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Executive Summary 
 
 This report reviews and proposed alternatives and modifications for the steel 
monopile foundation and its current installation technique for noise mitigation. The steel 
monopile is a cylindrical hollow tube that is used as a foundation for offshore wind turbines. 
The report identifies a number of different engineering solutions that are divided into two 
categories, solutions that can be used with the current installation techniques (i.e. 
modifications) and solutions that change the current methods (i.e. alternatives). 
 
 Based on measurements the noise emissions for the installation of a  6 m diameter 
monopile using hydraulic impact hammers reach sound exposure levels of 174 dB re 1µPa at a 
distance of 500 meters. This value is above the Temporary Threshold Shift (TTS) of pennipeds 
(163 dB) and very close to that TTS of cetaceans (183 dB). Moreover prolonged exposure to 
TTS sound levels can cause Permanent threshold Shift (PTS). The marine mammals depend 
heavily on their hearing to survive. Damaging the hearing of these animals can make it harder 
for these animals to survive and in extreme cases make it impossible. 
 
 Selecting a foundation type for an offshore wind turbine is not straight forward; as the 
choice depends on many variables that vary greatly from one offshore site to another. The 
general understanding is that there is not one perfect solution. The design method for each 
foundation also varies but general procedure is more or less similar. The data required for the 
design of these foundations is also analogous, which includes environmental data, turbine 
data and site data.  
 
 Methods that do not completely change the current pile driving  methods are 
interesting as these procedures can be applied in the short term. These include changing of 
pile-toe shape, use of contact damping, skirt-pile support, modification of the parameter for 
pile stroke and sound isolation/damping. The noise reduction from these modifications is 
achieved either by reducing the sound at the source, for example changing the pile stroke 
parameter or by isolating/damping the sound, like using sleeves.    
 
 Alternatives for current techniques require a major modification either of the 
installation procedure or of the monopile itself. Alternative for hydraulic impact hammer 
include the use of Vibratory hammers and drilling, while the alternatives for the monopile 
foundation include, guyed support structure, concrete/drilled monopile, screwpile, jacket 
structure, gravity based supports structures (GBS), tripod/tripile foundation, floating 
structures and suction caisson. Few of these alternatives, like GBS, jackets and tripods have 
and are already being used in the offshore wind industry today. 
 

Final comparison is based on two criterions, noise reduction achievable and time 
required for implementation. Even the best solution for a significant noise reduction is useless 
in the short term if it will take decades to implement. Therefore solutions with the quickest 
implementation time need to be considered and applied to reduce the harmful effects of 
impact pile driving in the near future. This will slightly lower the noise disturbance in the 
short-term while giving more effective solutions, time to be developed and tested.   
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Background 
 

The Netherlands has currently two active offshore wind farms in the North Sea, with 
the total capacity of producing 228 MW, however there are plans to increase this capacity to 
6,000 MW by the year 2020. In order to meet this challenge a considerable number of wind 
farms are expected to be built in the coming years.  

So far both1 the Dutch wind farms use the monopile2 support structure for its Wind 
turbines and almost all the upcoming projects also plan on using the same approach. The 
monopiles are installed currently by hammering them directly into the seabed using powerful 
hydraulic hammers. This process generates a lot of noise and due to the properties of sound 
propagation3 in water, can be heard by animals like seals as far as 80 km. Closer to the site of 
hammering the sound pressure levels are incredibly high. Average sound exposure levels are 
estimated around 247 Ä" ÒÅ υ ʈ0Á (Lindeboom H. , 2010). Further as the size of the wind 
turbines is increasing so is the diameter resulting in even higher noises. This adversely affects 
the sea life in the North Sea causing deafness and forces many animals to flee. 

The wind energy represents a green and environmental friendly future while the 
use of monopiles with current installation techniques is contradictory to the whole Wind 
energy philosophy and needs to be re-examined.  
 

Aims and Objectives 

  

The aim of the project is to analyse and propose alternatives for the monopile support 
structure and its installation techniques to minimalize or eradicate the noise production 
during the deployment of offshore Wind farms. This is to protect and preserve the sea life of 
the North Sea with a specific focus on the Dutch EEZ4. 
 

 
 
 
 
 
 
 
 
  

                                                        
1 Windpark Egmond aan Zee (OWEZ) and Princess Amalia Wind Farm. 
2 A hollow cylindrical steel tube used as a support for offshore wind turbines 
3 Sound travels 4.3 times faster in water than in air due to difference in the medium properties of the two fluids.  
4 Exclusive Economic Zone: A seazone over which a state has special rights for exploration and use of marine 
resources. 
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1. Problem Analysis 
 

1.1. Marine life in the Dutch EEZ 

The Dutch Exclusive Economic Zone (EEZ) is approximately 57,000 km2, almost 1.5 times 
the Dutch land area. Sharing a sizable part of the North Sea, which is one of the buzziest seas 
in the world, the Dutch EEZ is home to a rich and diverse ecosystem. (Lindeboom, et al., 2008) 

The marine life in this ecosystem consists of: 
  

a. Microscopic life 
b. Plants and algae 
c. Marine invertebrates 
d. Fish 
e. Seabirds 
f. Marine mammals 

   

This problem analysis will mainly focus on the effects of pile driving  on marine 
mammals with a brief look at the fish. The effects of noise on other types of underwater 
marine life mentioned are almost unknown and are therefore beyond the scope of this study. 
Seabird will also not be studied as the study focuses only on underwater noise. 

 

  
a)  Harbour Seal (Phoca vitulina) (© Andreas Trepte) 

 
b)  Grey Seal (Halichoerus grypus) (© Andreas Trepte) 

 

 
c) Harbour porpoise (Phocoena phocoena) (© Solvin Zanki) 

Figure 1. Marine mammals found in the Dutch EEZ 

 
There is a large variety of marine mammals that form a part of the North Sea marine life, the 
largest groups are; 
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a. Harbour Seal (Phoca vitulina) 
b. Grey Seal (Halichoerus grypus) 
c. Harbour porpoise (Phocoena phocoena) 

These mammals can be seen in Figure 1.  
 

Beside the marine mammals, there are a huge variety of fishes present in the Dutch 
EEZ. It would be difficult to list all these sorts of fish therefore only the prominent sorts will 
be listed; this list is in no particular order: 
 

a. European flounder (Platichthys flesus) 
b. Yellow sole (Buglossidium luteum) 
c. Spotted Ray (Raja montagui) 
d. Thornback ray (Raja clavata) 
e. Grey gurnard (Eutrigla gurnardus) 
f. Atlantic herring (Clupea harengus) 
g. Atlantic horse mackerel (Trachurus 

trachurus) 
h. Atlantic mackerel (Scomber scombrus) 
i. Atlantic cod (Gadus morhua) 

j. Lesser weever (Echiichthys vipera) 
k. Striped red mullet (Mullus surmuletus) 
l. Common dab (Limanda limanda) 
m. Haddock (Melanogrammus aeglefinus) 
n. European plaice (Pleuronectes platessa) 
o. Scaldfish (Arnoglossus laterna) 
p. European sprat (Sprattus sprattus) 
q. Turbot (Psetta maxima) 
r. Dover sole (Solea sole) 
s. Whiting (Merlangius merlangus) 

 
In the section 1.4 the effects of noise on these marine mammals and fish and their 

behaviour will be discussed. 

1.2.  Underwater acoustics 

 Before diving into the underwater noise levels of pile driving and its impact on the sea 
life it is vital to understand few fundamentals of underwater acoustics. It is vital  to realise that 
ÕÎÄÅÒ×ÁÔÅÒ ÁÃÏÕÓÔÉÃÓ ÉÓ Á ÃÏÍÐÌÅØ ÁÎÄ ÖÁÓÔ ÓÕÂÊÅÃÔ ÁÎÄ ÏÎÌÙ Á ÓÅÃÔÉÏÎ ÏÎ ÔÈÉÓ ÔÏÐÉÃ ÄÏÅÓÎȭÔ ÄÏ 
justices. However this section is intended to explain certain basic concepts needed for 
understanding noise generated from pile driving. 
 
 Sound is a mechanical disturbance that can move through any medium (gas, liquid or 
solid). This disturbance propagates in air and underwater by the compression and rarefaction, 
as depicted in Figure 2. Due to these compressions and rarefactions the sound is detected by a 
receiver as change in pressure.  
 

Figure 2. Compression and Rarefaction (What is Sound?, 2010) 
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One salient characteristic of sound propagation is the speed of sound. The speed of 
sound underwater varies significantly from speed of sound in air as the two mediums have 
very different properties. The sound travels faster through medium with higher 
incompressibility and/or lower density. As given by the equation: 
 

r

K
c=  

 
Where, 

 c

 

represents the speed of sound in a medium 
 ὑ is the Bulk modulus (incompressibility)  
 ”  is the density of the medium 
 

The water has higher density than air but is harder to compress (higher bulk modulus) 
making the sound travel around 4.3 times faster in water than air. If the medium is more 
compressible then more sound energy is used up for compressions and rarefaction resulting 
in lower sound speeds.  In fresh water, sound travels at about 1497 m/s at 25 °C, while at the 
same temperature the speed of sound in air at sea level is 346 m/s. 
 

This speed is also influenced by the temperature of water and furthermore in seawater, 
which is a non-homogeneous medium, there are other factors that affect the speed of sound 
namely salinity and water depth (pressure). The approximate sound speed variations as a 
function of temperature, salinity, and depth are given in Table 1 and further the sound depth 
relation is observable in Figure 3. 
 

Table 1. Approximate sound speed variation  (Urick, 1983)  

Sound speed dependency Coefficient  

Temperature + 4.6 m/s per °C 

Salinity + 1.3 m/s per ppt (part per thousand) 

Depth + 0.016 m/s per m 

 

 
Figure 3. Speed of Sound vs. Depth 
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1.2.1. Sound levels in Air versus water 

Sound levels and other acoustic parameters vary over a very wide range; the values 
relating to sound are therefore measured in a logarithmic unit , decibels [dB] to be specific. A 
decibel unlike other units is a dimensionless unit i.e. it is a ratio. To understand why a 
logarithmic is better suited for wide ranges consider a range of numbers from 0.001 to 10,000, 
this range is simply ɀ3 to +4 on the logarithmic scale (values of the exponential ρπ). This 
makes it easier to handle the wide range of values.  

 
As mentioned earlier, decibel is a ratio, and a ratio can only be calculated in relation to 

some reference value. The sound pressure level or intensity level are therefore calculated 
using some reference sound pressure level or reference intensity respectively, as can be seen 
in the equations 
 

Sound Intensity level (dB) = 10log10(Sound intensity/reference intensity ) 
 

Sound pressure level (dB) = 20log10(Sound pressure/reference sound pressure) 
 

Comparing the sound pressure levels in air and water is not straight forward as the 
reference pressures are different. For air the reference pressure is φτ ʈ0Á while for water it is  
υ ʈ0Á. (Bradley & Stren, 2008) This difference can be calculated as follows; 
 

Difference* (dB) = 20log10 (air reference pressure/water reference pressure) = 26 dB 
 
*in the numerical value to the same RMS pressure 
 

A simple, but unscientific way to visualize the different values obtained from using 
different reference values might be to take the example of length or distance. Distance or 
length can be measured with respect to meters or inches/feet etc. The measured values i.e. 2 
meters is the same as 508 inches, but the values are different depending on the reference used. 
 

1.2.2. Sound Absorption 

The sound absorption in seawater depends on properties like, temperature, salinity, 
acidity and the frequency of the sound. There are two main processes that play an essential 
role, 

a. Kinematic (Viscosity) 
The sound propagation in water ÃÁÕÓÅÓ ÔÈÅ ÍÏÌÅÃÕÌÅÓ ÔÏ ȬÒÕÂȭ ÁÇÁÉÎÓÔ ÅÁÃÈ ÏÔÈÅÒ 
because of the viscosity and results in the loss of sound energy as heat.  

b. Chemical (relaxation processes) 
Seawater contains salts and acids, when considering absorption the most interesting 
are Magnesium Sulphate (MgSO4) and Boric Acid (H3BO3). These can exist in two 
different physical shapes, when energy is provided by the sound they change shape, 
absorbing energy, and then return to their original forms after a certain period 
(relaxation time) releasing energy. This is the relaxation process. For Boric Acid, the 
conversion takes place when the sound frequency is low, and for magnesium sulphate, 
it occurs when the frequency is high. (Francois & Garrison, 1982) 

 
The seawater sound absorption coefficient a can be computed using the Francois-Garrison 
equation. (Francois & Garrison, 1982) 
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Total 
Absorption 

= 

Boric Acid 
Contribution 

+ 

Magnesium Sulphate 
Contribution 

+ 

Pure water 
contribution  

a 
A1P1 f1 f 2

f1
2 + f 2

 
A2P2 f2 f 2

f2

2 + f 2
 A3P3 f 2  

 

 
Figure 4. Sound Absorption in Seawater 

 

1.2.3. Reflection 

Another crucial aspect of sound propagation under water is the reflection of sound. Both 
the ocean surface and the ocean floor act as reflecting and scattering boundaries. Due to the 
different properties of the water and air only a small amount of energy is able to cross the 
ocean surface.  And therefore for simplification sea-air surface is considered as a perfect 
reflector at times. The reflection from the seabed is more complex and dependent on the soil 
type, however the energy is generally transferred much easily in comparison with the sea-air 
surface.  

 
4ÈÅ ÒÅÆÌÅÃÔÉÏÎ ÉÓ ÉÍÐÏÒÔÁÎÔ ÔÏ ÃÏÎÓÉÄÅÒȟ ÁÓ ÔÈÅ ÓÏÕÎÄ ÄÏÅÓÎȭÔ ÅÓÃÁÐÅÓ ÔÈÅ ×ÁÔÅÒ (especially 

from the ocean surface) and keep reaching the receiver again and again through different 

Figure 5. Different paths of sound due to reflection.  (Bradley & Stren, 2008)  
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paths over a wider range of time.  

1.3. Noise Levels for pile driving 

Pile driving is a process of installing a hollow cylindrical steel tube into the 

ground/ seabed, by impact or vibratory hammer. Impact driven monopiles seem to be the 
preferred method and to date the only method used in the Dutch EEZ to install offshore wind 
turbines. The hammering of the monopiles generates extremely loud noise; the exact values 
will be discussed in the lateral part of this section.  
 

When an impact hammer hits a pile the pile deforms and this deformation travels 
downwards to the lower end of the monopile. This deflection disturbs the water generating 
sound. Therefore the sound is not produced simultaneously from the whole pile rather is 
generated first from the top part and moves downwards. The sound wavelet from the top part 
starts traveling first and therefore has already travelled a certain distance when the second 
wavelet is formed. Therefore the Huygen's wavelets front is not straight i.e. the sound energy 
is transmitted at an angle according to (Reinhall & Dahl, 2010) the deflection is around 18 
degrees. Consequently a large part of the noise follows a zigzag path reflecting of the seabed 
and the ocean surface, like depicted in Figure 5.  

 
Also when the hammer strikes the pile the sound is generated in the air, a part of this 

sound energy enters the water and contributes significantly to the overall noise levels. Finally 
the impact force transmitted to the seafloor will also consist of the structural vibration energy, 
producing lateral waves in the seabed. Some of these waves also ȰÌÅÁËȱ into the water and as 
speed of sound is higher in soil than in water the noise from this path will reach the receiver 
before any other path (Nedwell & Howell, A review of offshore windfarm related underwater 
noise sources, 2004) these paths are depicted in Figure 7. 
 

Figure 6. Sound generation by impact hammer (wave front)  
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Figure 7. Noise paths during impact pile driving  

 
 
As pile driving is an impulsive sound, a single dB value is not enough to define it. Other useful 
values that are needed for better interpretation of  pile driving noise are explained below. The 
graph in Figure 8 generally represents the sound pressure impulse from a stroke for impact 
pile driving. 

 
 

1.3.1. Equivalent Continuous sound pressure level 

It is also known as time-averaged level and is abbreviated as ὒ  it is widely used as an 

index for noise, and is the average sound pressure level during a period of time in dB. 
Numerical it can be represented as: 
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Figure 8. A typical Sound Pressure impulse of one hydraulic hammer stroke  
(Nehls, Betke, Eckelmann, & Ros, 2007) 
















































































































