBC). These scenarios are evaluated in terms of their effect on cumulative
underwater noise.

Additionally, to explore the influence of the soil type for impulse prolongation, two of the scenarios
are repeated using a clay-sand stratigraphy (soft clay over very dense sand) instead of medium
dense sand over very dense sand. The parameters for the soil properties and wave characteristics
for these layers are presented in Table E.1 in Appendix E.

Scenario Description Target blow count Impulse elongation Soil type

1 Lower target blow count 20 / 25 cm No Sand
2 Baseline industry practice 25 / 25 cm No Sand
3 Higher target blow count 30 / 25 cm No Sand
4 Medium impulse elongation 25 / 25 cm 50% Sand
5 Maximum impulse elongation 25 / 25 cm 100% Sand
6 Baseline with spatial mitigation 25 / 25 cm No (DBBC only) Sand
7 Combined temporal + spatial mitiga-

tion
25 / 25 cm 50% (with DBBC) Sand

8 Baseline industry practice in clay-sand
stratigraphy

25 / 25 cm No Clay-Sand

9 Medium impulse elongation in clay-
sand stratigraphy

25 / 25 cm 50% Clay-Sand

Table 4.7: Overview of all modelled scenarios. 8 and 9 are sensitivity runs in a two-layer clay-
sand profile.

The scenario development relies on a two-step computational approach. First, the DYNPAC
program is used to simulate the pile driving process based on a predefined pile and multi-layer
soil profile. In DYNPAC, different target blow counts and hammer types, either with or without
impulse shaping, can be selected which yield depth-specific values for hammer energy and number
of blows. DYNPAC also generates the corresponding time-domain force signal for each hammer-
soil-pile configuration.

In the second step, the time-domain force signals generated by DYNPAC are used as input for
the SILENCE model to simulate the underwater noise radiation of individual hammer blows.
Each SILENCE simulation calculates the vibro-acoustic response of a single blow, accounting
for the coupled interaction between the pile, the surrounding water, and a simplified two-layer
seabed model. Although the soil layering in SILENCE is fixed, the acoustic response varies with
penetration depth due to two primary reasons. First, the embedded length of the pile increases
with depth, altering its vibration behaviour and interaction with the surrounding media [14].
Second, the hammer energy typically increases with depth due to rising soil resistance, which
affects the amplitude of the impact force.

For each selected penetration depth, DYNPAC provides the required hammer energy, number
of blows, and the associated force-time signal. The rationale for selecting these representative
depths, balancing computational efficiency with physical accuracy, is discussed in Section 4.1.3.
Based on the resulting pressure output from SILENCE, the Sound Exposure Level (SEL) is
determined for each depth. The cumulative Sound Exposure Level (cumSEL) for the entire
installation is then calculated by combining the SEL values across all depths, weighted by the
number of blows at each stage:
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LE,cum = 10 log10

(
N∑

i=24h

10SELSS/10 ·Ni

)
[dB re 1 µPa] (4.14)

where SELSS is the single strike Sound Exposure Level, and Ni is the number of blows in 24
hours.

Figure 4.4 summarises the overall modelling workflow and shows where the hammer settings are
adjusted.

Figure 4.4: Workflow for scenario simulations: variation of hammer settings (1, 2, 3, 4, 5), spa-
tial mitigation (6, 7), drivability in Dynpac, acoustic response in Silence, and post-processing
to SEL/cumSEL and species-weighted metrics before comparing scenario groups.

Variation in target blow counts

To evaluate how the choice of blow count strategy affects cumulative underwater noise emissions,
a set of four scenarios is defined. These scenarios are based on different target blow counts,
predefined values that indicate how many hammer blows should be applied to achieve 25 cm of
pile penetration. In practice, the output energy of the hammer is regulated dynamically to reach
the specified blow count target at each depth, depending on soil resistance. The total target
penetration in all cases is 27.5 m.

The target blow count scenarios are:

1. 20 blows per 25 cm penetration

2. 25 blows per 25 cm penetration - reference case (industry baseline)

3. 30 blows per 25 cm penetration

The DYNPAC program is used to model the pile driving process for each scenario. Based on the
given pile and multi-layer soil profile, and the specified target blow count, DYNPAC calculates
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the required hammer energy at six selected penetration depths. This energy is adjusted such that
the hammer can achieve the intended number of blows per 25 cm, accounting for the resistance
of the soil at each depth.

In all scenarios, the pile geometry, soil layering, and target penetration depth remain constant.
The only scenario variable is the target blow count, which affects both the hammer energy and
the total number of blows. Within SILENCE, the only varying inputs are the penetration depth
per blow and the corresponding force-time signal derived from DYNPAC.

This set of scenarios is intended to explore the trade-off between fewer, more energetic blows
and more, less energetic blows, and how these strategies affect the cumulative noise footprint
of the installation process.

Pulse prolongation

To investigate the effect of impulse shaping on the installation process and the resulting under-
water noise levels, two pulse prolongation scenarios are defined. These scenarios are designed to
evaluate how changes in the duration and shape of the impact force affect both the drivability
of the pile and the noise levels emitted during installation.

In practice, pulse shaping is implemented by selecting a hammer configuration that elongates
the impact duration through internal damping or energy absorption mechanisms. For this study,
IQIP’s PULSE is used, as elaborated on in Section 2.4.2. The DYNPAC program is used to model
this effect by allowing the user to choose between different hammer types, including standard
hammers and hammers that apply a pulse prolongation of 50% or 100%. These configurations
yield different force-time data, with longer pulses showing lower peak forces but increased dura-
tion. The total energy delivered per blow is preserved, but the impulse shape is altered.

In each case, the force-time signal generated by DYNPAC is used as input for the SILENCE
model. This approach ensures that the pulse shape reflects a physically consistent hammer-soil
interaction based on the selected pile and soil profiles. By comparing the resulting underwater
noise levels for different impulse durations, the analysis investigates whether impulse elongation
not only reduces peak noise emissions, but also leads to a reduction in cumulative sound exposure.

The two scenarios investigated are:

4. Pulse prolongation by 50% - medium pulse

5. Pulse prolongation by 100% - maximum pulse

The pile geometry, soil layering, and target penetration depth are kept constant across all pulse
prolongation scenarios. However, due to changes in the selected hammer type within DYNPAC,
the resulting hammer energy and number of blows per penetration depth vary between scenarios.
These values influence the cumulative SEL calculation. Within SILENCE, the only varying
parameters are the penetration depth per blow and the corresponding force-time signal.

Combined use with a Double Big Bubble Curtain

The Double Big Bubble Curtain (DBBC) is frequently used in offshore pile driving operations
because it is often the most effective way to ensure compliance with underwater noise regulations.
In practice, most installations that aim to reduce acoustic emissions will apply a (D)BBC by
default. It is therefore important to assess how such a mitigation system interacts with the
operational strategies considered in this study.
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From a physical perspective, both impulse shaping and bubble curtains influence the frequency
spectrum of the radiated noise, albeit in different ways. Pulse prolongation tends to shift energy
toward lower frequencies [43], while bubble curtains attenuate specific frequency bands through
scattering and impedance effects [87]. Understanding the combined effect of these techniques is
essential to evaluate whether their joint application provides additive benefits, or whether certain
combinations are more or less effective due to spectral overlap or interaction [79].
Two scenarios are defined to evaluate the effect of a DBBC: one in comparison to a reference
case without PULSE, and one combining a DBBC with impulse elongation.
The two scenarios investigated are:

6. No pulse prolongation in combination with a DBBC

7. Pulse prolongation by 50% in combination with a DBBC

By comparing Case 6 (reference case with DBBC) and Case 7 (pulse prolongation with DBBC),
the analysis provides insight into the relative impact of temporal versus spatial mitigation, and
explores the potential synergies between the two. This comparison is especially relevant for
real-world applications, where combined strategies are often necessary to meet increasingly strict
underwater noise limits.

Clay-sand profile

A sensitivity analysis was conducted for the baseline scenario (Case 2) and the 50% PULSE
scenario (Case 4) using a two-layer clay-sand stratigraphy. By applying the same hammer settings
to a soft clay cap over dense sand, this additional case evaluates the influence of soil type on the
relative performance of impulse elongation.

8. No pulse prolongation in clay-sand stratigraphy

9. Pulse prolongation by 50% in clay-sand stratigraphy

4.2.2 Frequency weighting

Both PULSE and the DBBC are expected to alter the frequency spectrum of radiated noise
during pile driving. However, marine mammals do not perceive all frequencies equally. As
discussed in Section 2.2.2, each hearing group has a distinct auditory sensitivity curve. For
example, porpoises are highly sensitive to high-frequency sounds, while baleen whales primarily
detect low-frequency noise.

To assess the actual perceptual impact of piling noise, regulatory frameworks such as those by
NOAA and NMFS recommend applying frequency weighting to the cumulative sound exposure
level (SEL). This means adjusting the spectral energy distribution to reflect what a specific
hearing group would effectively hear. In practice, this involves attenuating frequency bands
outside the species’ hearing range and preserving those within their sensitivity window.

The purpose of frequency weighting is thus to convert a physical measure (acoustic energy) into
a biologically relevant metric. Without weighting, a high-energy signal at an irrelevant frequency
could overestimate risk, while an impactful signal at a sensitive frequency might be overlooked.

In this study, frequency weighting is applied to the cumSEL for all scenarios to evaluate whether
the spectral changes introduced by PULSE and the DBBC reduce acoustic exposure in the
frequency bands that matter most for each hearing group. This makes it possible to compare
not only overall noise reduction but also species-specific effectiveness of mitigation strategies.



5 | Numerical study on cumulative un-
derwater noise

This chapter presents the results of varying hammer configurations on underwater noise emis-
sions. The analysis is structured in five parts: (1) the effect of target blow count variation, (2)
the effect of impulse elongation, (3) the combined effect of impulse elongation with a Double Big
Bubble Curtain (DBBC), (4) the frequency weighting of the cumulative Sound Exposure Level
(cumSEL), and (5) the effect of impulse elongation in a different soil profile.

For the blow count variation, results are expressed in terms of unweighted cumSEL at a distance
of 750 m. For impulse elongation, both unweighted and frequency-weighted cumSEL values are
evaluated for all five NOAA marine mammal hearing groups. The influence of impulse elongation
is first examined independently, followed by the combined PULSE+DBBC configuration. In each
case, results include frequency-domain analysis, with and without the application of species-
specific weighting functions.

5.1 The effect of target blow count variation

This section presents the results regarding the impact of varying the target blow count on the
cumulative underwater noise emissions generated during pile driving. Three target blow counts,
specifically 20, 25 (baseline), and 30 blows per 0.25 m penetration, are analysed. Results are
reported in terms of cumulative Sound Exposure Level (cumSEL) at a reference distance of 750
m from the monopile. Prior to acoustic modelling, drivability simulations were conducted to
establish hammer energy requirements and blow distributions.

5.1.1 Drivability analysis

The drivability analysis was conducted using the dynamic piling analysis software DYNPAC. The
outcomes of these simulations, required hammer energy and the number of blows per incremental
penetration depth, are depicted in Figures 5.1a, 5.1b, and 5.1c.
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(a) Target blow count: 20 blows/0.25 m (b) Target blow count: 25 blows/0.25 m (baseline)

(c) Target blow count: 30 blows/0.25 m

Figure 5.1: DYNPAC drivability curves indicating the required hammer energy (blue lines)
and blow count (red lines) for three different target blow count scenarios: (A) 20 blows/0.25 m,
(B) 25 blows/0.25 m (baseline scenario), and (C) 30 blows/0.25 m.

The drivability curves presented in Figure 5.6 highlight distinct differences in the energy dis-
tribution and number of hammer blows required for each configuration. Table 5.1 summarises
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the total number of blows and the corresponding total duration of each scenario to reach the
designated penetration depth of 27.5 m. The variation in the total blow count ranges from
-13.4% (1966 blows) to +15.8% (2632 blows), relative to the baseline scenario of 2272 blows.
Detailed tables containing blow counts and corresponding hammer energy at incremental depths
are provided in Appendix B.

Scenario Total number of blows Duration (min)

20 blows/0.25 m 1966 77.5
25 blows/0.25 m (baseline) 2272 87.8
30 blows/0.25 m 2632 101.1

Table 5.1: Summary of total blow count and corresponding duration for each blow count
scenario to achieve a penetration depth of 27.5 m.

Differences observed in Table 5.1 demonstrate how variations in the target blow count signifi-
cantly affect the total driving duration. A reduction in blow count (shorter driving durations)
corresponds to higher average hammer energy per blow, whereas an increase in blow count
(longer driving durations) results in reduced hammer energy per blow. This inverse relation-
ship between blow count and hammer energy per blow aligns with established literature on pile
drivability [38]. Specifically, Lippert et al. (2018) reported similar findings, noting that fewer
hammer blows inherently necessitate higher individual blow energy.

The subsequent sections investigate the acoustic implications of these blow count and ham-
mer energy variations by examining the resulting Sound Exposure Levels (SEL) and cumulative
acoustic impact.

5.1.2 Single strike sound levels

To evaluate how variations in the target blow count affect acoustic emissions, the SEL values
associated with the loudest blow per scenario are analyzed first. Figure 5.2 shows the SEL as
a function of horizontal distance from the monopile for each scenario (20, 25, and 30 blows per
0.25 m).
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Figure 5.2: Comparison of modelled maximum SEL values as a function of horizontal distance
from the monopile for three target blow count variations (penetration depth = 27.5 m, receiver
positioned 2 m above seabed).

Small incremental increases in SEL values are evident around distances of approximately 350
m and again near 600 m in Figure 5.2. These localized peaks result from the complex interac-
tion of direct and reflected acoustic paths, a phenomenon extensively documented in acoustic
propagation literature [32, 34].

Acoustic propagation significantly affects underwater noise distribution. Several factors, such as
water depth, seabed composition, and the presence of reflective surfaces, contribute to distinct
acoustic modes that propagate within the water column. The interference between these modes
can either be constructive or destructive depending on the relative phase relationships between
sound waves. At approximately 350 m and 600 m distances from the pile, constructive interfer-
ence occurs, causing an increase in local sound pressure levels due to aligned phases of direct
and reflected waves [32, 38].

Detailed SEL and Lpeak values per penetration depth are provided in Table C.1 in Appendix C.
Table 5.2 summarizes the maximum SEL and Lpeak values at 750 m distance from the monopile,
at 2 m above the seabed, along with their variations relative to the baseline scenario (25
blows/0.25 m). The scenario with 20 blows per 0.25 m employs fewer blows but higher en-
ergy per blow, resulting in slightly higher SEL and peak sound levels. Conversely, the scenario
with 30 blows per 0.25 m, involving more blows with lower energy per blow, yields marginally
lower SEL and peak sound levels.
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Scenario SEL SEL variation Lpeak Lpeak variation
[dB re 1 µPa2s] [dB] [dB re 1 µPa] [dB]

20 blows/0.25 m 183.16 +0.46 201.46 +0.46
25 blows/0.25 m (baseline) 182.70 [-] 201.00 [-]
30 blows/0.25 m 182.19 -0.51 200.49 -0.51

Table 5.2: Maximum SEL and Lpeak values and their variation relative to the baseline scenario
(25 blows/0.25m), modelled at 750 m horizontal distance and 2m above the seabed.

These findings correspond with the theoretical expectations that distributing the same total
pile-driving energy over more blows reduces individual blow energy, consequently lowering per-
blow SEL and peak sound levels [32, 38]. However, the effect on cumulative noise exposure,
incorporating total blow count, requires separate consideration and will be explored in subsequent
sections.

5.1.3 Cumulative sound exposure

Having determined the blow counts and corresponding single-strike SEL values, the cumulative
Sound Exposure Level (cumSEL) is computed for each target blow count configuration across a
range of horizontal distances from the monopile. The results are illustrated in Figure 5.3.

Figure 5.3: Comparison of the modelled cumulative SEL values for three target blow count
scenarios. Modelled at 2 m above the seabed.

As shown in the figure, the differences in cumSEL among the three cases are minimal, with
maximum deviations below 0.1 dB. This outcome is consistent with theoretical expectations.
When the total energy delivered by the hammer remains approximately constant, increasing the
number of blows spreads the energy across a longer duration, reducing the energy per strike but
maintaining the overall acoustic energy (logarithmic sum). This trade-off can be described by
the following relationship:
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SELcum = SELsingle + 10 · log10(Nstrikes)

where Nstrikes represents the total number of hammer blows.

The corresponding values at 750 m from the pile, 2m above the seabed, are summarised in
Table 5.3.

Scenario cumSEL cumSEL variation
[dB re 1 µPa2s] [dB]

20 blows/0.25 m 213.59 +0.06
25 blows/0.25 m (baseline) 213.53 [-]
30 blows/0.25 m 213.63 +0.10

Table 5.3: Cumulative SEL values and variation relative to the baseline (25 blows/0.25m),
modelled at 750 m horizontal distance and 2 m above the seabed.

These results indicate that altering the target blow count alone, without significantly changing
total energy input, has negligible influence on overall cumSEL levels.

5.1.4 Spectral distribution

To assess the frequency-dependent effects of target blow count variation, the SEL and cumSEL
are also analysed in the frequency domain. The resulting third-octave band spectra are shown
in Figure 5.4 and Figure 5.5.

Figure 5.4: Third-octave band SEL spectra for the three blow count scenarios, modelled at
750 m from the monopile and 2m above the seabed.
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Figure 5.5: Third-octave band cumSEL spectra for the three blow count scenarios, modelled
at 750 m from the monopile and 2 m above the seabed.

The spectra indicate that variations in blow count have a negligible effect on the spectral dis-
tribution of radiated sound. Over the whole frequency range, the spectral energy levels remain
similar. The results suggest that when the total impact energy remains approximately constant,
spectral shaping through blow count adjustment alone is limited.

5.2 Impact of impulse elongation

As explained in Section 2.4.2, pulse prolongation systems extend the contact time between the
hammer and the monopile by modifying the shape of the force signal. This adjustment redis-
tributes the same total impact energy over a longer duration, resulting in lower peak amplitudes
but extended impulse durations.

This redistribution is expected to affect both the radiated underwater noise and the drivability
of the pile. While lower peak amplitudes may reduce instantaneous sound pressure levels, the
cumulative acoustic impact over time (e.g., 24-hour SEL) may still increase or decrease depending
on changes in drivability, such as a potential increase in the number of blows or in hammer energy
required to achieve target penetration. Because these effects interact, it is not immediately clear
whether impulse elongation will lead to an overall increase or decrease in cumulative noise.

Moreover, the frequency content of the emitted sound is likely to shift due to the modified time
profile of the impact. As discussed in Chapter 2, some regulatory frameworks, such as those used
in the United States, apply frequency weighting based on species-specific hearing sensitivities.
This means that both the magnitude and spectral distribution of the noise are relevant for
assessing environmental impact.

This section explores how the elongation of the impulse duration affects these parameters, using
the simulation setup introduced in Chapter 4.
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5.2.1 Drivability analysis

As discussed in Chapter 4, a drivability analysis is first conducted using the dynamic piling
analysis software (DYNPAC) to determine the required hammer energy and number of blows
per penetration depth. The results of this analysis are shown in Figures 5.6b, 5.6a, and 5.6c.

These figures indicate that both Case 4 and the reference configuration successfully reach the
target penetration depth of 27.5 m. However, Case 5 shows refusal 2 at a certain depth, meaning
that the pile can no longer be driven further. This is evident from the red line in the drivability
plot, which represents the number of blows required per 25 cm of penetration. In this case,
the red line never reaches the target penetration depth of 27.5 m, indicating that the applied
hammer energy is insufficient to overcome soil resistance beyond a certain depth. In this case,
the prolonged pulse appears to work counter-productively, preventing sufficient energy transfer
for continued penetration. As a result, this configuration is not considered technically feasible
for the full installation process using a 100% pulse system. This scenario is therefore excluded
from further analysis.

2Refusal occurs when the blow count surpasses a specified threshold set by the HMC refusal criteria; see
Section 3.3 for elaboration.
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(a) No pulse (baseline) (b) Pulse 50%

(c) Pulse 100%

Figure 5.6: Drivability curves for different pulse configurations: (A) No pulse (baseline), (B)
Pulse 50%, and (C) Pulse 100%.

The DYNPAC drivability analysis reveals noticeable differences between the hammer configura-
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tions. The Pulse 50% scenario requires 3386 blows to reach the full penetration depth of 27.5 m
and takes 133.9 minutes. The reference scenario (without pulse shaping) achieves the same depth
with only 2272 blows in 87.8 minutes. The Pulse 100% scenario does not reach the target depth
at all, indicating refusal; hence, the total number of blows and driving duration are undefined.
An overview of the blow counts and hammer energy per depth increment is provided in Ap-
pendix B, and the total blow counts and corresponding durations are summarised in Table 5.4.

It can be observed from Figure 5.6b (and more in detail in the appendix tables) that the increase
in required blows for the Pulse 50% configuration primarily arises in the final 6.5m of pene-
tration. This depth range exhibits significantly higher blow counts compared to the reference
case, indicating reduced energy transfer efficiency during deeper penetration stages when using
elongated impulses.

This effect can be explained by soil-structure interaction principles: as the pulse duration in-
creases, the peak force transmitted to the pile decreases, reducing the capacity to overcome
static tip resistance. Additionally, dense sand exhibits increasing resistance with depth due to
compaction and confinement. A softer, prolonged impulse dissipates more energy into soil damp-
ing and causes local densification in front of the pile, both of which further hinder penetration.
These effects compound near refusal, where high static and dynamic resistance require short,
high-intensity impacts to maintain penetration efficiency. As a result, elongated impacts such as
those from Pulse 50% become progressively less effective in the final meters. This phenomenon
is consistent with findings in dynamic pile driving literature for dense granular soils [38, 88].

Scenario Number of blows Duration (min)

No PULSE 2272 87.8
50% PULSE 3386 133.9

Table 5.4: Blow count and duration for target penetration depth of 27.5 m.

5.2.2 Single strike sound levels

To establish a quantitative comparison between the PULSE and reference hammer configurations,
the Sound Exposure Level (SEL) per individual strike is first assessed. For each configuration,
the loudest single blow, typically occurring near maximum penetration, is selected. Figure 5.7
presents the spatial decay of SEL with distance from the monopile.
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Figure 5.7: Comparison of modelled maximum SEL values as a function of horizontal distance
from the monopile for two scenarios: no PULSE and PULSE (penetration depth = 27.5 m,
receiver positioned 2 m above seabed)

Table 5.5 lists the SEL values measured at 750 m for both scenarios. The reduction in SEL
achieved through the use of PULSE is also provided. These results show that the PULSE config-
uration yields a reduction of 4.34 dB in the per-strike SEL relative to the baseline configuration.
Across all distances, PULSE reduces the per-strike SEL relative to the reference case. Notably,
the no-PULSE scenario exhibits local peaks in the SEL field that are absent in the PULSE
case. These peaks likely result from constructive interference between direct and reflected wave
paths, which can locally elevate SEL values and thus contribute to higher cumulative noise levels
in specific regions. The smoother decay in the PULSE configuration indicates a more gradual
energy distribution and reduced interference patterns.

5.2.3 Cumulative sound exposure

Once the per-strike SEL and blow count are known, the cumulative Sound Exposure Level
(cumSEL) over the full pile installation can be determined. Figure 5.8 shows the cumSEL as a
function of distance from the monopile.
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Figure 5.8: Comparison of the modelled cumulative SEL values for two scenarios: no PULSE
and PULSE, 2 m above the seabed.

Scenario SEL SEL variation cumSEL cumSEL variation
[dB re 1 µPa2s] [dB] [dB re 1 µPa2s] [dB]

No PULSE (baseline) 182.70 [-] 213.53 [-]
PULSE (50%) 178.36 -4.34 212.35 -1.18

Table 5.5: Modelled SEL and cumSEL values at 750 m distance from the monopile, 2 m above
the seabed. Reductions are expressed relative to the no-PULSE baseline scenario.

Compared to the results in Figure 5.7, it is observed that the reduction in cumulative SEL is
smaller than the SEL reduction observed for individual blows. Specifically, PULSE results in
only a 1.18 dB reduction in cumulative SEL at 750 m. This limited reduction can be explained
by the cumulative nature of SEL, which is governed by both the energy per blow and the total
number of blows:

SELcum = SELsingle + 10 · log10(Nstrikes)

In the PULSE case, the increased number of strikes (+49%) offsets much of the reduction achieved
per individual blow, leading to only a modest net improvement in cumulative noise emissions.

5.2.4 Spectral distribution

To better understand the spectral effects of PULSE, both the SEL and cumSEL values are
analyzed in the frequency domain. Figures 5.9 and 5.10 show the respective 1/3-octave band
levels for SEL and cumSEL at 750 m.
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Figure 5.9: 1/3-octave band SEL at 750 m from the monopile. Comparison between PULSE
and no PULSE configurations.

Figure 5.10: 1/3-octave band cumulative SEL at 750 m from the monopile. Comparison
between PULSE and no PULSE configurations.

These figures confirm that the application of PULSE shifts a portion of the energy spectrum
toward lower frequencies (<40 Hz). This spectral redistribution is a direct consequence of the
elongated impulse shape, which increases signal duration and reduces high-frequency components



CHAPTER 5. NUMERICAL STUDY ON CUMULATIVE UNDERWATER NOISE 62

due to the time-frequency uncertainty principle [31]. The reduced slope in the high-frequency
tail and the relative increase below 40 Hz confirm that energy is concentrated in the lower bands.
The presence of increased low-frequency energy is acoustically relevant for two reasons. First,
low-frequency sound propagates with lower attenuation and therefore contributes disproportion-
ately to far-field noise levels. Second, some marine mammal species, particularly low-frequency
cetaceans, retain hearing sensitivity in these bands. This underscores the importance of applying
frequency-weighting functions when assessing ecological impact, which is addressed in Section
5.4.

5.3 Combined impact of PULSE and a Double Big Bubble Cur-
tain (DBBC)

This section evaluates the cumulative acoustic impact of impulse elongation (PULSE) in combi-
nation with a Double Big Bubble Curtain (DBBC). First, the cumulative and per-strike sound
levels are assessed to quantify the reduction achieved by the DBBC with and without PULSE.
Subsequently, the spectral response is examined to determine whether synergistic or counterac-
tive behaviour arises from the combined configuration.

5.3.1 Single strike and cumulative sound levels

Figure 5.11 presents the modelled maximum Sound Exposure Level (SEL) per blow for four
scenarios: baseline (no PULSE, no DBBC), PULSE only, DBBC only, and PULSE combined
with DBBC. The SEL values are computed at a receiver height of 2 m above the seabed.

Figure 5.11: Modelled per-strike SEL values for four configurations: no PULSE, no PULSE +
DBBC, PULSE (50%), and PULSE + DBBC. Receiver at 2 m above seabed.

The results indicate that the DBBC significantly reduces SEL for both PULSE and no-PULSE
configurations across all distances from the source. These reductions are consistent with litera-
ture, which reports that bubble curtains are particularly effective in the mid- to high-frequency
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range due to their interaction with wavelengths comparable to or smaller than the bubble diam-
eters [42, 89]. In contrast to PULSE, the DBBC does not affect the mechanical drivability or the
number of required blows, which contributes to its effectiveness in lowering cumulative levels.

Figure 5.12 shows the corresponding cumulative SEL (cumSEL) values for each configuration.
For most distances from the monopile, the combination of PULSE and DBBC results in the
lowest overall cumSEL.

Figure 5.12: Modelled cumulative SEL values for four configurations: no PULSE, no PULSE
+ DBBC, PULSE (50%), and PULSE + DBBC. Receiver at 2 m above seabed.

Table 5.6 summarises the SEL and cumSEL values at 750 m distance for each scenario. Re-
ductions relative to the baseline are also included. While PULSE alone results in a cumSEL
reduction of 1.18 dB, the combination of PULSE with DBBC yields a reduction of only 0.58 dB
compared to the DBBC-only case. This marginal gain suggests that, once the DBBC is in place,
the additional benefit of PULSE becomes limited. However, since this is about small values, this
could also be due to the sensitivity of the SILENCE model.

Scenario SEL SEL variation cumSEL cumSEL variation
[dB re 1 µPa2s] [dB] [dB re 1 µPa2s] [dB]

No PULSE + DBBC 174.08 [-] 204.73 [-]
PULSE (50%) + DBBC 170.30 -3.78 204.15 -0.58

Table 5.6: SEL and cumSEL values for scenarios with DBBC, with and without PULSE. All
values modelled at 750 m from the monopile, 2 m above the seabed. Reductions are given relative
to the DBBC-only configuration.

5.3.2 Spectral distribution

Bubble curtains are widely known for their broadband noise attenuation, particularly effective at
frequencies above 200 Hz due to resonance and scattering effects [87]. To examine the interaction
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between PULSE and the DBBC across frequencies, the 1/3-octave band SEL and cumSEL values
are shown in Figures 5.13 and 5.14.

Figure 5.13: 1/3-octave band SEL at 750 m for all four configurations.

Figure 5.14: 1/3-octave band cumulative SEL at 750 m for all four configurations.

These spectral results confirm that the DBBC achieves substantial noise reduction across a
wide frequency range. In particular, mid- and high-frequency energy is markedly suppressed.
PULSE remains effective in lowering the mid-frequency peak associated with impulsive strikes,
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but contributes less at lower frequencies. Notably, a small reduction in low-frequency bands
(<40 Hz) is observed in the DBBC scenarios. This is contrary to common expectations, as
bubble curtains are generally considered ineffective below 100 Hz due to the mismatch between
wavelength and bubble size.

One possible explanation is that the effective acoustic thickness of the DBBC, enhanced by dual-
ring placement, results in partial scattering even for longer wavelengths. A second, physically
motivated explanation involves the shallow water cutoff frequency: below this critical frequency
the channel ceases to behave as an efficient waveguide, and energy is preferentially refracted into,
and absorbed by, the seabed rather than propagating through the water column. Because longer
impulses contain more low-frequency energy that is likely to fall below this cutoff point, they
suffer additional attenuation that is not mitigated by waterborne measures such as air bubble
curtains. Finally, there is also a numerical consideration: the SILENCE model applies its own
low-frequency cutoff that can introduce artificial attenuation below a user-defined threshold.
Consequently, any apparent suppression in the low-frequency band should be interpreted with
caution, as it may arise from a combination of genuine cutoff frequency physics and model-
induced artefacts, and therefore may not accurately represent the true performance under field
conditions.

The combination of PULSE and a DBBC results in cumulative noise reductions across all fre-
quency bands. While the DBBC delivers the majority of the attenuation (approximately 8.8 dB),
the additional benefit of PULSE when used in combination is limited to approximately 0.6 dB.
In contrast, PULSE alone contributes a 1.18 dB reduction in the absence of any secondary mit-
igation. These results imply that DBBC is the dominant contributor to sound reduction in
this combined strategy, while PULSE has most of its value when used independently. Nonethe-
less, no evidence was found that PULSE counteracts the DBBC. Instead, the methods appear
complementary, with no adverse spectral interactions.

5.4 Frequency-weighted noise impact

The application of frequency weighting provides insight into the ecological relevance of the cu-
mulative Sound Exposure Level (cumSEL) across different marine mammal hearing groups, as
previously introduced in Section 2.2.2. This analysis evaluates the impact of PULSE and the
DBBC on the weighted cumSEL values for all five NOAA-defined auditory groups. The weight-
ing process reflects the frequency-dependent hearing sensitivity of each group, thereby enabling
more accurate assessment of potential auditory impacts.

The results are shown in two steps: first, the frequency weighting is applied to scenarios without
the DBBC (Figures D.1–D.5), followed by scenarios that include the DBBC (Figures D.6–D.10).
The cumulative results per group are summarised in Table 5.7.
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Scenario No PULSE
& No
DBBC

PULSE &
No DBBC

No PULSE
& DBBC

PULSE &
DBBC

[dB re
1 µPa2s]

[dB re
1 µPa2s]

[dB re
1 µPa2s]

[dB re
1 µPa2s]

Unweighted 213.53 212.35 204.73 194.17
Low-frequency (LF) cetaceans 209.68 202.08 199.50 194.17
Mid-frequency (MF) cetaceans 155.24 143.60 144.36 134.49
High-frequency (HF) cetaceans 142.77 130.63 131.69 120.92
Phocid pinnipeds 178.18 165.84 166.86 155.46
Otariid pinnipeds 191.61 183.42 181.29 175.42

Table 5.7: Frequency-weighted cumSEL values (in dB re 1 µPa2s) for the five NOAA hearing
groups, modelled at 750m from the monopile and 2m above the seabed. The unweighted cumSEL
is also included for reference.

Weighted cumulative noise (PULSE)

Figures D.1–D.5 present the frequency-weighted cumSEL spectra that compare baseline and
50% PULSE conditions for each marine-mammal hearing group. To illustrate the interpretation
in the main text, the low-frequency cetacean spectrum (Figure 5.15) is reproduced here; the
corresponding plots for mid-frequency cetaceans, high-frequency cetaceans, phocid pinnipeds,
and otariid pinnipeds are provided in Appendix D.1 (Figures D.2–D.5).

The results confirm that PULSE lowers the cumulative noise levels across all hearing groups. The
reductions are most pronounced for mid- and high-frequency cetaceans and phocid pinnipeds (be-
tween 11-13 dB), as the elongated impact pulse shifts energy away from their sensitive frequency
bands. This effect is consistent with the known spectral redistribution caused by pulse elonga-
tion, which concentrates energy at lower frequencies while attenuating high-frequency content
[31].

The reduction in frequency-weighted cumSEL due to PULSE is greater than the reduction in
unweighted cumSEL, particularly for mid- and high-frequency hearing groups. This indicates
that the spectral shift caused by impulse elongation removes energy from the frequency bands
most relevant to these species. For low-frequency cetaceans, the weighted cumSEL reduction
(7.6 dB) is still larger than the unweighted reduction (1.18 dB), suggesting that PULSE is more
effective when assessed through auditory-weighted metrics than when using broadband levels
alone.
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Figure 5.15: Frequency-weighted cumSEL spectrum for low-frequency cetaceans.3

Weighted cumulative noise (PULSE + DBBC)

Figure D.6–D.10 presents the frequency-weighted cumSEL for the scenarios that include a DBBC.
To illustrate the interpretation in the main text, the low-frequency cetacean spectrum (Figure
5.16) is reproduced here; the corresponding plots for mid-frequency cetaceans, high-frequency
cetaceans, phocid pinnipeds, and otariid pinnipeds are provided in Appendix D.2 (Figures D.6–
D.10).

The data show that the DBBC provides further reduction in all hearing groups compared to
PULSE alone. The effectiveness of the DBBC remains highest in the mid- to high-frequency
range, consistent with theoretical and empirical findings that bubble curtains primarily attenuate
frequencies above 200 Hz due to scattering and resonance effects [90, 91].

Although PULSE increases energy in the lower frequencies, the weighted cumSEL for LF cetaceans
is still lower when both PULSE and the DBBC are used together. This suggests that their com-
bined application does not lead to adverse interactions in the frequency domain.

3Modelled at 750m from the monopile and 2m above the seabed.
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Figure 5.16: Frequency-weighted cumSEL spectrum for low-frequency cetaceans comparing the
scenarios with and without DBBC.3

Frequency weighting highlights the variation in mitigation effectiveness across species. PULSE
is most beneficial for species sensitive to mid- and high-frequency sound (MF, HF cetaceans
and pinnipeds). The DBBC further enhances these reductions and compensates for the limited
effectiveness of PULSE in the low-frequency range. For LF cetaceans, the weighted cumSEL
remains above the threshold value, as specified in Table 2.4, indicating a potential need for
additional mitigation beyond PULSE and DBBC.

5.5 Sensitivity to clay-sand stratigraphy

To evaluate how stratigraphic contrasts affect both installation performance and noise emission,
the workflow for the pulse elongation scenarios was repeated for a two-layer clay-over-sand profile.
The subsequent subsections report the drivability results, single-strike SELs, cumulative SELs,
and frequency-weighted cumulative SELs, and they benchmark each outcome against the sand-
only baseline.

5.5.1 Drivability analysis

The drivability assessment was repeated for the mixed clay-sand profile introduced in Section
4.2.1. Figure 5.17) and Table 5.8 summarise the outcome for the baseline hammer setting and
the 50% PULSE configuration. As for the all-sand profile, the 100% PULSE proved technically
infeasible: DYNPAC predicts refusal before the pile reaches the target penetration depth. In
contrast, a 50% PULSE remains technically feasible, but the associated increase in required
blow count, and thus the impact on drivability performance, is markedly smaller than in the
sand-only case. The elongated impulse now requires 2400 blows, approximately 23% more than
the 1946 blows of the baseline, whereas the same pulse setting demanded a 49% increase in the
sand profile. The reduction in penalty is attributed to the soft clay cap, which lowers the static

3Modelled at 750m from the monopile and 2m above the seabed.
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tip resistance during the early stages of driving; consequently, less additional hammer energy is
needed to compensate for the longer, lower-amplitude impacts. Overall, the clay-sand sensitivity
run shows that the variation in the magnitude of the blow-count is strongly site dependent.

(a) No pulse (baseline) (b) Pulse 50%

(c) Pulse 100%

Figure 5.17: Drivability curves for different pulse configurations: (A) No pulse (baseline), (B)
Pulse 50%, and (C) Pulse 100% in a clay-sand soil configuration.



CHAPTER 5. NUMERICAL STUDY ON CUMULATIVE UNDERWATER NOISE 70

Scenario Number of blows ∆ blows vs. full-sand Duration (min)

No PULSE 1946 −326 74.0
50 % PULSE 2400 −986 94.2

Table 5.8: Blow count and total driving time to reach 27.5 m penetration for the clay-sand
profile.

5.5.2 Single strike and cumulative sound levels

To quantify the combined influence of hammer setting and soil composition, single-strike Sound
Exposure Levels (SEL) and cumulative Sound Exposure Levels (cumSEL) are evaluated for four
cases: baseline hammer in the medium dense over very dense sand profile (case 2), 50% PULSE
in that same sand profile (case 4), baseline hammer in the soft clay over very dense sand profile,
and 50% PULSE in the clay-sand profile.

For each case the acoustically most energetic blow, typically recorded near the final penetration
stage, is selected for the SEL comparison. Figure 5.18 plots the radial decay of SEL with distance
from the monopile, enabling direct comparison of both the PULSE effect and the stratigraphic
effect.

Figure 5.18: Comparison of modelled maximum SEL values as a function of horizontal distance
from the monopile for two scenarios: no PULSE and PULSE (clay-sand profile, penetration depth
= 27.5 m, receiver positioned 2 m above seabed)

The cumulative SEL as a function of distance is plotted in Figure 5.19, which compares the
baseline and 50% PULSE configurations for the clay-sand profile.
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Figure 5.19: Comparison of the modelled cumulative SEL values for two scenarios: no PULSE
and PULSE, 2 m above the seabed. Comparison between clay-sand profile and full sand profile.

Table 5.9 compares the single-strike SEL and cumulative SEL (cumSEL) at a range of 750 m
for the clay-sand stratigraphy, contrasting the 50% PULSE configuration with the no-PULSE
baseline. The right-hand column lists the differences between the two cases. For this soil profile,
the elongated pulse increases the single-strike SEL by roughly 1 dB and, because it also requires
more blows to reach full penetration, leads to a correspondingly higher cumSEL (+2.19 dB) than
the baseline.

It is noteworthy that the clay-sand profile shows a net increase in single-strike SEL for the 50%
PULSE case at 750 m from the source, even though a modest reduction (≈ 2 dB) is observed in
the immediate vicinity of the pile. The benefit diminishes with range, and beyond roughly 300 m
the trend reverses, yielding slightly higher SEL than the baseline. A plausible explanation is that
the elongated pulse redistributes energy toward lower frequencies, which undergo less geometric
and viscous attenuation in the water column and are partly re-radiated by the stiff underlying
sand. In the near field, the lower peak force still dominates and produces a small reduction,
but at mid-range the reduced high-frequency loss and constructive interference at the clay-sand
interface offset, and ultimately outweigh, the initial gain.

This adverse behaviour only emerges once the pile tip has penetrated well into the lower sand
layer (penetrations ≳ 18 m). For shallower stages (5-13 m), where the clay cap still separates the
pile wall from the sand substratum, the 50% PULSE configuration does reduce single-strike SEL
relative to the baseline, see Appendix E.3 for reference. In this depth interval the impedance
contrast between water and clay remains the dominant control on radiation, reflections at the
clay-sand boundary are weaker, and the low-frequency shift produced by PULSE therefore trans-
lates into a net SEL decrease at all analysed ranges.

By contrast, the all-sand profile continues to exhibit a small decrease in single-strike SEL under
identical PULSE conditions at every penetration depth. Because the impedance contrast between
the two sand layers is minor, reflections at the internal interface are weak and do not reinforce the
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low-frequency content re-radiated into the water column. Consequently, the overall single-strike
SEL remains lower for PULSE in the sand-sand case.

Scenario SEL SEL variation cumSEL cumSEL variation
[dB re 1 µPa2s] [dB] [dB re 1 µPa2s] [dB]

No PULSE (baseline) 170.77 [-] 201.46 [-]
PULSE (50%) 171.77 +1.00 203.65 +2.19

Table 5.9: Modelled SEL and cumSEL values at 750 m distance from the monopile, 2 m above
the seabed. Reductions are expressed relative to the no-PULSE baseline scenario.

5.5.3 Spectral distribution

To better understand the spectral effects of PULSE in the clay-sand stratigraphy, both the SEL
and cumSEL values are analyzed in the frequency domain. Figures 5.20 and 5.21 show the
respective 1/3-octave band levels for SEL and cumSEL at 750 m.

Figure 5.20: 1/3-octave band SEL at 750 m from the monopile. Comparison between PULSE
and no PULSE configurations. Comparison between clay-sand profile and full sand profile.
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Figure 5.21: 1/3-octave band cumulative SEL at 750 m from the monopile. Comparison
between PULSE and no PULSE configurations. Comparison between clay-sand profile and full
sand profile.

The clay-sand simulations exhibit the same qualitative behaviour as the all-sand case: pulse
elongation suppresses high-frequency content and redistributes acoustic energy into the lower
bands. Both the single-strike SEL and the cumulative SEL curves display this spectral shift,
confirming that the elongated time history again trades peak amplitude for longer, low-frequency
radiation.

A minor deviation appears around 70 Hz in the single-strike spectra: the no-PULSE curve shows
a local trough that is absent in the sand-sand results. This dip is likely a site-specific inter-
ference effect, destructive superposition of direct and clay-sand interface-reflected waves, which
selectively attenuates energy in that narrow band. Aside from this feature, the relative PULSE-
vs-baseline trends remain consistent with those observed for the all sand profile, supporting the
conclusion that impulse elongation primarily alters the spectrum rather than its overall shape,
even when a pronounced impedance contrast is present.

5.5.4 Frequency-weighted noise impact

Figure E.1–E.5 presents the frequency-weighted cumSEL for the scenarios in the clay-sand
stratigraphy. To illustrate the interpretation in the main text, the low-frequency cetacean spec-
trum (Figure 5.22) is reproduced here; the corresponding plots for mid-frequency cetaceans,
high-frequency cetaceans, phocid pinnipeds, and otariid pinnipeds are provided in Appendix E.4
(Figures E.1–E.5).

The cumulative results per group for the clay-sand stratigraphy are summarised in Table 5.10.
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Figure 5.22: Frequency-weighted cumSEL spectrum for low-frequency cetaceans comparing the
scenarios with and without PULSE in a clay-sand stratigraphy.3

Scenario No PULSE & No DBBC PULSE & No DBBC
[dB re 1 µPa2s] [dB re 1 µPa2s]

Unweighted 201.46 203.65
Low-frequency (LF) cetaceans 199.50 194.17
Mid-frequency (MF) cetaceans 144.36 134.49
High-frequency (HF) cetaceans 131.69 120.92
Phocid pinnipeds 166.86 155.46
Otariid pinnipeds 181.29 175.42

Table 5.10: Frequency-weighted cumSEL values (in dB re 1 µPa2s) for the five NOAA hearing
groups, modelled at 750m from the monopile and 2m above the seabed. The unweighted cumSEL
is also included for reference.

For the clay–sand stratigraphy, a 50 % pulse elongation still yields clear ecological benefits once
species-specific weighting is applied. Although the unweighted cumulative level rises by ≈ 2 dB
– because the softer impact requires 23 % more blows and partly shifts energy into low-loss,
low-frequency bands – the weighted cumSEL decreases for every NOAA hearing group.

Reductions range from ≈ 5 dB for low-frequency cetaceans to ≈ 11 dB for mid- and high-
frequency cetaceans, with pinniped groups lying in between (Table 5.10). The gains are 1–2 dB
smaller than in the all-sand case, reflecting additional low-frequency re-radiation at the clay-sand
interface, yet the overall pattern remains: pulse shaping is acoustically neutral in broadband
terms but markedly advantageous when judged with biologically relevant, frequency-weighted
metrics.



6 | Discussion, Conclusions, and Rec-
ommendations

6.1 Discussion and Conclusions

The aim of this study was to investigate how variations in operational parameters affect the
cumulative underwater noise generated during offshore impact pile driving. Pile installation
for offshore wind farms produces high-intensity impulsive sound, posing a risk to marine life
through behavioral disturbances, physical injury, or hearing damage. To mitigate such impacts
and comply with regulatory thresholds, various technical solutions are employed, including im-
pulse elongation (PULSE) and Double Big Bubble Curtains (DBBCs). Additionally, operational
strategies like varying the target blow count during installation offer potential for noise control.

To quantify the influence of these interventions on cumulative acoustic impact, this study com-
bined a dynamic drivability model (DYNPAC) with a semi-analytical underwater acoustics model
(SILENCE). The findings underscore that the perceived effectiveness of mitigation strategies is
fundamentally influenced by the choice of acoustic metric, particularly the application of species-
specific frequency weighting. This chapter reflects on the key findings, elucidates their underlying
mechanisms, and discusses model limitations and sources of uncertainty.

6.1.1 Operational Parameter Influence on Cumulative Sound Exposure Level
(cumSEL)

Based on the simulations, the influence of operational settings on cumSEL can be explained by
four primary mechanisms:

Target Blow Count Policy

Adjusting the target blow count had a negligible effect on both broadband and frequency-
weighted cumSEL (varying by less than 0.1 dB across configurations). While reducing the blow
count led to shorter installation durations requiring higher hammer energy per blow, and vice
versa, the total hammer energy needed to achieve full penetration remained constant. Conse-
quently, the logarithmic summation of sound exposure over all strikes resulted in comparable
cumSEL values, irrespective of how the energy was delivered. Spectral analysis further con-
firmed minimal differences in energy distribution across the frequency range. This indicates that
modifying the target blow count alone, without altering total hammer energy, is ineffective for
significantly modifying underwater noise profiles.

Impulse Elongation (PULSE)

Impulse elongation (e.g., 50% PULSE configuration) significantly alters the pile driving and ra-
diated underwater sound. Drivability analysis revealed a substantial increase (up to 49%) in
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the number of required hammer blows, particularly during final penetration where reduced peak
force was insufficient against rising soil resistance. The 100% PULSE scenario even led to re-
fusal, highlighting a technical limitation where diminished impact force compromises penetration
capacity.

From an acoustic perspective, PULSE notably reduced per-strike Sound Exposure Level (SEL)
(e.g., 4.34 dB reduction for 50% PULSE at maximum penetration) due to lowered peak amplitude
and slower rise time. However, considering cumulative SEL (cumSEL) over the full installation
process, the net reduction was modest (only 1.18 dB for unweighted cumSEL), as the increased
number of strikes largely counteracted the per-strike benefit.

Crucially, PULSE shifts acoustic energy towards lower frequency bands (<40 Hz) due to its elon-
gated time profile. This redistribution is acoustically relevant as low-frequency sound propagates
further and affects sensitive species. When species-specific frequency weighting was applied, this
spectral shift translated into substantial reductions in weighted cumSEL (8-13 dB) for mid- and
high-frequency sensitive groups, illustrating the strong metric-dependence of perceived effective-
ness. Conversely, for low-frequency cetaceans, the benefit was more modest (7.6 dB reduction),
but still significant, as their hearing overlaps with the slightly increased low-frequency energy.
This demonstrates that pulse shaping is indeed effective when assessed through auditory-weighted
criteria. Overall, while PULSE reduces per-strike noise and redistributes energy favorably, its
drivability penalty and limited impact on unweighted cumSEL suggest its standalone utility for
long-term acoustic impact reduction, when unweighted metrics are the sole concern, is limited.
This underscores the need to balance acoustic mitigation with installation efficiency and consider
combining pulse shaping with additional measures.

Double Big Bubble Curtain (DBBC) and its Interaction with PULSE

The combined application of PULSE and a Double Big Bubble Curtain (DBBC) proved com-
plementary, operating through distinct physical mechanisms to reduce underwater noise. The
DBBC consistently lowered Sound Exposure Levels (SEL and cumSEL), particularly in the mid-
to high-frequency range where bubble resonance and scattering are most pronounced. Spectral
analysis confirmed its broadband attenuation, suppressing energy across most frequencies above
100 Hz.

While a DBBC alone significantly reduced SEL, adding PULSE yielded further, albeit modest,
additional benefits. For instance, at 750 meters, the combined PULSE+DBBC case resulted
in only a 0.58 dB further reduction in unweighted cumSEL compared to the DBBC-only con-
figuration. This suggests that once broadband attenuation is provided by the bubble curtain,
the incremental gains from modifying the pulse shape become marginal. Importantly, no ad-
verse spectral interactions were observed between PULSE and the DBBC; on the contrary, the
combined strategy produced the lowest cumulative levels for all hearing groups, including low-
frequency cetaceans.

Notably, the PULSE+DBBC combination also resulted in a small but measurable reduction of
low-frequency energy (<40 Hz), contrary to common assumptions about bubble curtain per-
formance. This unexpected attenuation might be attributed to enhanced scattering from the
dual-ring DBBC’s combined acoustic thickness, shallow-water cutoff effects, or the numerical
low-frequency cutoff in the SILENCE model. However, conclusions regarding sub-100 Hz per-
formance should be interpreted cautiously due to potential model artifacts.

Despite the broad effectiveness of both methods, weighted cumSEL values for low-frequency
cetaceans remained elevated compared to other species. This suggests that even combined strate-
gies might be insufficient for this group, necessitating additional measures like using a Triple Big
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Bubble Curtain (TBBC), longer ramp-up periods, or exclusion zones to ensure regulatory com-
pliance and species protection.

Stratigraphic Control

The sensitivity study involving a clay-sand stratigraphy revealed that soil layering significantly
influences mitigation effectiveness. At shallow embedment (5-13 m), the 50% PULSE configura-
tion still achieved approximately 2-3 dB single-strike SEL reduction. However, at full penetration
(25-27.5 m), the same configuration unexpectedly increased SEL by approximately 1 dB due to
low-frequency reflections at the clay-sand interface. Consequently, both single-strike SEL and
blow count rose, resulting in cumSEL values approximately 2 dB higher for medium PULSE
in comparison to no PULSE. This underscores the critical importance of stratigraphy-matched
mitigation design.

While peak pressure (Lpeak) still showed a slight decrease in this layered seabed, cumulative met-
rics increased. This demonstrates that in such layered seabeds, reflections at soil interfaces can
offset, or even reverse, the acoustic benefits of impulse elongation. Site-specific soil characteri-
sation is therefore essential before adopting impulse shaping as a noise mitigation measure. For
frequency-weighted impact, weighted cumSEL still decreased by 5-11 dB with PULSE, further
reaffirming that metric choice governs the "success" of any measure.

6.1.2 Impact of Acoustic Metrics on Perceived Effectiveness

This study consistently highlights that the choice of acoustic metric fundamentally influences the
perceived effectiveness of mitigation strategies. While unweighted cumSEL often showed only
minor reductions from impulse elongation, frequency-weighted cumSEL values revealed substan-
tially larger reductions, particularly for species with mid- or high-frequency hearing sensitivity.
This discrepancy underscores that underwater sound is not a neutral physical measure; its bio-
logical significance depends entirely on how it is evaluated and by the specific receiver.

Regulatory frameworks, such as those applied by NOAA, embed species-specific assumptions
through frequency weighting. These weightings prioritize biologically relevant frequencies and
suppress others, effectively redefining which parts of the acoustic spectrum are considered impact-
ful. Consequently, a mitigation strategy’s perceived effectiveness may hinge less on its absolute
physical noise reduction and more on its alignment with regulatory metrics. This implies that any
comparison of mitigation outcomes – between techniques, projects, or countries – must always
be interpreted in light of the specific acoustic metrics and weighting criteria applied. What is
considered "less noisy" for a porpoise may not be "less noisy" for a baleen whale, and compliance
under one framework may be insufficient under another.

Thus, operational settings can materially reduce underwater noise, but their apparent efficacy
depends on the regulatory metric applied; unweighted and weighted cumSEL may rank the same
measure differently.

These conclusions are drawn chiefly from a medium-dense over very-dense sand profile and one
soft clay-over-sand sensitivity run. Because impedance, damping, and layering govern both
drivability and acoustics, the numerical values cannot be generalized to other soils (e.g. stiff
clays, silts) or strongly stratified sites without further analysis. Extending the workflow to a
wider set of soil conditions is required before universal design rules can be issued.

6.2 Limitations of the study

Several model limitations and assumptions affect the precision and generalisability of the results.
These must be considered when interpreting the findings of this study.
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6.2.1 DYNPAC model limitations

Limitation Anticipated
influence

Physical explanation

Fixed target blow
count

Limited impact on
cumulative
predictions; may bias
local blow count
curves.

The energy per blow is recomputed in DYNPAC to
satisfy a single target count value over the full
penetration. In field practice the target is adjusted
with depth, but cumulative blow energy, which
controls SEL, is preserved; only the depth-by-depth
distribution may deviate.

One-dimensional
axial rod
assumption

Low influence on
overall drivability
trends for the vertical
pile analysed;
potentially larger for
tilted or eccentric
impacts.

The pile is modelled as a vertical, concentric elastic
rod; bending modes are therefore secondary.
Exclusion of flexural waves does not alter the axial
energy budget that drives noise radiation.

Simplified
strain-rate
damping

Low–moderate
uncertainty (< 2 dB)
in the resulting
acoustic Lpeak when
the DYNPAC–derived
force-time signal is
used as input; < 1 dB
effect on cumSEL.

Strain-rate effects are lumped into a single dashpot in
DYNPAC, shifting the peak force by only a few
percent; such small changes in the hammer pulse
translate to ≤ 2 dB variation in Lpeak computed by
SILENCE.

Limited
applicability to
very large
diameters (≥ 8m)

Negligible in this
study (D ≈ 8.8m
shows no measurable
dispersion);
uncertainty increases
for piles ≥ 10m.

Stress-wave dispersion and soil plugging become
measurable only when L/D ≲ 6; the analysed pile has
L/D ≈ 8.

Table 6.1: DYNPAC model limitations and their expected influence on the results.
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6.2.2 SILENCE model limitations

Limitation Anticipated influence Physical explanation

Two-layer soil
profile4

Adds ∼1-5 dB uncertainty
in SEL at typical
monitoring ranges.

Real seabeds are stratified; the uppermost layer
dominates noise generation. Neglecting deeper
strata mainly removes weak reverberations and
low-frequency modes, usually altering far-field
SEL by a few dB [31].

Uniform monopile
geometry

Broadband difference
expected to be <1 dB;
high-order modes may
shift slightly.

The dominant acoustic response is set by overall
diameter; minor tapers or stiffeners merely
perturb higher modes.

Prescribed hammer
force (no
hammer-pile
interaction)

Differences are typically
<1− 2 dB at 750 m,
provided that the input
force curve accurately
represents the total
energy.

The hammer is modelled as a prescribed force
input, without capturing feedback dynamics or
structural response of the pile.

Free-free boundary
assumption

Small variations in
predicted noise due to
deviations from actual
conditions.

In reality, boundary conditions lie between
clamped-free and free-free conditions, affecting
vibration modes and resulting sound radiation.

Rigid soil bottom
(finite layer depth)

Negligible (<1dB) if the
rigid base is placed many
wavelengths below the
pile toe.

Reflections from a deep rigid interface arrive late
and are highly attenuated, contributing little to
the early-time acoustic field.

Empty monopile
interior

Effect on exterior SEL is
expected to be <1 dB.

The steel shell dominates vibration; whether the
cavity contains air, water or grout only
marginally alters high-frequency radial modes,
which couple weakly to the water column.

Horizontal
uniformity

Exact impact site-specific
but usually ≤1-2 dB in
averaged far-field levels.

Axisymmetric models ignore sloping bathymetry
or lateral soil contrasts. Such asymmetries
mainly cause directional variations rather than
large changes in worst-case or averaged SPL.

Low-frequency
cut-off (∼40 Hz)

Underestimates
broadband SEL by ≲1-2
dB.

Pile-driving energy below 40 Hz is small;
omitting it removes long-wavelength modes that
contribute little to far-field pressure except very
near the pile.

Table 6.2: SILENCE model limitations and their expected influence on offshore pile-driving
noise predictions (sources as indicated).

4The full (non-student) SILENCE version can handle multiple soil layers; the two-layer restriction applies
only to the software edition used in this study.
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6.2.3 Study-wide limitations

Limitation Anticipated
influence

Physical explanation

No environmental
dynamics

Low for relative
trends; moderate for
absolute levels.

Currents ≤ 0.5 m s−1 modify transmission loss by
< 1 dB at 750 m. Temperature stratification is minor
in the shallow German Bight.

Limited validation
(unmitigated
only)

Moderate. Agreement within ±2 dB for the baseline increases
confidence in trend predictions; absolute levels for
PULSE or DBBC remain unverified.

Parameter
sensitivity
(CPT-based soil
set)

High for absolute SPL;
low for inter-scenario
ranking.

Wave-speed perturbations of ±10% cause
approximately 3 dB shift in SEL, yet the ranking of
scenarios is robust.

Single soil profile
and monopile

Moderate–high for
external
generalisation; low
within North-Sea
sands; the clay-sand
sensitivity test
(App. E) already
shows different results,
illustrating this
limitation.

Conclusions hold for medium-dense North-Sea sands;
clay- or silt-rich or strongly layered sites may behave
differently.

Single DBBC
configuration

Low for qualitative
conclusions; unknown
for alternative designs.

Higher gas flux or different ring spacing could
enhance low-frequency attenuation; current results
therefore represent a lower-bound estimate.

Table 6.3: Study-wide constraints and their estimated influence on the results.

6.3 Recommendations

The study’s findings translate into several immediate actions for researchers, practitioners, and
regulators. Because each stakeholder group influences underwater-noise management in a dif-
ferent way – through fundamental research, project execution, or policy design – the recom-
mendations are organised in three parts. First, the academic section highlights modelling and
validation work that would most improve predictive accuracy. Second, the industry section fo-
cuses on practical steps developers and contractors can take when planning or executing offshore
piling campaigns. Finally, the regulatory section outlines measures that authorities could adopt
to ensure that noise limits remain both ecologically relevant and technically achievable.

6.3.1 Academic perspective

1. Refine stratigraphic representation. Two-layer seabed schemes unavoidably smooth
out the multiple impedance interfaces that a realistic sediment column presents; literature
indicates this simplification can shift cumulative SEL by several decibels. Subsequent work
should apply the full multi-layer capability of SILENCE.

2. Validate combined mitigation strategies in field conditions. Empirical data for
installations using combined PULSE and DBBC mitigation are currently lacking. Instru-
mented field trials would enable validation and benchmarking of models, particularly focus-
ing on frequencies below 100 Hz, where numerical limitations and shallow-water phenomena
introduce uncertainties.
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3. Investigate frequency-weighted effects of monopile dimensions. Future research
should explicitly explore how increased monopile diameter affects the spectral distribution
of radiated sound energy. Larger piles produce a spectral shift toward lower frequencies,
potentially influencing cumulative SEL outcomes differently depending on species-specific
hearing sensitivity. This spectral shift might lead to reduced weighted cumSEL for marine
fauna, since frequency weighting mainly reduces low-frequency noise. This nuanced effect
warrants further investigation to inform regulatory assessments and optimise monopile
designs in offshore wind installations.

4. Broaden soil condition scenarios. Investigate diverse soil profiles, including layered
sediments, and heterogeneous mixtures, to better understand the variability of acoustic
emissions and drivability responses across a wider range of geotechnical conditions.

5. Explore alternative DBBC configurations. Investigations into variations such as
increased gas flux rates, larger curtain radii, or modified bubble spacing configurations
could improve noise attenuation effectiveness.

6. Include environmental dynamics. Assess the effects of currents, temperature gradients,
and other dynamic environmental parameters on acoustic propagation and bubble curtain
performance, enhancing the realism and predictive accuracy of acoustic models.

7. Evaluate different monopile geometries. Given that changes in monopile diameter
and wall thickness can shift acoustic energy into different frequency bands, systematic
studies exploring various monopile configurations and their acoustic consequences would
provide valuable insights, particularly for species-specific mitigation.

8. Empirical validation of model assumptions. Field measurements are critical for val-
idating assumptions inherent in drivability and acoustic models such as DYNPAC and
SILENCE. Empirical studies comparing real-world installation scenarios with model pre-
dictions should be prioritised to improve confidence in simulation-based assessments.

6.3.2 Industry perspective

1. Select mitigation measures based on local regulatory metrics. Before selecting
noise mitigation strategies, developers and contractors should carefully consider the acous-
tic metrics enforced by local regulations (Lpeak, SEL, cumSEL, or frequency-weighted cum-
SEL). The effectiveness of mitigation measures, such as impulse elongation (PULSE), de-
pends significantly on the metric used for compliance. For instance, PULSE shows limited
reduction in unweighted cumSEL but substantial benefits when frequency-weighted met-
rics are applied. Aligning mitigation strategies closely with the specific regulatory context
ensures optimal ecological benefit and regulatory compliance.

2. Update geotechnical investigation practices. Industry site surveys should routinely
include high-resolution seismic CPTs or direct measurements of P-wave and S-wave veloci-
ties. Accurate characterisation of these parameters will significantly enhance the reliability
of acoustic predictions and aid in optimising mitigation strategies.

3. Develop low-frequency mitigation techniques. Current mitigation measures predom-
inantly attenuate mid- to high-frequency noise. Innovative solutions specifically designed
to mitigate low-frequency acoustic emissions are necessary to protect species sensitive to
these frequencies effectively.
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6.3.3 Regulatory perspective

1. In this study, even weighted cumSEL values remain too high for low-frequency marine
mammals, despite the use of mitigation measures such as double bubble curtains and pulse
elongation. Therefore, it is particularly important to complement acoustic mitigation with
behavioural displacement strategies, such as soft-start procedures, allowing animals to
detect and vacate the area before full-energy piling begins.
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A | Sensitivity study for the influence
of the penetration depth on noise
levels

A.1 SEL and Lpeak values over the penetration depth at 750 m
from the monopile

Penetration depth 20 bl/0.25m
SEL Lpeak

[m] [dB re 1 µPa2s] [dB re 1 µPa]

5.0 183.08 203.87
7.0 182.73 203.06
11.0 182.32 201.64
13.0 182.24 201.14
15.0 182.52 201.02
18.5 182.70 200.92
21.0 182.91 200.99
23.5 183.15 201.07
27.5 183.16 201.46

Table A.1: SEL and Lpeak values for different penetration depths with constant hammer energy
(5500 kJ). Modelled at 750 m from the monopile and 2 m above the seabed. Scenario: Target
blow count = 20 bl/0.25 m.
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A.2 SEL and Lpeak values over the penetration depth in the fre-
quency domain

Figure A.1: SEL values in the frequency domain for different penetration depths with constant
hammer energy (5500 kJ). Modelled at 750 m from the monopile and 2 m above the seabed.



B | Effect of operational parameters on
the drivability

B.1 Drivability results for target blow count variation

Penetration [m] Energy [kJ] Blows

6.99 1100 175
6.99 1650 175
7.01 1650 176
9.49 1650 374
9.51 1650 376
10.99 1650 494
11.01 1650 496
11.01 2200 496
13.00 2200 687
13.00 2750 687
14.99 2750 862
14.99 3300 862
15.01 3300 863
16.99 3300 1013
17.01 3300 1015
18.49 3300 1145
18.49 3849 1145
18.51 3849 1147
20.99 3849 1365
20.99 4400 1365
21.01 4400 1367
23.00 4400 1550
23.00 5500 1550
24.99 5500 1725
25.01 5500 1727
25.99 5500 1809
26.01 5500 1811
27.50 5500 1966

Total 1966

(a) (A) 20 bl/0.25 m

Penetration [m] Energy [kJ] Blows

6.99 1100 175
7.01 1100 177
9.49 1100 455
9.49 1650 455
9.51 1650 457
10.99 1650 575
11.01 1650 577
11.01 2200 577
13.00 2200 768
14.99 2200 991
14.99 2750 991
15.01 2750 993
16.99 2750 1175
17.01 2750 1177
18.49 2750 1337
18.49 3300 1337
18.51 3300 1339
20.99 3300 1607
20.99 3849 1607
21.01 3849 1609
23.00 3849 1824
23.00 4400 1824
24.99 4400 2031
24.99 4950 2031
25.01 4950 2033
25.99 4950 2115
26.01 4950 2117
27.50 4950 2272
27.50 5500 2272

Total 2272

(b) (B) 25 bl/0.25 m
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Penetration [m] Energy [kJ] Blows

6.99 1100 175
7.01 1100 177
9.49 1100 455
9.51 1100 457
10.99 1100 623
11.01 1100 626
11.01 1650 626
13.00 1650 881
13.00 2200 881
14.99 2200 1104
15.01 2200 1106
16.99 2200 1336
17.01 2200 1338
17.01 2750 1338
18.49 2750 1498
18.51 2750 1500
20.99 2750 1837
20.99 3300 1837
21.01 3300 1839
23.00 3300 2102
23.00 3849 2102
24.99 3849 2349
24.99 4400 2349
25.01 4400 2351
25.99 4400 2445
26.01 4400 2447
27.50 4400 2632
27.50 4950 2632

Total 2632

(c) (C) 30 bl/0.25 m

Table B.1: Drivability output for target blow count variations.
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B.2 Drivability results for impulse elongation

Penetration [m] Energy [kJ] Blows

6.99 1100 175
7.01 1100 177
9.49 1100 455

1650 455
9.51 1650 457
10.99 1650 575
11.01 1650 577

2200 577
13.00 2200 768
14.99 2200 991

2750 991
15.01 2750 993
16.99 2750 1175
17.01 2750 1177
18.49 2750 1337

3300 1337
18.51 3300 1339
20.99 3300 1607

3849 1607
21.01 3849 1609
23.00 3849 1824

4400 1824
24.99 4400 2031

4950 2031
25.01 4950 2033
25.99 4950 2115
26.01 4950 2117
27.5 4950 2272

5500 2272

Total 2272

(a) (A) Reference case (no pulse)

Penetration [m] Energy [kJ] Blows

6.99 1100 231
1650 231

7.01 1650 233
9.49 1650 491

2200 491
9.51 2200 493
10.99 2200 617
11.01 2200 619

2750 619
13.00 2750 842

3300 842
14.99 3300 1073

3849 1073
15.01 3849 1075
16.99 3849 1281

4400 1281
17.01 4400 1283
18.49 4400 1443

4950 1443
18.51 4950 1445
20.99 4950 1753

5500 1753
21.01 5500 1756
23.00 5500 2090
24.99 5500 2560
25.01 5500 2564
25.99 5500 2760
26.01 5500 2766
27.5 5500 3386

Total 3386

(b) (B) Medium PULSE case

Table B.2: Drivability output for reference case (A) and medium PULSE case (B).



C | Noise levels per hammer energy level

C.1 Noise levels for varying target blow counts

C.1.1 Without additional mitigation measures

Hammer energy 20 bl/0.25m 25 bl/0.25m 30 bl/0.25m
SEL Lpeak SEL Lpeak SEL Lpeak

[kJ] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa]

1100 176.09 196.88 176.09 196.88 176.09 196.88
1650 177.21 196.78 177.21 196.78 177.01 195.91
2200 178.26 197.16 178.26 197.16 178.26 197.16
2750 179.23 198.13 179.69 197.91 179.69 197.91
3300 180.48 198.71 180.48 198.71 180.93 198.85
3849 181.15 199.37 181.60 199.52 181.60 199.52
4400 182.18 200.10 182.18 200.10 182.19 200.49
4950 182.70 201.00 182.7 201 [-] [-]
5500 183.16 201.46 [-] [-] [-] [-]

Table C.1: SEL and Lpeak values for different target blow counts.

C.1.2 In combination with a DBBC

Hammer energy 20 bl/0.25m 25 bl/0.25m 30 bl/0.25m
SEL Lpeak SEL Lpeak SEL Lpeak

[kJ] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa]

1100 167.54 186.88 167.54 186.88 167.54 186.88
1650 168.23 186.68 168.23 186.68 167.86 185.43
2200 169.11 186.68 169.11 186.68 169.11 186.68
2750 170.08 187.65 170.74 188.06 170.74 188.06
3300 171.53 188.85 171.53 188.85 172.24 190.41
3849 172.20 189.52 172.91 191.08 172.91 191.08
4400 173.49 191.66 173.49 191.66 173.56 192.15
4950 174.08 192.66 174.08 192.66 [-] [-]
5500 174.53 193.12 [-] [-] [-] [-]

Table C.2: SEL and Lpeak values for different target blow counts in combination with a DBBC.
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C.2 Noise levels for impulse elongation

C.2.1 Without additional mitigation measures

Hammer energy No PULSE Medium PULSE
SEL Lpeak SEL Lpeak

[kJ] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa]

1100 176.09 196.88 170.26 187.33
1650 177.21 196.78 172.16 190.02
2200 178.26 197.16 173.41 191.27
2750 179.69 197.91 174.15 192.19
3300 180.48 198.71 174.94 192.98
3849 181.60 199.52 176.51 193.67
4400 182.18 200.10 177.09 194.25
4950 182.70 201.00 178.06 194.83
5500 [-] [-] 178.36 195.38

Table C.3: SEL and Lpeak values for PULSE without a DBBC.

C.2.2 In combination with a DBBC

Hammer energy No PULSE + DBBC Medium PULSE + DBBC
SEL Lpeak SEL Lpeak

[kJ] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa]

1100 167.54 186.88 162.87 179.85
1650 168.23 186.68 163.77 182.37
2200 169.11 186.68 165.02 183.62
2750 170.74 188.06 165.52 184.57
3300 171.53 188.85 166.31 185.36
3849 172.91 191.08 168.31 185.29
4400 173.49 191.66 168.00 186.42
4950 174.08 192.66 169.60 187.02
5500 [-] [-] 170.30 187.73

Table C.4: SEL and Lpeak values for PULSE with a DBBC.



D | Frequency-weighted noise impact

D.1 Weighted cumulative noise (PULSE)

Figure D.1: Frequency-weighted cumSEL spectrum for low-frequency cetaceans.3

3Modelled at 750m from the monopile and 2m above the seabed.
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Figure D.2: Frequency-weighted cumSEL spectrum for mid-frequency cetaceans.3

Figure D.3: Frequency-weighted cumSEL spectrum for high-frequency cetaceans.3
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Figure D.4: Frequency-weighted cumSEL spectrum for phocid pinnipeds.3

Figure D.5: Frequency-weighted cumSEL spectrum for otariid pinnipeds.3
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D.2 Weighted cumulative noise (PULSE+DBBC)

Figure D.6: Frequency-weighted cumSEL spectrum for low-frequency cetaceans comparing the
scenarios with and without DBBC.3

Figure D.7: Frequency-weighted cumSEL spectrum for mid-frequency cetaceans comparing the
scenarios with and without DBBC.3

3Modelled at 750m from the monopile and 2m above the seabed.
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Figure D.8: Frequency-weighted cumSEL spectrum for high-frequency cetaceans comparing
the scenarios with and without DBBC.3

Figure D.9: Frequency-weighted cumSEL spectrum for phocid pinnipeds comparing the sce-
narios with and without DBBC.3



APPENDIX D. FREQUENCY-WEIGHTED NOISE IMPACT 101

Figure D.10: Frequency-weighted cumSEL spectrum for otariid pinnipeds comparing the sce-
narios with and without DBBC.3

3Modelled at 750m from the monopile and 2m above the seabed.



E | Clay-sand case

E.1 Input parameters

Description Parameter Soft clay layer Dense sand layer Unit
Young’s modulus E 16.2 576 MPa
Poisson’s ratio ν 0.49 0.49 -
Soil density ρ 1400 2090 kg/m3

Damping ratio of compres-
sional waves

αp 4.91 1.85 %

Damping ratio of shear waves αs 8.89 4.63 %
Compressional wave velocity Vp 1390 1886 m/s
Shear wave velocity Vs 62 304 m/s

Table E.1: Parameters for soil properties and wave characteristics for soft clay layer on top of
dense sand layer. Parameters are derived from Ainslie, MA [92].
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E.2 Drivability results for impulse elongation

Penetration [m] Energy [kJ] Blows

7.995 550 84
10.99 550 180
11.01 550 183

1100 183
13.00 1100 446

1650 446
14.99 1650 669

2200 669
15.01 2200 671
16.99 2200 853
17.01 2200 855
18.49 2200 1015

2750 1015
18.51 2750 1017
20.99 2750 1285

3300 1285
21.01 3300 1287
23.00 3300 1502

3849 1502
24.99 3849 1709

4400 1709
25.01 4400 1711
25.99 4400 1789
26.01 4400 1791
27.50 4400 1946

4950 1946

Total 1946

(a) (A) Reference case (no PULSE)

Penetration [m] Energy [kJ] Blows

7.995 550 72
10.99 550 156
11.01 550 160

1650 160
13.00 1650 407

2200 407
14.99 2200 654

2750 654
15.01 2750 656
16.99 2750 870

3300 870
17.01 3300 872
18.49 3300 1038

3849 1038
18.51 3849 1040
20.99 3849 1357

4950 1357
21.01 4950 1359
23.00 4950 1598

5500 1598
24.99 5500 1908
25.01 5500 1911
25.99 5500 2044
26.01 5500 2048
27.50 5500 2400

Total 2400

(b) (B) Medium PULSE case

Table E.2: Drivability output for the clay–sand profile: reference (A) versus 50% PULSE (B).
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E.3 Noise levels for impulse elongation

Hammer energy No PULSE Medium PULSE
SEL Lpeak SEL Lpeak

[kJ] [dB re 1 µPa2s] [dB re 1 µPa] [dB re 1 µPa2s] [dB re 1 µPa]

550 164.5 181.71 162.45 176.87
1100 167.16 183.44 [-] [-]
1650 166.17 183.28 166.73 183.07
2200 167.28 183.20 165.63 182.39
2750 167.75 183.01 166.51 183.01
3300 168.83 183.45 167.82 183.34
3849 170.02 185.04 168.77 183.64
4400 170.77 185.83 [-] [-]
4950 [-] [-] 170.03 184.21
5500 [-] [-] 171.77 185.60

Table E.3: SEL and Lpeak values for PULSE without a DBBC.

E.4 Weighted cumulative noise (PULSE)

Figure E.1: Frequency-weighted cumSEL spectrum for low-frequency cetaceans comparing the
scenarios with and without PULSE in a clay-sand stratigraphy.3
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Figure E.2: Frequency-weighted cumSEL spectrum for mid-frequency cetaceans comparing the
scenarios with and without PULSE in a clay-sand stratigraphy.3

Figure E.3: Frequency-weighted cumSEL spectrum for high-frequency cetaceans comparing the
scenarios with and without PULSE in a clay-sand stratigraphy.3



APPENDIX E. CLAY-SAND CASE 106

Figure E.4: Frequency-weighted cumSEL spectrum for phocid pinnipeds comparing the sce-
narios with and without PULSE in a clay-sand stratigraphy.3

Figure E.5: Frequency-weighted cumSEL spectrum for otariid pinnipeds comparing the sce-
narios with and without PULSE in a clay-sand stratigraphy.3

3Modelled at 750m from the monopile and 2m above the seabed.
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