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A B S T R A C T

In the last decades, renewable energies gained an increasing interest
due to the environmental awareness of people, especially in the devel-
oped countries. Moreover sustainable resources represent a long-term
investment full of possibilities of use.
In the Netherlands a technology which is getting more and more pop-
ular to produce green energy is represented by offshore wind turbines
(OWT). However, during the installation of the structural elements for
these systems, the risk of noise pollution and animal harm is an issue
that has to be considered.
Previous works developed models to predict the noise emission and
propagation during the construction phase, however the uncertainty re-
lated to the environmental properties has not been yet fully investigated.
Since the model characteristics are uncertain, so will be the prediction
of the noise.
This thesis aims to fill this gap, investigating in the underwater soil
property uncertainties and the resulting variation in sound predictions.
The main goal of this work is to settle a sounding methodology to
model the soil characteristics and interpret the sound levels.

In the first part of this work, the soil uncertainties are treated.
A framework on how to use measurements from cone penetration tests
(CPT) and obtain mechanical and dynamic soil features is presented.
By means of statistical approaches, the procedure to define the optimal
depth for different homogeneous layers (given the software used for the
noise prediction) is described. Another topic dealt with is the definition
of proper characteristic distributions and the choice of the optimal one
representing the available empirical measurements.
Finally a procedure to generate random samples for the analyses that
will follow is shown.
An important feature presented is the use of the correlation between
the properties to define copulas. The samples then are not completely
random and independent, but instead combinations that are more likely
to appear are obtained.

In the second part, the results of several analyses are presented.
The steps to treat the sound levels and obtain the probability density
(and cumulative) distributions are discussed. These results will help in
estimating the probability of exceeding a particular defined sound level.
With this information, additional measures and precautions, as noise
barriers, may be adopted in the installation of the pile to prevent ex-
ceeding the threshold.
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The correlation between soil properties and obtained sound levels is in-
vestigated, in order to highlight if there are soil properties that greatly
affect the outcomes.
The insight obtained may help in determining which particular features
need a careful estimation, both by more accurate measurements or new
techniques. Another benefit related to the detection of parameters not
affecting significantly the sound levels, is the reduction of simulations
necessary to cover enough combinations. That is because if a property
can be neglected in the generation of samples and be taken as a fixed
value, less combinations are needed to be considered.
Finally, a comparison between the obtained estimations and empirical
measurements in the North Sea is made, to test the validity of the frame-
work proposed.
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I N T R O D U C T I O N A N D B A C K G R O U N D



1
I N T R O D U C T I O N

1.1 summary

The following section presents a brief overview of the content of each
chapter.
In Chapter 1 an introduction of the topic, of the motivation and an
overview on the sound level limitations in different countries is pre-
sented.
Chapter 2 addresses the available methods to model the sound genera-
tion and propagation in marine environments. Some statistical methods
to deal with uncertainties are also discussed. A brief discussion is made
upon the advantages and disadvantages of each one.
In Chapter 3 the adopted sound generation and propagation solver is
described. The software, called SILENCE, is based on a semi-analytical
model. This has better performance in the accuracy and time efficiency
while solving the analyses compared to other existing tools.
Chapter 4 opens the discussion on the estimation of the soil proper-
ties from raw cone penetration test (CPT) results. Through empirical
relations the main soil characteristics are obtained. The uncertainties re-
lated to these measurements are also addressed.
In Chapter 5 the main statistical approaches used in this work are pre-
sented. These consist of the definition of soil layer’s depths, the deter-
mination of various distributions types and the choice of the best repre-
senting the empirical data.
In Chapter 6 the main model set-up and the sampling procedure is out-
lined. Some assumptions and remarks are then discussed.
Chapter 7 deals with the results of the sound propagation analyses.
The statistical interpretation is outlined and the sound distributions are
obtained. The correlation between soil properties and sound levels is
investigated. At last, a comparison between sound measurements per-
formed in an offshore site and the simulation predictions is analyzed.
Chapter 8 summarizes the whole framework presented, discussing the
limitations or hypotheses made, highlighting the results obtained and
the advantages of the framework.
In Chapter 9 the conclusions of this work are drawn.
Finally some recommendations for future works or approaches which
can improve the framework presented are described.

2
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1.2 problem statement and motivation

In the last decade climate change and human footprint have become
major issues and people, companies, and governments are now more
than aware of the consequences these factors can lead to.
A solution to this problem could be the use of renewable energies to
preserve the environment and improve the conditions of people living
around polluted areas. The use of green alternatives looks appealing
also from an economic point of view, since it may be a long term invest-
ment to self produce the required energy for growth and well-being.
There are, however, some limitations when using sustainable resources,
mainly regarding their efficiency. A common solution to overcome this
issue is the installation of extensive systems, which however often re-
quire space that could be used for other purposes, for example farming.

This thesis focuses on one particular system to produce renewable
energy, that is, offshore wind turbines (OWT), which increased their pop-
ularity due to various advantages compared to the inland alternatives.
These installations, for example, do not occupy land, and not having
the spatial limitation it is possible to build larger machineries. More-
over they benefit from steadier and stronger winds, thus increasing the
energy production. Studies estimate that the same turbine excited by
ocean winds can produce up to 50% more energy than onshore ones
[1].
During the construction phase another issue arises, regarding the noise
emitted and propagating in water, air and soil during the installation.
It is a major concern, since it can harm marine wildlife, affecting their
behaviour and/or causing damages to their hearing organs [2, 3, 4].

Governments of different nations have then decided to establish rules
which limit the construction time to specific seasons, or thresholds to
the noise that can be generated during installation [5]. It is believed this
may help the harm to animals.
Unfortunately, the real noise levels that will be generated are of difficult
prediction.
Existing numerical models are used to predict the sound levels which
would be produced during installation. However to do so an accurate
description of the geometry and material properties is required. Espe-
cially the latter ones are highly variable in the large domains which
need to be considered, often tens of kilometers.
Approximations are then made, but even if the sound prediction may
be performed correctly, it could only apply to a specific, and most prob-
ably not realistic, environment case.
To the author’s knowledge, the various approaches available have mainly
focused on the accurate numerical solution. The sensitivity of the noise
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levels due to the uncertainties of environmental parameters has not yet
been fully investigated [6].

This thesis aims to fill this gap, by building a probabilistic frame-
work addressing the uncertainties in the soil properties. By employing
the noise prediction model for offshore pile driving, the sound distribu-
tions can be obtained which are then used to define the probability of
exceeding a certain threshold. Another objective is to identify correla-
tions between specific soil features and the resulting sound levels.
From available in-situ tests material properties of the soil can be de-
fined. However, to deal with the uncertainty in the soil parameters, due
to measurement error and spatial variation of the marine environment,
ranges of data sets are used and the probability distributions are in-
troduced. Particular attention is also given to the dependence between
different properties, since it is of importance to know when some com-
bination of them may be more likely to appear.
Through several simulations of noise propagation, reproducing differ-
ent soil stiffness and wave speed scenario, resulting sound levels are
expected. The following step is the definition of a sound level distribu-
tion, which is used to estimate, depending on the specific limitation or
criteria that needs to be met, the probability of exceeding a particular
value.
Among the purposes of this work, the identification of the dominant
soil parameters will help practitioners in focusing their efforts on an ac-
curate measurement of soil properties. Newer and more accurate tech-
niques are expected to be developed in the future.
It is also believed that the probabilistic framework here presented will
be of use for upcoming investigations. It allows improvements and is
sufficiently flexible to fulfill the needs of the user.
Once the sound level probability is obtained, the choice of the installa-
tion location, as well as the use of noise mitigation methods [7] can be
optimized.
Another aspect to take into account is the possibility of reducing the
overall amount of simulations performed during the projecting phase
to obtain the necessary information.
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1.3 overview on pile driving and sound propagation

Different structural typologies of piles for offshore purposes exist. One
of the most common for OWT consists of a monopile, obtained by weld-
ing several steel tubes: the dimensions can reach 8− 9 m of diameter and
70− 80 m of length, the thickness is generally around 90− 150 mm.
The most used techniques to drive the pile in the soil, sometimes even
tens of meters into the ground, is by the use of hydraulic impact ham-
mer or large vibratory systems. New studies are investigating on the
effectiveness of the latter method to produce lower sound pressure lev-
els.
In general, considering the impact hammer, each blow delivered to the
top of the pile makes it gradually penetrate the soil; the complete in-
stallation requires hundreds or thousands of blows, and an enormous
amount of energy is involved.
Each blow is then followed by a high noise pressure level, which prop-
agates through different channels. The main propagation medium is the
water column, where Mach cones travelling at the compressional speed
in the water (cp = 1500 m/s) generate around the pile. The second, but
equally important, is represented by the seabed interface, where Scholte
surface waves occur. As will be discussed further, they represent an in-
tense noise propagation path which can travel many kilometers from
the source origin.

Figure 1.1: Example of offshore platform for the pile installation, image down-
loaded from the internet
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1.4 overview on sound intensity limitations

In this section a brief overview on the limitations considered in this
thesis is outlined.
The main referenced national guideline chosen is the German one [5]
which, summarizing the most important aspects requires, at 750 m from
the pile driving location:

• a Sound Exposure Level (SEL) lower than 160 bB re 1µPa2

• a Sound Pressure Level (SPL/Lpeak) lower than 190 bB re 1µPa

The choice of relying on the German legislation is made since, at the
moment, is the only one which introduces objective and measurable
thresholds, while other countries do not rely on quantitative limits [8, 9].
In the Netherlands, for example, the only limitation regards a seasonal
restriction (1st of January - 1st of July), without sound thresholds. In the
United Kingdom pile driving has to be monitored by Marine Mammal
Observer (MMO) and Passive Acoustic Monitoring (PAM) during the
whole process.
To the author’s knowledge, it is not clear if these limitations would
completely prevent animal harm, yet these thresholds and periodic pro-
hibitions would for sure prevent excessive damage to marine wildlife.
Stressing out the difference that appears between the referenced sound
pressure levels (SPL) in air and water (eq 1.1), and to put the regula-
tions in perspective to some sound pressure levels found in literature
[10], table (1.1) present some common activities sound levels.

Activity SPL in air [dB] SPL in water [dB]

Threshold of hearing 0 26

Whisper 20 46

Normal conversation 60 86

Painful to human hear 130 156

Jet engine 145 171

Whale 139 165

Table 1.1: Some sound pressure levels for common activities

SEL[dB] = 10 log10

(
1
T

ˆ T

0

P2

P2
re f

dt

)
Lpeak[dB] = 20 log10

(
|P|
Pre f

)
(1.1)

Where the Pre f in air and water are chosen differently: respectively
Pre f ,air = 20 µPa at 1 m, Pre f ,water = 1 µPa at 1 m from the sound source.
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In general the sound conversion from air to water is obtained adding
+26 dB.

Looking at table(1.1) now the German sound limitations have clearer
meanings, having thresholds really close to normal sounds in marine
environments and that, even at the peak, should not provoke excessive
harm to the wildlife.

1.5 project description

In this section, the overview of the thesis is presented together with the
main research questions involved.
As introduced before, the main problem related to pile driving in terms
of environmental impact is the high noise emission during the instal-
lation. Since it may affect marine wildlife and damage their hearing
organs precaution measures had been taken by governments.
To verify if the threshold will be met, a correct sound propagation esti-
mation is necessary. This requires, other than an accurate solver method,
also a realistic definition of the environment where the installation will
take place.
This thesis mainly deals with the environmental feature uncertainties,
primarily related to the soil characteristics. Since the model input are
uncertain, even the sound level output will be. The aim is to investigate
on the effects of this variability.

1.5.1 Research questions and objectives

This thesis aims to answer one main question:
Is it possible to predict the probability of exceeding a dangerous
sound level, in order to take precautions and prevent animal harm?
Along with the main question, this work is intended to respond to some
sub-questions related to the several topics analyzed:

• With empirical measurements (CPT) how is it possible to account
for the variability of the marine environment?

• Since the input for the solver must be set, how is it possible to
generate samples that account for correlation between the differ-
ent properties?

• Once obtained the raw sound level measurements, how can they
be treated?

• Analyzing the soil characteristics and the sound level output, is
there any significant correlation?

To answer these questions, the following objectives are to be achieved:
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• Define a flexible framework to treat the empirical recordings, which
then allows to describe soil stratification. This will be helpful in de-
termining the input soil parameters for the existing models with
horizontal stratified ground layers.

• Since the soil is represented in a simplified manner, to account for
the uncertainties of the ’real’ model, a large amount of simulations
is needed. To generate the input combinations of each simulation,
a statistical framework is defined, accounting also for the existing
correlation between soil features.

• A statistical/probabilistic approach is used to interpret the sound
level outcomes and define probability distributions. With these
information it is possible to estimate the probability of required
outcomes and decide whether precaution measures are needed to
be taken.

• Finding if certain properties are highly affecting the sound propa-
gation may then help highlighting the features that need an accu-
rate evaluation. Moreover future projects may use these informa-
tion to design accordingly to reduce the noise emissions.

1.5.2 Methodology

A brief overview of the steps followed in this project is now outlined.
From available cone penetration test (CPT) recordings, the dynamic and
mechanical soil properties are obtained. The results are statistically in-
terpreted and given the need to define homogeneous layers the optimal
depth for each of them is estimated. For each layer is then found the
optimal distribution matching with the empirical data.
By the introduction of copulas, a high number of soil features combina-
tion accounting for the existing internal correlation is generated. Using
these as input for several sound propagation simulations, the sound ex-
posure and peak levels are obtained.
Again, the results are statistically interpreted and the optimal sound
distributions fitting the data are found. Relating the outcomes with the
simulation input the correlation is estimated.
A final comparison with experimental measurements is conducted to
verify the validity of the method.



2
S TAT E O F T H E A RT A N D AVA I L A B L E T E C H N I Q U E S

In this chapter, an overview on the sound propagation phenomenon
in marine environment, as well as some of the most common methods
used for its evaluation will be discussed.
Some of the most common probabilistic approaches used to deal with
uncertainty will also be presented.
In addition, the known advantages and limitation of each of them will
be brought to attention, so that it will be clear the reason behind the
choice of the adopted model described in ch(3), and the procedures in
ch(4,5).

2.1 underwater sound propagation overview

Sound propagation is a well known phenomenon, which requires the
solution of differential equations by defining potentials for the required
field.
One of the most common expression is the three-dimensional wave equa-
tion for displacement potential [11]:

∇2ψ− 1
c2

p

∂2ψ

∂t2 = f (r, t) (2.1)

Where cp is the compressional wave speed in the water, the displace-
ment potential ψ is defined as

u = ∇ψ

While f (r, t) represents a forcing source, function of space (r(x, y, z))
and time.
The acoustic pressure is related to the displacement potential through
the following expression:

p = −K∇2ψ (2.2)

With K being the water bulk modulus: K = ρc2, so that then the acoustic
pressure can be found as

p = −ρ
∂2ψ

∂t2

A frequently used approach of solution is by using the Fourier trans-
form on eq(2.1) obtaining the so called Helmholtz equation, in which ap-
pears the wavenumber expression kp = ω

cp
:

[∇2 + k2
p(r, ω)]ψ̃(r, ω) = f̃ (r, ω) (2.3)

9
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Where the quantities with the tilde represent the frequency domain ex-
pressions after the application of the Fourier transform

x(t) =
1

2π

ˆ ∞

−∞
x̃(ω)eiωtdω

x̃(ω) =

ˆ ∞

−∞
x(t)e−iωtdt

(2.4)

The solution of the problem requires the definition of appropriate bound-
ary conditions and to find an adequate particular solution other than
the Hankel functions. The whole solution process will not be presented
since it has been exhaustively described in the referenced works.
Instead, an overview of the available techniques to solve eq(2.3) will be
discussed.

2.2 numerical models

A class of solution method often used to deal with differential equa-
tions, not only related to wave propagation, relies on discretization of
the problem and numerical computation.
If on one hand each numerical model description and solution is rela-
tively easy, and they allow to also consider properties variation in the
domain considered, on the other hand some critical limitations arises.
First, the choice of the discretization dimensions is of crucial importance
because it can not only affect the accuracy of the solution, but also its
stability and convergence to the "real" one.
However the sound propagation problems often requires the definition
of large domains, and the requirements to satisfy the stability and ac-
curacy of the solution would make the solution computationally expen-
sive. Considering that one of the most common techniques to deal with
the uncertainties in properties is by solving several problems, numerical
models do not represent the best alternative.
Two of the most widely used numerical methods will now be briefly
presented, without entering in the details of the coupled problem and
various versions of each one. For a deeper understanding of the results
that can be obtained, as well as some stochastic finite difference method
works (not directly related to sound propagation), the reader can refer
to [1, 12, 13, 14, 15, 16]. A third method, more focused on sound propa-
gation far from the source, will be then presented.

2.2.1 Finite difference methods (FDM)

One of the oldest and widely used numerical method is the finite dif-
ference method, due to its simplicity in the definition of the necessary



2.2 numerical models 11

equations and the solution, as well as its versatility for various different
problems.
In this section an overview of the method, through an example will be
shown.

Recalling eq(2.1), this time defined for pressure p as done in [11], and
for simplicity referring to a 2-D problem, the wave equation for a point
source of strength S(t) located at (xs, zs) is:

∂2p
∂x2 +

∂2p
∂z2 −

1
c2

p

∂2p
∂t2 = S(t)δ(x− xs)δ(z− zs) (2.5)

Where δ is the Dirac delta function: δ(0) = 1, δ( 6= 0) = 0.
The discretization and consequently the expression of (2.5) follows as
presented in [12]:

xi = i ∆x, i = 0..Nx, ti = i ∆t, i = 0..Nt

∂2

∂t2 p(xi, zj, tn) ∼
pn+i

i,j − 2pn
i,j + pn−1

i,j

∆t2

∂2

∂x2 p(xi, zj, tn) ∼
pn

i+1,j − 2pn
i,j + pn

i−1,j

∆x2

∂2

∂z2 p(xi, zj, tn) ∼
pn

i,j+1 − 2pn
i,j + pn

i,j−1

∆z2

(2.6)

Which leads to:

pn+i
i,j − 2pn

i,j + pn−1
i,j

c2
p∆t2 =

(
pn

i+1,j − 2pn
i,j + pn

i−1,j

∆x2 +
pn

i,j+1 − 2pn
i,j + pn

i,j−1

∆z2

)
+

+ S(ti)δ(xi − xs)δ(zi − zs)

(2.7)

Figure 2.1: FDM visual discretization for the point source problem
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In fig(2.1) a visual interpretation of the discretized domain is presented,
while in fig(2.2) an example of solution is shown.
Although the mesh size can be reduced in order to try to minimize
the error with the real solution, this arises the problem of excessive
computation time.

Figure 2.2: Discretized solution for p(x, z, t), the step size needs to be small
enough to accurately approximate the real solution (dashed line)

Other than the accuracy of the solution, another critical requirement
of the discretization is to lead to stable results. For complex problems
(as the sound propagation in marine environment) it is not so easy to
determine the convergence and stability of the algorithm used, and is
not sufficient to simply chose a really small step size, because then the
computational time would become excessive. Moreover, the description
of the boundary conditions, as well as reflection between different sur-
faces, can be troublesome.

2.2.2 Finite element methods (FEM)

Another method relying on the discretization and numerical solution is
the finite element method.
Unlikely FDM, that as said discretizes the differential equations at lo-
cal level, FEM discretizes the problem on a global scale, so that the
definition of what is called (for structural elements) stiffness matrix, is
independent from boundary conditions.
This makes FEM more versatile for complex geometries or complex
boundary conditions, that can be problematic for FDM.
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An example of FEM discretization is shown in fig(2.3).
Another feature of the FEM is the possibility to define different order of
shape functions, still maintaining the compatibility between elements:
these interpolates the coefficients at the nodes, and can be chosen to ful-
fill requirements on the type of displacement or stresses expected, see
the example in fig(2.4).

Figure 2.3: Example of FEM discretization, the displacement field is defined as
connection of single element shape functions

Figure 2.4: Different types of shape functions that can be used in a model

On the other hand, more than FDM, FEM can be problematic for large
domains. Due to the excessive number of elements that need to be de-
fined for a fine mesh the computational time required to solve several
simulations would be unbearable.
However, due to their versatility and their possibility to take into ac-
count also phenomena like reflection of waves between different mate-
rials, FE are commonly used in the near field (i. e. near the noise source).
This allows to define the necessary number of elements only in a limited
region of the domain. For the far field (distant from the noise source)
the FEM results are coupled to parabolic equations (PE): with the as-
sumption that the reflection has already been attenuated, it is possible
to simplify the problem to simple wave propagation.
An example of the use of this coupling is presented in [1, 17].
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Although FE are a valuable method to approach the coupled problem,
their high demand of computational power and time still do not make it
the best option for determining the solution of underwater noise prop-
agation.

2.2.3 Parabolic equations (PE)

When dealing with sound propagation problems, the domain that needs
to be considered usually reaches kilometers away from the sound source,
and that is the main reason why FD and FE models alone are not a con-
venient choice, because as mentioned would require a too demanding
computational time.
It is then of practical use the definition of a near-field close to the sound
source, where the problem is modelled using either FD or FE to account
for the interaction between pile, water and soil. A far-field distant from
the source is then defined, in which the main focus regards the sound
propagation, and the main numerical scheme used is the parabolic equa-
tions.
These equations mainly focus on propagation in a medium, using the re-
sults from FD/FE as matching and initial conditions. Although their ver-
satility and simplicity of implementation, there are some issues which
can lead to significant errors in the prediction of the solution.

First of all, as mentioned in [11], the definition of PE makes them
sensitive to the propagation direction, leading to inaccurate results for
steep angles: situations like this may occur especially during reflection
at the seabed interface, especially if the bottom is inclined. The errors
can then increase particularly in shallow waters environments.
In recent years some PE schemes have been implemented such that can
deal with steep propagation angles and still provide accurate results,
although these require more computation effort.

Another issue encountered while using PE regards the energy conser-
vation during propagation, with energy loss or gain depending on the
bottom slope, which again result in prediction errors.
For seek of completeness, the general expression for a 3-D PE propaga-
tion as given in [11] will be shown:

1
r

∂

∂r

(
r

∂p
∂r

)
+

1
r2

∂2p
∂ϕ2 +

∂2p
∂z2 +

ω2

c2
p(r, ϕ, z)

p = 0 (2.8)

In the case of ϕ-coordinate independence, the equation reduces to the
standard 2-D Helmholtz equation:

∂2p
∂r2 +

1
r

∂p
∂r

+
∂2p
∂z2 + k2

0n2p = 0 (2.9)
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Where p(r, z) is the acoustic pressure, k0 = ω/c0 is a reference wavenum-
ber, and n(r, z) = c0/cp(r, z) is the index of refraction.
The trial solution is in the form of a cylindrical outgoing wave:

p(r, z) = ψ(r, z)H(1)
0 (k0r) (2.10)

The Hankel function that satisfies the Bessel differential equation is of-
ten replaced by the asymptotic relation k0r � 1, so that it becomes:

H(1)
0 (k0r) ∼

√
2

πk0r
ei(k0r−π/4)

Once substituting the trial solution (2.10) into eq(2.9) and again assum-
ing the farfield condition that k0r � 1, we obtain the simplified elliptic
wave equation:

∂2ψ

∂r2 + 2ik0
∂ψ

∂r
+

∂2ψ

∂z2 + k2
0(n

2 − 1)ψ = 0 (2.11)

Finally is introduced the paraxial approximation for small angles, ex-
pressed as:

∂2ψ

∂r2 � 2ik0
∂ψ

∂r

So that the standard parabolic equation becomes:

2ik0
∂ψ

∂r
+

∂2ψ

∂z2 + k2
0(n

2 − 1)ψ = 0 (2.12)

Which can be solved either by use of FD of FE schemes once the bound-
ary conditions are defined.

2.3 (semi) analytical models

A different class of solution techniques rely on analytical expressions,
but making use of numerical solvers to determine the unknowns of the
problem; therefore they are often called semi-analytical methods.
Among the advantages these methods have, there’s the accuracy, due
to the possibility to avoid discretization and use analytical expressions,
and computation speed, compared to numerical models.
One of the major limitation of the semi-analytical approaches regards
the assumptions made on the domain geometry. Often symmetry is
used to simplify the expressions and allow a faster computation. It then
follows the impossibility of defining continuously varying properties in
space, so that the only way to approximate these variations is through
definition of different layers.
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In the next chapter the adopted model, which falls into the semi-analytical
class, will be described. It has been exhaustively explained in [18, 19],
where specifically three different approaches to model the soil have
been discussed. The advantages and disadvantages of each one will
be then considered.

2.4 probabilistic approaches dealing with uncertainty

Many physical problems are usually solved relying on models that
somehow simplify the real world, or that are valid under some assump-
tions (often met). If these assumptions are met, then the solution can be
determined.
However, either the assumptions not always halt, or there is a high
uncertainty in setting the model inputs. It is generally the case when
material properties are involved, which are never a completely deter-
ministic feature.
To deal with variability and errors that may occur, in recent years prob-
abilistic and statistical approaches gained a lot of popularity in many
different fields. Their advantages consist in the relative simplicity with
which they can account for uncertainty; moreover the concept of low or
high probability of an outcome is generally of strong impact.
In this section some of the most common statistical techniques will be
presented.

2.4.1 Monte Carlo analysis

One of the most common method used to solve complex problems, in
which several variables are involved, is the Monte Carlo analysis.
The main concept of it is to randomly generate the input of the model,
which should be deterministic, and obtain the results. Repeating the so-
lution several times it is possible to obtain each time different outcomes,
which however can highlight trends or insight on the sensitivity with
respect to certain inputs.
One of the reason behind its popularity is that it doesn’t require any
change in the deterministic model. Generally only the distributions of
the input features are required from which samples will be generated.
A drawback of the method is however the excessive computation time
required to obtain accurate results: the more are the trials the better.
To partially solve or improve the method, convergence criteria are usu-
ally set. For example if doubling the samples the results vary less than
a threshold ’ε’, the method may be considered to have reached conver-
gence.
Another technique is the importance sampling [20]: instead of randomly
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generate from the real distributions, new ones are defined such that
they may investigate on critical combinations. Usually this allows to
reduce the overall number of samples to obtain the same results.

2.4.2 Multi-dimensional random fields

Uncertainty in physical properties is a component that, especially in
laboratory tests, is often solved by the definition of distributions of the
latter. One thing that needs to be remembered is that all the samples
can be compared between each other having generally same volume,
shape, or other.
In reality, however, most of the time not only the physical uncertainty
is present, but also spatial variability.
When elements define a domain, and their properties can vary in space
(and time) then they define a random field [21]. Depending on the type
of correlation between the properties, different random fields can be
defined, one for example, the Gaussian field.
Fairly recent studies are involved in the definition of fields that can
predict the spatial variation of several soil properties based on just a
few empirical test. Then by mean of spatial correlation matrices ’connect’
the tests from different places and define the behaviour in-between.
Imagine for example that in a domain big as a football pitch, CPT have
been performed at the corners so that the properties are known in those
locations. Through the spatial correlation matrix it is possible to define
the correlation of each point of the pitch with the surrounding elements.
Inserting then the input measurements of the corners, the in-between
properties are then evaluated, accounting for the strength of correlation
with the neighbouring points.
A spatial correlation matrix element Ci,j, of a point located at position
x∗, y∗ in space, can be defined as shown in eq(2.13).

Ci,j = exp

−
√
(xi − x∗)2 + (yj − y∗)2

Lc

 (2.13)

Where Lc is the so called correlation length, and estimates the spatial in-
tensity of the correlation. A higher correlation length means that a point
is highly related to points even quite distant from it.
In fig(2.5, 2.6) an example of correlation matrices for two different points,
with different correlation lengths, are shown.
In the first case, a point located at x = 15, y = 10, with a correlation
length of Lc = 10 m is presented. It can be seen how a high correlation
(r > 0.7) is spread for 10 ≤ x ≤ 20, 5 ≤ y ≤ 15.
For the second case the length is reduced to Lc = 5 m, meaning that the
specific point is only related to neighboring elements, and not highly
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affected by points distant to it.
This approach, however, is applicable only when at least a few measure-
ments in different positions are available. Moreover, the results may be
more useful in models which allow to consider varying properties.
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Figure 2.5: Spatial correlation for a point located at x = 15, y = 10 m, Lc = 10 m
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Figure 2.6: Spatial correlation for a point located at x = 40, y = 20 m, Lc = 5 m
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In the following chapter, the Coupled problem model that is used through-
out the work, and implemented in the software Silence, is presented.
The model is the result of previous works which described the problem
in analytical terms and investigated in the most accurate description of
the soil medium [18, 19, 22]. In the conclusive works the soil, treated
as an elastic medium, accurately accounts for surface (Scholte) waves
which have been found to be, after the Mach cones in the water column,
the second most important sound propagation path.
In the works which followed [23] the numerical implementation is ad-
dressed, and this chapter mainly reports the main information needed
to have a clear picture of the features of the approach and its advan-
tages and limitations, which are also present in [7, 24].
The model belongs to the semi-analytical class, and as highlighted in
the previous chapter, its advantages reside in the computational speed
with which the sound propagation results can be obtained. On the other
hand, a disadvantage remains the limitation to simple and constant ge-
ometries.
The main aim of this thesis is to obtain sufficient sound outcomes to
define quite accurate sound distributions. Another goal is the identifi-
cation of the dominant parameters which highly affect the propagation
and intensity of sound. Therefore, the faster computation time is con-
sidered to be more important than an accurate geometry description.
Once the critical features of the problem are found, an accurate model
is easier to be defined.

3.1 model overview

In fig(3.1) a schematization of the model is shown: a pile, surrounded
by a fluid-soil domain, excited by an external force which can be related
to the hammer blow.
The pile is modelled and described by shell equations, including shear
deformation and rotational inertia; the constants E, ν, R, ρ, 2h stand for
the complex modulus of elasticity of the pile, the Poisson’s ratio, the
mid-surface radius, the density and the thickness of the shell. A coor-
dinate system is defined at the top of the pile such that it occupies the
domain 0 ≤ z ≤ L and 0 ≤ r ≤ R.
The fluid occupies the region z0 ≤ z ≤ z1 and r > R, it is modelled
as a three dimensional inviscid compressible medium with a pressure

19
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release boundary describing the sea surface. The soil, occupying the re-
gion z1 < z < H > L and r > R is modelled as a three dimensional
elastic continuum; at z = H a rigid boundary is defined.
In the next sections the governing equations are presented.

Figure 3.1: Model schematization. The distance r = r0 is where the coupling
between near and far-field happens [23].

3.2 governing equations

In this section the governing equations that define the problem are de-
scribed. Each component of the model is solved and at the end a cou-
pling is performed to obtain the final solution.
The case considered is the one of a cylindrical symmetric case, without
asymmetric forcing input.

3.2.1 Shell vibration

The equation that governs the pile under forcing is the following:

Lu+ Iü = [H(z− z2)−H(z− L)]ts− [H(z− z1)−H(z− z2)]pe + fe, 0 ≤ z ≤ L
(3.1)

Where u = [uz(z, t), ur(z, t)]T is the displacement vector in vertical and
radial direction, L, I are respectively the stiffness and modified inertia
operators of the shell (pile), H is the Heaviside function, ts, pe are the
stress reaction of the soil surrounding the shell, and the fluid pressure
outside the pile, finally fe = [ frz(z, t), frr(z, t)]T is the external force vec-
tor.
We apply the Fourier transforms (2.4) and we obtain the frequency do-
main expression of the shell motion.

Lũ+ Ĩũ = [H(z− z2)− H(z− L)]t̃s− [H(z− z1)− H(z− z2)]p̃e + f̃e
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(3.2)

3.2.2 Fluid domain

∇2φ f (r, z, t)− 1
c2

f

∂2φ f (r, z, t)
∂t2 = 0, z0 < z < z1, R < r < ∞ (3.3)

Where c f is the speed of waves in the fluid.
The motion of an inviscid compressible fluid can be described by a
scalar velocity potential φ̃ f (r, z, ω) by the frequency domain Helmholtz
equation:

∇2φ̃ f (r, z, ω) +
ω2

c2
f

φ̃ f (r, z, ω) = 0 (3.4)

By separation of variables and considering the radiation condition at
infinity limr→∞ φ̃ f = 0 a solution is found as:

φ̃ f (r, z, ω) = H(2)
0 (kφ, f r)

(
A1 exp(−α f z) + A2 exp(α f z)

)
(3.5)

Where kφ, f is a separation constant, α f =
√

k2
φ, f −ω2/c2

f , A1, A2 are
unknown complex constants.
The velocity and pressure potential are then:

ṽ(r, z, ω) = ∇φ̃ f (r, z, ω) with∇ =
∂

∂r
r̂ +

∂

∂z
ẑ

p̃ f (r, z, ω) = −iωρ f φ̃ f (r, z, ω)
(3.6)

3.2.3 Soil domain

The equations that govern the wave propagation in an undamped soil
medium, through displacement potentials, are the following, valid in
the region z1 < z < H and R < r < ∞:

∇2φ̃s(r, z, t)− 1
c2

L

∂2φs(r, z, t)
∂t2 = 0

∇2ψs(r, z, t)− ψs(r, z, t)
r2 − 1

c2
T

∂2ψs(r, z, t)
∂t2 = 0

(3.7)

Similarly, the displacement potentials that describe wave propagation
in a layered soil medium in frequency domain are:

∇2φ̃s(r, z, ω) +
ω2

c2
L

φ̃s(r, z, ω) = 0

∇2ψ̃s(r, z, ω)− ψ̃s(r, z, ω)

r2 +
ω2

c2
T

ψ̃s(r, z, ω) = 0
(3.8)
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With c2
L = λs+2µs

ρs
, c2

T = µs
ρs

.

The displacement potentials and stress relations in the frequency do-
main read:

ũs,r =
∂φ̃s

∂r
− ∂ψ̃s

∂z

ũs,z =
∂φ̃s

∂z
+

1
r

∂

∂r
(rψ̃s)

σ̃s,rr = λs

(
∂ũs,r

∂r
+

ũs,r

r
+

∂ũs,z

∂z

)
+ 2µs

∂ũs,r

∂r

σ̃s,zz = λs

(
∂ũs,r

∂r
+

ũs,r

r
+

∂ũs,z

∂z

)
+ 2µs

∂ũs,z

∂r

σ̃s,zr = µs

(
∂ũs,r

∂z
+

∂ũs,z

∂r

)
(3.9)

Finally, the expression for the two potential reads as:

φ̃s = H(2)
0 (kφ,s r)(A3 exp(−αsz) + A4 exp(αsz))

ψ̃s = H(2)
1 (kψ,s r)(A5 exp(−βsz) + A6 exp(βsz))

(3.10)

With αs =
√

k2
φ,s −ω2/c2

L; βs =
√

k2
ψ,s −ω2/c2

T being the wavenumbers;
the coefficients A3..A6 are the unknown complex coefficients of the soil
region.
The introduction of the appropriate boundary conditions allows to de-
fine a system in which, for each wavenumber, is possible to determine
the amplitude coefficients of the modes. The complete definition and
solution process, as mentioned, is described in [19] and is not repeated
here.

3.3 important properties and insight on the model

The adopted model schematization and solution process has been cho-
sen on the basis of some important advantages compared to alternative
techniques. In this section they are highlighted, as well as some limita-
tions that still remain.

3.3.1 Completeness and accuracy

The conclusions obtained at the end of previous works [18, 19, 24, 23]
show how the semi-analytical model results in an accurate solution
method, taking into account many physical phenomena involved in the
problem.
In particular, different ways of modelling the soil have been investigated
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[19], treating it as a dashpot-spring system, as an equivalent acoustic fluid
and finally as a three-dimensional continuum.
The tests made to validate the models showed how the dashpot-spring
system, although accurate, requires particular attention in the choice of
the equivalent spring stiffness and damping coefficients, which makes
it of difficult application in regions in which the soil properties, as said,
are not well specified.
The use of the equivalent acoustic fluid represent a valid alternative in
terms of computational speed, but shows to be accurate only when the
following conditions apply [19]:

1. The energy is released in the fuid region and only the radiated
field in the fluid domain is required.

2. The source and/or receiver are not positioned close to the seabed
surface. At low frequencies and for sources and receivers close to
(or in) the sea bottom, shear wave and interface modes of propa-
gation may dominate.

3. The dynamics of the soil region do not influence the radiating
source itself (dynamic response of the pile in this case).

Unfortunately, in the coupled problem these conditions are not suffi-
ciently met. Therefore, the use of an equivalent acoustic fluid to rep-
resent the soil should be used with the maximum attention, otherwise
would produce inaccurate results.
The final and most complete model considered, the three-dimensional
continuum, has produced the most accurate results, compared also with
empirical recordings. It has showed to be a computationally efficient op-
tion, when compared to FDM or FEM alternatives [1, 25, 26], but most
importantly a complete model, enabling to consider the many physical
phenomena occurring in the sound propagation.
Although the primary sound travelling path is the fluid, where Mach
cones radiates from the pile, it has resulted that a second route is the
seabed interface. There, the generation of interface Scholte waves repre-
sents a significant phenomenon of energy and sound pressure propaga-
tion.
The model has also shown (regarding the near-field) to be the most ac-
curate when considering the evanescent spectrum of modes (imaginary
and complex modes) [19, 23]. These have resulted to determine the ac-
curacy in the near-field, and usually it is required to determine the
necessary amount of which need to be accounted for, since these modes
are infinite. In practice it has been demonstrated that the account for
at least 100 of them results in an error of less than 0.5% compared to a
solution that account for more [19].
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3.3.2 Limitations of the model

While the model has proved to be accurate and computationally effi-
cient, some limitations still remain related to the geometry representa-
tion and the properties assigned to the materials, first of all the soil.
The mentioned model can only represent a constant geometry, not de-
scribing the changes that a real seabed would have. Another, and prob-
ably more crucial lack, is the inability to account for space varying soil
properties, which would also occur in a real environment. This prob-
lem, however, would be in common also with the alternative FDM and
FEM models, since it is really difficult to account for all the variations
of characteristics in a domain that expands, usually, for kilometers from
the pile.
The feature that somehow allows to consider variations in the soil is the
introduction of horizontally stratified layers. Since a greater number of
them increases the computation time, up to three layers can be defined
in the current version.
As is discussed more in detail in the next chapter, the empirical results
that are possible to obtain only provide a local description for the soil.
The main purpose of this thesis is, from the obtained recordings, to
determine probabilistic distributions for the properties and investigate
their influence on the sound level and its propagation.
Once the estimated sound levels are obtained, and statistically inter-
preted, the correlation between soil input and sound output can be in-
vestigated.
These information may help in estimating more carefully the dominant
characteristics, developing also newer techniques.
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S O I L C H A R A C T E R I Z AT I O N

The method presented in ch.(3), implemented in Silence, is able to solve
the problem of sound propagation accounting for fluid-pile-soil inter-
action when all the material properties and the (simple) geometry are
known.

In order to solve the vibro-acoustic problem it is necessary to assign
the input parameters to the materials involved. However, many uncer-
tainties appear particularly regarding their dynamic properties, due
to the high spatial variation marine environments can have. The lack
and/or difficulties of performing geotechnical investigations in these
environments makes it difficult to accurately define characteristics such
as shear or compressional velocity, density, Poisson’s ratio and other
features.
One of the main practice used nowadays to obtain soil information is
through Cone penetration test (CPT): one of the least invasive and yet ac-
curate techniques which measures the shear friction and tip resistance
applied on the instrument’s tip during penetration in the ground.
The ’needle’ is driven up to several tens of meters below the seabed,
and the stress measurements are recorded.
In this chapter, relying on experimental results obtained from an offshore
wind farm (OWF), a method to estimate properties ranges is presented,
which later leads to the possibility of assuming a soil conformation.
The measurements obtained are then related to other properties through
empirical relations [27, 28, 29], and by use of statistical relations, a prob-
abilistic description of the soil is made.
Hopefully the method further presented will be helpful in situations
where only numerical results, and not material samples (which in ma-
rine environments are hardly obtained), are available.

4.1 cpt and empirical soil properties

As mentioned, the domain considered in the vibro-acoustic problem
usually spans kilometers from the pile. It is then difficult to model the
geometry of the marine environment. Moreover usually it is possible
to rely on just a few measurements which cannot predict how the ge-
ometry and properties may vary in radial and vertical direction, the
presence of local inhomogeneities, instrumental errors.
It is necessary to highlight that then, even if accurate, all these informa-
tion could not be introduced in the model used (Silcence). The model

26
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adopts a simple and homogeneous geometry, which means that the
properties assigned do not vary in space. The possibility to define mul-
tiple layers tends to mitigate this simplification, although as soon as the
number of layers increases, also the computation time does.
The strategy used in this thesis is to investigate in the definition of
proper distributions for the parameters, so that various scenario are con-
sidered. Although still using a simple geometry, the aim is to find which
and which parameter’s combinations are highly affecting the sound lev-
els.

The CPT provides measurements and variation along the depth for
shear friction S f and tip resistance qt of the soil, which then through em-
pirical relations can be related to other mechanical and dynamic charac-
teristics.

Figure 4.1: Possible estimation of the soil stratification

From the recordings, it is also possible to estimate the type of materials
which compose the stratification, as shown in fig(4.1), although the only
way to verify the prediction would be the extraction of samples. In these
environments, however, this is hardly done due to its difficulty: the sam-
ples should be collected often tens of meters below the water, and then
other tens in the soil. Additionally, this would also change the in-situ
conditions compared to the laboratory ones, since the real environment
conditions would not be reproduced (pressure, water content...). This
would then affect the determination of the dynamic properties.
The prediction is then, often, made based upon similar environments
which provided similar results, or based on manuals which contain
ranges for each property [30].
In this work, although its high importance (especially from a design and
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structural point of view), the correct determination of the soil strata is
not investigated. The focus is instead put on the definition of accurate
property ranges, allowing to investigate on various combination cases.
Doing so, from a dynamic and acoustic point of view, it is believed that
this allows to consider the most critical sound propagation outcomes.

4.2 from recordings to discrete values

The continuous set of recordings from a CPT can’t be directly used,
therefore a discretization of the data is necessary: from the available
measurements the area underneath the curve of measurements is eval-
uated at every 0.5 m, 1 m, averaging over the step used. The discrete
recordings are shown in fig(4.2), they extend up to 55 m below seabed,
and the ones obtained every 0.5 m show more discontinuities. Since the
recordings may be affected by instrument sensitivity and may be highly
affected by local inhomogeneities, the measurements obtained averag-
ing every 1 m are considered. The reason is that they tend to show a
less oscillatory behaviour, which could refer to a more gradual change
in values.
One last remark is the choice of neglecting CPT recordings in the first
two meters below seabed. This has been done for two main reasons.
First, the recordings in the first meters of the soil are almost unreadable,
therefore the errors which may be introduced are extremely high. The
shear velocity estimation in these first meters indeed presented unreal-
istically high values, since it is expected to have a low shear speed in
a completely saturated material. Another study (in a different region
and conditions) to confront the values with [31] also confirmed that the
values obtained were excessively high and unrealistic. Second, the ex-
treme change between fluid and soil is generally a source of errors for
the instrument itself, therefore even an accurate reading should not be
trusted completely. As is discussed later, for the first saturated layer, of
a depth assumed of 2 m, ad-hoc properties have been defined, that rely
on empirical experiments and physical behaviour.
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Figure 4.2: Shear friction S f and tip resistance qt discrete measurements from
area averaging

4.2.1 Shear velocity

Once the stress components are known, it is possible to estimate (except
for the first 2 m) the shear velocity applying one the empirical relations
collected in [28], in this case the most general which applies to most of
the marine soil types is:

Vs = (10.1 · log(qt[kPa])− 11.4)1.67 ·
(S f

qt
· 100

)0.3

(4.1)

To verify how sensitive the empirical relation is, and how both measure-
ment or reading differences may affect the values, on the shear friction
and tip resistance of the CPT results has been applied an error of ±10%.
In appendix (A.1) the sensitivity for the three main soil characteristic
is investigated. The numerical results for the shear velocity produced
values which were different for less that 5% even in the most extreme
case, with respect to the so called undisturbed CPT values, which are the
ones obtained directly from the CPT. Since the distribution later defined
covers a wider range of possible values, these have been obtained with-
out applying any error to the measurements. It also demonstrate that
although more empirical data might improve the distribution definition,
the statistical interpretation helps in dealing with uncertainties and spa-
tial variability.



4.2 from recordings to discrete values 30

In fig(4.3) the shear velocity estimation from eq(4.1)are shown. Although
evaluated, the results in the first 2 m are disregarded.
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Figure 4.3: Shear velocity estimation from CPT measurements

4.2.2 Density

Density, as for the shear-wave velocity, can be obtained from empirical
relations [28]:

γr[kN/m3] = 8.32 · log(Vs)− 1.61 · log(z) (4.2)

Applying a ±10% to the CPT recordings, as has been done for the shear
speed case, allows to verify how sensitive to the measurements eq(4.2)
is: the estimation do not differ for more than 1%. As said before, then,
the recordings can be used, and having more accurate ones would only
improve the results.
The density estimation are plotted in fig(4.4) and seem in line with
experimental results and common properties value, as referred in [30].
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Figure 4.4: Density estimation from CPT results

4.2.3 Compressional velocity

The shear speed and the density properties can be obtained directly
from the CPT measurements. Another fundamental soil feature is the
compressional velocity.
There exist many empirical relations to derive the compressional speed
both from the density or the shear speed [29]. Unfortunately, they are
based on investigations made on the mainland and not in marine en-
vironments. However, two main empirical relations are compared, and
based on measurements performed in marine environments [31] a mean
between the two is chosen.
The first relation matches the compressional speed to the shear one (ex-
pressed in m/s):

Vp[
km
s
] = 0.9409+ 2.0947Vs− 0.8206V2

s + 0.2683V3
s − 0.0251V4

s (4.3)

The second relates the compressional speed to the density (expressed in
g/cm3), although it is valid for relatively high soil densities (∼ 2000−
4500 kg/m3):

Vp[
km
s
] = 39.128ρ− 63.064ρ2 + 37.083ρ3− 9.1819ρ4 + 0.8228ρ5 (4.4)

The results are shown in fig(4.5), where also the mean between the ap-
proaches is presented.



4.2 from recordings to discrete values 32

0 10 20 30 40 50
Depth [m]

1200

1400

1600

1800

2000

2200

2400

Compressional velocity estimation [m/s]
From Vs
From 
Average

Figure 4.5: Compressional velocity estimation from shear speed and density,
and their mean

The main concern regarded the velocity in the first few meters of depth.
Since the soil is assumed to be highly saturated, it is expected that the
compressional velocity is similar to the one in the water (cp = 1500 m/s).
It is then expected an increase in compressional speed, since at lower
depths, due to the compression the soil undergoes by the soil above, the
density will be higher. A denser material allows compressional waves
to travel faster.
The estimated results in fig(4.5) show these behaviours.

4.2.4 Poisson’s ratio

The Poisson’s ratio is an important material characteristic. Unfortunately,
it is still not known how to measure it from experiments, and it is then
necessary to derive it once the shear and compressional velocity are
known.
From the well known definition of compressional velocity, where κ =√

E
3(1−2ν)

is the Bulk modulus, G is the shear modulus and ρ the density:

Vp =

√
κ + 4

3 G
ρ
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And introducing the expression of Vs =
√

G
ρ , rearranging the equation

a relation for the Poisson’s ratio is found as [32]:

ν =
V2

p − 2V2
s

2(V2
p −V2

s )
(4.5)

It has to be mentioned that the Poisson’s ratio is highly sensitive to
changes in either the compressional or shear velocity, therefore a high
numerical accuracy should be taken into account. Another aspect that
has to be considered is the high nonlinearity of the relationship. It does
not make then much sense to define a Poisson’s ratio distribution.
Since the features which may be measured are, as shown, shear speed,
density, and (partly) compressional velocity, these three are the ones
later generated from appropriate distributions. The Poisson’s ratio, and
the Young’s modulus introduced in the next section are then derived
once the main three characteristics are defined.

4.2.5 Young’s modulus

Finally, Young’s modulus is estimated. The relation with the shear ve-
locity and Poisson’s ratio is the well known [32]:

E = 2(1 + ν)G = 2(1 + ν)ρV2
s (4.6)

As for the Poisson’s ratio, Young’s modulus is not directly measured,
and for the analysis that follow it is determined without the involve-
ment of distributions.
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The adopted model, as mentioned before, can’t describe spatially vary-
ing properties. The CPT recordings, and the obtained soil properties,
cannot be directly inserted as input in the software.
It is then necessary to define appropriate soil layers. To do so, analyzing
the estimated properties, similarities along the depth are searched for.
One of the first questions that arises is how to establish the depth of
each layer, and moreover how to define proper distributions that repre-
sent the obtained data.
As mentioned, it has been preferred to disregard the recordings for the
first two meters since a specific saturated layer is defined. The rest of
the recordings are investigated so that an additional (2nd) layer or two
additional (3 layers in total) can be defined.
In this section is presented the main procedure adopted to define the
depth of the layers through ANOVA, the definition of the distributions
using maximum-likelihood estimation. Finally the choice of the best fitting
one by mean of the AIC criterion.
The correlation between the variables within the layer is evaluated,
while it is assumed that each strata is independent from the others.
This has been done to simplify the samples generation.
Due to the lack of available data, an approach based on Gaussian ran-
dom fields [21] was not possible. Future works are investigating on how
to treat large spatially varying domains and how to extrapolate infor-
mation from the recordings.
The method presented further aims to be a solid approach even for fu-
ture works that need to deal with limited discretized recordings and
uncertainty.

5.1 soil layers definition

When using homogeneous soil layers it is of importance to know how
many sufficiently represent the ’real’ environment. Usually a few are
sufficient and a trade-off between number of layers and computational
time is performed.
Based on the number of strata that one needs to define, it is possible to
group the recordings in regions which show similar traits. In statistical
words, the division of the layers is done by grouping data that show
similar mean and minimum standard deviation.
An approach that analyzes if two or more set of data have different
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means, and therefore belong to different groups, is the analysis of vari-
ance.

5.1.1 ANOVA

The analysis of variance (ANOVA) refers to a technique to verify whether
two or more groups have different means. Depending on the amount of
independent variables involved in the various samples, ANOVA can be
single, double or triple factor. The aim of the analysis is to tell if at least
one of the groups considered presents a high difference with respect
to the others. The limitation consists in the fact that cannot tell which
group/s differ from the others, but since in the extreme case here we
deal with 2 groups (layers), this won’t be a problem.
Another limitation is that it does not tell if elements of one group
may belong to another. Therefore, for the determination of the ’opti-
mal’ layer’s depth an iterative approach is necessary.
In the case followed, both shear velocity, compressional speed and den-
sity have been analyzed to determine the depths of the soil stratifica-
tions.
In principle, the method wants to confront the "null" hypothesis, H0,
that all means of the groups are equal, against the "alternative" hypoth-
esis Ha that at least one group mean is different from the others (5.1).

{
H0 : µ1 = µ2 = ...µn

Ha : at least one mean differs from the others
(5.1)

The calculations involved regards the mean the quadratic sum, and the
"degrees of freedom" (dof).
If we define:

a , b : the ’a’ elements within the ’b’ groups (i. e. layers)
N : total number of elements, a · b when all the layers

have same number of elements
Xij : the i-th observation of the j-th layer

X j : the mean of the j-th layer

X : the mean of all layers

(5.2)

The sum of the squares (SS) can be divided in two parts: one referring
to the model variability, and one due to casual error:

a

∑
i=1

b

∑
j=1

(Xij − X)2 =
b

∑
j=1

a(X j − X)2 +
a

∑
i=1

b

∑
j=1

(Xij − X j)
2

SS(Total) = SS(Model) + SS(Error)

(5.3)
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Each sum of squares has a particular number of dof assigned as sum-
marized in table(5.1).

dof

SS(Total) N − 1

SS(Model) b− 1

SS(Error) N − b

Table 5.1: Degree of freedom for the different squared sum components

Once the dof are known, it is possible to evaluate the F ratio eq(5.4).
This ratio, that has a distribution, represents which of the two variance
components is governing. If the ratio is close to F = 1 the model error
and casualties have similar importance, then it is highly possible that
the means are all equal (null hypothesis). Values higher than 1 increase
instead the probability that the alternative hypothesis is true.
In other words, if the error due to the model is higher than the casual
error, then the model has been defined in the wrong way and the as-
sumption of all means are equal does not halts.

F =

SS(Model)
b−1

SS(Error)
N−b

(5.4)

Once the F ratio is obtained, particular tables allow to evaluate the prob-
ability of the null hypothesis, that is then called p-value.
In this case, the p-value was obtained automatically through Excel.
From the shear speed estimation, fig(4.3), it is visually possible to recog-
nize two different regions, since there are values sensibly different. That
is, however, not always possible, and is therefore necessary to perform
the analysis. An ANOVA has been carried out comparing varying each
time the depths of the soil layers, considering all the possible combina-
tions.
In table(5.2) are presented only the three best cases as example.
In Excel, other than the F value, Fcrit is also estimated: it represents the
F value which would correspond to a p− value = 5%. If F > Fcrit, then
the null hypothesis can be rejected.
From the results obtained, the null assumption (all means equal, there-
fore a single layer) is hardly possible, therefore the existence of 2 dif-
ferent layers below the first is highly probable. This does not mean,
however, that the use of a model with only 2 layers would be ’wrong’,
however wouldn’t represent adequately the empirical measurements.
The analysis has been performed considering also density and compres-
sional velocity, with the same results.
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µ σ F Fcrit p− value
Layer 2 [3-20] 288.1 33.00

71.71 4.03 2.71 · 10−11

Layer 3 [21-55] 427.5 65.47

Layer 2 [3-21] 288.5 32.12
86.67 4.03 1.40 · 10−12

Layer 3 [22-55] 431.377 62.24

Layer 2 [3-22] 292.6 36.29
84.19 4.03 2.23 · 10−12

Layer 3 [23-55] 433.2 62.27

Table 5.2: ANOVA results for the three best cases, analyzing shear speed

The choice for the depth is made upon the minimum p-value obtained.
Given the ANOVA results, it has been preferred to use for all the simu-
lation in the software a model with three layers. For the particular case
considered, the soil depths (starting from seabed level) are the follow-
ing:

zL,3[m] =

 0− 2
3− 21
22− 55


In the software the third layer has been extended up to a depth of 110 m
even if no recordings are available at that depth. This has been done
because it is necessary to define a sufficient soil depth below the pile
bottom such that the boundary conditions result as a rigid bottom.

5.2 probability distributions definition

Once the layers have been defined, the following step involves the def-
inition of different distributions. In this section a practical framework
for determining the optimal parameters for the distributions consid-
ered (Maximum Likelihood Estimator) [33] is presented. These are then
compared, and the one best representing the available data is chosen
using AIC criterion.

5.2.1 Maximum Likelihood estimators

When data have to be described by a certain distribution type, the one
giving the highest probability density function to the collected ones
has to be preferred. To do so, the coefficients of the distributions are
obtained through maximum likelihood estimation (MLE).
The likelihood is a function of the distribution coefficients θ = θ1...θn
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and represents the joint probability of the n recordings, and is obtained
by multiplying their pdf, eq(5.5).

L(θ|x) =
n

∏
i=1

f (xi|θ) (5.5)

The distributions considered and their MLE is discussed hereafter.

5.2.1.1 Normal distribution

One of the simplest distribution to construct is the normal, which prob-
ability and cumulative density functions are shown in eq(5.6).

f (x) =
1

σ
√

2π
· e−

(x−µ)2

2σ2 ;

F(x) =
1

σ
√

2π

ˆ x

−∞
e−

(s−µ)2

2σ2 ds
(5.6)

The MLE of the Normal distribution are not shown since it is a well
known procedure, but the results are given. The coefficients of the dis-
tribution (mean µ∗ and standard deviation σ∗) that best describe n sam-
ples are obtained using the well known eq(5.7):

µ∗ =
1
n

n

∑
i=1

xi

σ∗ =

√
1
n

n

∑
i=1

(xi − µ∗)2

(5.7)

5.2.1.2 Gumbel distribution

Another distribution investigated is the Gumbel [34].
The probability density function and the cumulative distribution func-
tion (pdf-cdf) are shown below in eq(5.8): f (x) =

1
β

exp(−z− e−z); z =
x− µ

β

F(x) = exp(−e−z); F−1(p) = µ− β · ln(− ln(p))
(5.8)

Where µ is the mode, β is a scaling parameter, p refers to the probability.
The MLE obtained elevating the pdf to the nth power is:

L(µ, β|x) =
n

∏
i=1

1
β

exp(−zi − e−zi) =

(
1
β

)n n

∏
i=1

e−(
xi−µ

β ) · e−e
−( x−µ

β
)

L(µ, β|x) =
(

1
β

)n
· e−∑n

i=1
xi−µ

β · e−∑n
i=1 e

−( xi−µ
β

)
(5.9)
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It is common practice to use the log-likelihood, so that then it is easier
to take the derivatives with respect to the necessary coefficients.

ln(L(µ, β|x)) = −n ln(β)−
(

n

∑
i=1

xi

β

)
+

nµ

β
− e

µ
β ·
(

n

∑
i=1

e−
xi
β

)
(5.10)

To maximize the fitting with the available values, the derivatives are set
to zero. It should be verified that also the second derivative has to be
positive, but it won’t be demonstrated here. The two derivatives read as
follow:

∂ ln(L)
∂µ

=
n
β
− e

µ
β

β
·
(

n

∑
i=1

e−
xi
β

)
= 0

∂ ln(L)
∂β

= −n
β
+

n

∑
i=1

xi − µ

β2 − e
µ
β

[
µ

β2 ·
n

∑
i=1

e−
xi
β +

1
β2

(
n

∑
i=1

xi · e
− xi

β

)]
= 0

(5.11)

The mode coefficient can then be estimated through:

µ̂ = −β ln

(
1
n

n

∑
i=1

e−
xi
β

)
(5.12)

For the scaling parameter it is instead necessary the use of an iterative
scheme (commonly the Newton-Raphson). From an initial guess, it cor-
rects the value at each step; usually a tolerance is set such that if two
consecutive iterations differ less than the tolerance, the process stops.
The general expression is shown in eq(5.13).

βi+1 = βi −
g(βi)

g′(βi)
(5.13)

In general, g(β) must tend to zero, and it is the case, since we can define
it as the derivative with respect to the scaling parameter:

∂ ln(L)
∂β

= g(β) = β− x̄ +
∑n

i=1 xie
− xi

β

∑n
i=1 e−

xi
β

= 0 (5.14)

The first derivative simply follows:

g′(β) = 1+
∑n

i=1 e−
xi
β ·∑n

i=1

(
xi
β

)2
· e

xi
β −∑n

i=1 xie
− xi

β ·∑n
i=1

xi
β2 e−

xi
β(

∑n
i=1 e−

xi
β

)2 (5.15)

An inition β0 is assumed, and after that the iteration process starts, and
the coefficients can be determined.
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5.2.1.3 Lognormal distribution

The Lognormal distribution is usually defined when the logarithm of
the values are normally distributed: if X is lognormal, Y = ln(X) is a
normal distribution.
In appendix(A.2) a clarification is made upon the coefficients of this dis-
tribution. The actual parameters necessary to describe the distribution
are the ones of the equivalent normal distribution.
The probability density function and cumulative are defined as:

f (x) =
1

xσLN
√

2π
· e
− (ln(x)−µLN )2

2σ2
LN ;

F(x) =
1

σLN
√

2π

ˆ x

−∞

1
s

e
− (ln(s)−µLN )2

2σ2
LN ds

(5.16)

The procedure for the determination of the coefficients µ∗LN, σ∗LN of the
equivalent normal distribution is:

µ∗LN =
1
n

n

∑
i=1

ln(xi)

σ∗LN =

√
1
n

n

∑
i=1

(ln(xi)− µ∗)2

(5.17)

In fig(5.1,5.2, 5.3) a visual representation of the distributions obtained
with the mentioned equations is shown.
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Figure 5.1: Shear velocity distribution comparison in second and third layer



5.2 probability distributions definition 41

1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
rho [kg/m^3]

0.000

0.002

0.004

0.006

0.008

0.010

Pd
f

Density distributions second layer
Normal
Gumbel
LogN

1800 1900 2000 2100 2200 2300
rho [kg/m^3]

0.000

0.002

0.004

0.006

Pd
f

Density distributions third layer
Normal
Gumbel
LogN

Figure 5.2: Density distribution comparison in second and third layer
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Figure 5.3: Compressional velocity distribution comparison in second and
third layer

5.2.2 Akaike Information Criterion

Once more distribution types are available, one of the most important
question to be answered is: which of these distributions is the best for my



5.2 probability distributions definition 42

particular case?
To answer this, the Akaike Information criterion (AIC) helps in determin-
ing the quality of the compared models. It estimates their error as in-
formation loss, and performs a trade-off between their goodness of fit
(represented by the likelihood) and their simplicity (intended as the
number of coefficients used by the model, e. g. mean and std, denoted
by k).
The equation to evaluate the model is the following:

AIC = 2 · k− 2 · ln(L(θ|x)) (5.18)

Where L(θ|x) is the likelihood estimator defined in eq(5.5).
Once obtained the minimum AICmin, the probability that still a different
ith distribution could minimize the error is estimated through:

P[i-th distr. min. error instead of AICmin] = e
AICmin−AICi

2 (5.19)

A more clear interpretation of this probability is: how likely is this distri-
bution to still describe accurately the samples.
In table(5.3) are summarized the results from the AIC performed com-
paring different scenarios. The recordings belonging to the first 2 m
depth are neglected. Although the recording obtained averaging the
CPT every 0.5 m have not been used for determining the distributions,
the AIC obtained from a greater data sample shows the purpose of the
criterion.
A comparison is made between the case of only two soil layers (0 −
2; 3− 55) and the three layers model (0− 2; 3− 21; 22− 55). As can be
seen, the use of a total of 3 layers highly improve the description of the
soil.
A few conclusions, based on the results, can be drawn:

• The normal distribution appears to be the best distribution type
among the considered, except for the compressional velocity when
only few recordings are considered. It is then the distribution type
used to define the properties samples in all cases.

• The lognormal distribution may still well describe the data in the
case of a single layer, especially referring to shear velocity.

• The Gumbel distribution is, for the particular case, the one less
representing the data. However it has to be highlighted that is al-
ways necessary to verify all the distributions. It may be possible
that a distribution performing poorly in a case may result the best
choice for another (e. g. , when choosing 2 layers and the shear
speed measurements with step 0.5 m, the Gumbel results as a bet-
ter choice than the lognormal; but still not better than the normal).
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Vs ρ Vp

AIC P AIC P AIC P

2 Layers
53 recordings

Normal 627 - 587 - 693 8 · 10−15

Gumbel 629 0.368 622 2.5 · 10−8 628 -
LogN 627 1 588 1 692 1 · 10−14

106 recordings
Normal 1285 - 1302 - 1401 0.607
Gumbel 1313 8 · 10−7 1399 8 · 10−22 1408 0.018

LogN 1319 4 · 10−8 1323 3 · 10−5 1400 -

3 Layers
53 recordings

Normal 565 - 572 - 658 -
Gumbel 574 0.011 591 7 · 10−4 667 0.011

LogN 567 0.368 574 0.369 659 0.607
106 recordings

Normal 1201 - 1268 - 1335 -
Gumbel 1250 2 · 10−11 1340 2 · 10−16 1368 7 · 10−8

LogN 1256 1 · 10−12 1285 2 · 10−4 1348 0.001

Table 5.3: AIC evaluation and comparison of the available distributions

It has to be noticed how, when the model assumes three layers instead
of two, the AIC becomes lower. This means that the Likelihood is higher,
and therefore a better representation of the actual data available. This
is another reason, as mentioned before, to use for the simulations three
layers.



5.2 probability distributions definition 44

5.2.3 Q-Q plots

Another visual approach to verify if the assumption of a distribution
may apply to the available data is the use of quantile plots (Q-Q).
On the horizontal axis, for example, the standard normal (µ = 0, σ = 1)
observation are drawn, while on the vertical axis the sorted empirical
recording are paired. If the recordings match the theoretical distribution
defined, then the choice made can be taken as a sufficiently accurate rep-
resentation of the data.
In fig(5.4,5.5) the QQ plots for all the properties taken in considera-
tion are presented, for the second and third soil layer. Considering the
limited amount of data, the normal distribution still seems to be the
appropriate choice.
A few values seem to fall off from the theoretical estimation, especially
on the extremes. These exceptions may be related to instrumental error
or local and sudden change in the material, however the trend seems to
be the one of a normal distribution.
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Figure 5.4: QQ plots for compressional/shear speed and density recordings
against theoretical normal distribution for Layer 2
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Figure 5.5: QQ plots for compressional/shear speed and density recordings
against theoretical normal distribution for Layer 3

5.3 correlation

Being all the properties defined since here derived from the same mea-
surements, they should show a high level of correlation. Moreover, it is
physically expected that at lower depths due to higher pressure, density
and wave velocities increase.
Considering also the use of copula that will be used for the generation
of the samples, it is now introduced the Spearman’s correlation coefficient
[35].
The choice of using the Spearman’s rank coefficient instead of the Pear-
son’s one is now briefly explained. The latter correlation index assesses
only linear dependences, therefore measures if the real values do have
a constant trend of appearence (may it be positive or negative corre-
lation). The Spearman’s instead addresses more in general monotonic
correlation, therefore simply investigate whether the occurrence of high
values of one variable are paired with high or low values of another.
To evaluate the rank correlation between two variables (X, Y), the in-
dividual values have to be ranked. A rank of a value in a sample of n
elements is simply a number ∈ (1..n) that expresses the position of that
value in the group. One obtain then n pairs of ranks, denoted as (Ri, Si),
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where n is the size of the records for both variables.

r =
12

n(n + 1)(n− 1)

n

∑
i=1

RiSi − 3
n + 1
n− 1

∈ [−1, 1] (5.20)

In the case examined, three correlation sub-matrices have been defined,
and then assembled in the global one.
This has been done since to obtain the correlation all the data samples
(in this case, the empirical estimation of Vp, Vs, ρ in each layer) must
have the same length. Since each layer has a different amount of record-
ings, it is only possible to evaluate the correlation within a single layer.
The first sub-matrix refers to the first soil layer. Given the limited amount
of available recordings, it has been preferred to consider its properties
(Vp, Vs, ρ) independent among each other. Another reason to assume the
independence between the properties is that, as mentioned, in the first
soil meters high instrumental errors may occur.
The second and third sub-matrices refer respectively to the second and
third layers. In this case the rank correlation between the variables has
been evaluated through eq(5.20).
The correlation matrix for the first soil layer, which accounts for inde-
pendence, and with the following variable order Vp, Vs, ρ, is:

C3L,1 =

1 0 0
0 1 0
0 0 1

 (5.21)

The first column elements represent respectively the correlation Vp−Vp,
Vp −Vs, Vp − ρ.
The correlation matrices for the second and third layer are respectively:

C3L,2 =

 1 0.749 0.951
0.749 1 0.544
0.951 0.544 1

 C3L,3 =

 1 0.964 0.989
0.964 1 0.930
0.989 0.930 1

 (5.22)



5.3 correlation 47

The complete correlation matrix, assuming that the layers are indepen-
dent among each other, is obtained assembling the sub-matrices:

CVp,Vs,ρ =



1 0 0 0 0 0 0 0 0

0 1 0
...

...
...

...
...

...

0 0 1
...

...
...

...
...

...

0 0 0 1 0.749 0.951
...

...
...

...
...

... 0.749 1 0.544
...

...
...

...
...

... 0.951 0.544 1
...

...
...

...
...

... 0 0 0 1 0.964 0.989
...

...
...

...
...

... 0.964 1 0.930
...

...
...

...
...

... 0.989 0.930 1



(5.23)

In fig(5.6) a visual representation is shown, where it is also clearer each
correlation element of the matrix.
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Figure 5.6: Correlation matrix for soil properties in all three layers. Each layer
is independent from the others.

As expected, there is a high correlation between the properties, espe-
cially at greater depth. In the third layer the high correlation coefficient
would allow to obtain the different variables in an almost deterministic
way.
The assumptions of independence between the layers, given the limited
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amount of data, cannot be verified. However, a few physical considera-
tions to support them can be outlined.
As said, the first few meters in the soil represent a region with really
specific properties: compressional velocity comparable with the one in
the water and low shear speed. Given the limited extension of the satu-
rated first layer, and the extremely variable water content and Poisson’s
ratio, these two properties may vary significantly and without any clear
dependence. Regarding the density, although in general on the seabed
a material with low one is present, no constraint are known on the pos-
sible values. It is not unrealistic to imagine that different environments
present similar wave velocities but way different densities. The assump-
tions for the first soil layer can therefore be considered valid.
Regarding the independence among each layer, it has to be considered
that the whole differentiation in layers establishes that they have to be
different. Since the gradual variation in depth has been substituted by
separate regions it is expected each one will have different values.
Moreover, estimating the correlation between the layers may be valid
only in a specific location but significantly vary for another measure-
ment, even in the same domain under consideration.

5.4 final soil model

In this section the complete distributions overview is be presented. The
definition of the first soil layer is also introduced, with the assumptions
behind its realization.
A visual representation of the multivariate distribution, accounting for
the correlation is shown, although in the next chapter the concept of
copula is introduced. It is the main tool to generate the combination
samples.

5.4.1 First soil layer

Until now the first soil layer has not yet been defined, since the high un-
certainty in the measurements for the meters immediately below seabed
generated unrealistic values.
In this section the final soil parameter distributions defined is presented.
The first soil layer has been chosen to have a depth of 2 meters. This
because it is assumed that in this region, highly saturated, the com-
pressional velocity has to be similar to the one in the water. Another
physical feature, demonstrated by experiments [31], is the low shear
velocity. In the water there are no shear waves that propagate and it is
therefore assumed that, due to the saturation of the soil, the shear speed
are significantly lower compared to the sediments at greater depths. Fi-
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nally, due to the high water content, even the density is believed to be
affected by the water content.
Each feature is defined independently based on previous researches
and experimental values [27, 29, 31, 32]. This is in accordance with the
independence of the properties in the first soil stratum.
In general a mean value and an upper and lower bound (corresponding
to the 95 − 5th percentiles) have been defined for each feature. These
values have been taken considering, as mentioned, previous empirical
results. Once enough percentiles have been defined, it is possible to esti-
mate a distribution with a required amount of coefficients. To maintain
coherence with the second and third layer, even for the first one the dis-
tribution chosen is a normal one.
In the case of a normal distribution, two percentiles are required. Denot-
ing P1, P2 the probability corresponding to two set values X1, X2, being
µ, σ the unknown coefficients of the normal distribution, and x1, x2 the
distances of the two values from the mean, then eq(5.24) can be set:{

Φ∗−1(P1 < 0.5) = µ− x1 · σ = X1

Φ∗−1(P2 > 0.5) = µ + x2 · σ = X2
(5.24)

It seems that the equation has a surplus of unknowns, but the distances
x1, x2 can be found using the properties of the standard normal distri-
bution. Replacing µ∗ = 0, σ∗ = 1, the distances can be found.{

Φ∗−1(P1 < 0.5) = −x1

Φ∗−1(P2 > 0.5) = x2
(5.25)

Which then can be replaced in eq(5.24):{
X2 − X1 = (x2 + x1)σ

µ = X1 + x1 · σ
(5.26)

In table(5.4) are summarized the coefficients to define normal distribu-
tions in the three layers. While the ones for the first soil layer are simply
assumptions, the ones for the second and third have been obtained fol-
lowing the procedure discussed in this chapter.

For clarity, in fig(5.7) are presented the shear speed distributions de-
fined for each of the three layers. The same has been done for density
and compressional velocity.
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Vp [m/s] Vs [m/s] ρ [kg/m3]
µ σ µ σ µ σ

Layer 1 [0-2] 1500 36.5 60 18.2 1600 91.2
Layer 2 [3-21] 1647 76.4 288.5 31.3 1919 41.0

Layer 3 [22-55] 1859 145.6 431.4 61.3 1975 59.1

Table 5.4: Estimated distribution coefficients for the soil stratifications, i. e.
mean values and standard deviation

Figure 5.7: Shear speed distributions for each layer

5.4.2 Multivariate distributions

With the coefficients obtained, summarized in table(5.4), and this time
considering the correlation found in eq(5.23), it is possible to define a
multivariate distribution [36].

fX,Y(x, y) =
1

2πσXσY

√
1− r2

XY

· exp

− ( x−µX
σX

)2 − 2rXY(x−µX)(y−µY)
σXσY

+ ( y−µY
σY

)2

2(1− r2
XY)


(5.27)

Where µX, µY, σX, σY are respectively the mean and standard deviations
of the (in this case) two variables X, Y. The Spearman’s correlation be-
tween the variables is instead denoted bt rXY, as in eq(5.20).
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An example of a multivariate (bivariate) distribution is presented in
fig(5.8,5.9): an independent case and one where correlation is present.
In fig(5.10,5.11) the three complete pdf is shown.
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Figure 5.8: Bivariate distribution between compressional and shear speed. Be-
ing the first layer, there is no dependence between the properties
(r=0).
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Figure 5.9: Bivariate distribution between compressional and shear speed. In
the second layer there is significant dependence (r=0.749).
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Figure 5.10: Bivariate pdf between compressional and shear speed, first layer.

Figure 5.11: Bivariate pdf between compressional and shear speed, second
layer.



6
M O D E L S E T- U P A N D S A M P L E S

In the previous chapter, the procedure to determine the distributions
of the properties involved in the sound prediction model has been pre-
sented. In the last section it has been introduced the correlation between
the variables. In this chapter, that information is used to generate the
samples as input for the software Silence.
In this chapter the main settings for the simulations are presented: this
includes the pile characteristics and the input blow energy.
As mentioned before, the high number of characteristics involved and
the complexity of the problem makes it difficult to predict in advance
which features are the dominant ones. In the next part this problem is
addressed.
The compressional and shear speed, and density are obtained through
a random sampling from a defined copula.
The idea behind numerous simulations is to investigate on multiple pos-
sible scenarios, and a posteriori try to identify the governing parameters
through correlation.
The concept is not so different from a Monte Carlo analysis. However,
in the latter case, the number of samples considered is at least of the
order of n = 105, and it has also to be considered the convergence of
the solution.
Due to the high computation time required for the sound propagation
analysis, a limited amount of them was possible to perform (n = 309).
Moreover, the main objective is to present an approach that can be later
improved with a higher number of samples.

6.1 setup of the model

In this section the main features of the pile model are shown. Usually,
the pile characteristics are defined by the offshore company, therefore
they do not represent a major concern in terms of uncertainty.
The input blow and the energy definition, instead, is generally highly
uncertain, however the expression of a realistic hammer strike is taken
from literature [23]. Since the main interest is focused on the soil prop-
erties, the input blow energy remains constant and is assumed deter-
ministic.

53
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6.1.1 Pile features

The pile dimensions and properties refer to a realistic case of a pile
driven in the North Sea. All the simulations and results reported in this
thesis rely on the values summarized in table(6.1). Therefore the pile
can be considered as a case-study.
The origin of the depth coordinate is taken at the top surface of the pile.

Young’s modulus E 2.1 1011 N/m2

Poisson’s ratio ν 0.28

Density ρ 7850 kg/m3

Shell thickness t 0.09 m
Pile diameter D 8 m

Pile length L 77 m
Water surface z0 1.4 m

Sea bottom z1 41.4 m
End of 1

st soil layer z2 43.4 m
End of 2

nd soil layer z3 64.4 m
End of 3

rd soil layer z4 110 m

Table 6.1: Pile geometry and physical characteristics

The Lamé parameters can be obtained from the Bulk modulus κ (related
to Young’s modulus E and Poisson’s ratio ν):

κ =
E

3(1− 2ν)

κ = λ +
2
3

µ

(6.1)

Where λ is the first Lamé parameter while µ is the second.
The damping in the soil is defined by the percentage of the imaginary
part, with respect to the real, for each of the Lamé coefficients. For ex-
ample Im(λ) = 0.01 specifies that the imaginary part of the first Lamé
parameter is 1% of the real part.
In the simulations performed, the imaginary part of the coefficients
have been defined as presented in table (6.2).
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Im(λ) Im(µ)

First soil layer 0.003 0.015
Second soil layer 0.004 0.015
Third soil layer 0.004 0.018

Table 6.2: Pile geometry and physical characteristics

The definition of the Lamé damping coefficients is of difficult determi-
nation and an investigation on their estimation could be investigated by
future works.

6.1.2 Input force and blow energy

The input blow force is defined in such a way that it represents a real-
istic hammer strike [23]. It is usually not possible to predict accurately
the time and frequency domain of the strike. Moreover, it is even more
complicated to anticipate the energy that is transferred in the pile by the
strike. This is due to the fact that each energy input is dependent from
the specific conformation of the soil in that location, therefore different
scenarios should each time estimate the energy introduced. This topic
is later discussed.
The analytical expression for the hammer blow is:

F(t)[MN] =

{
FA sin(FB(t− t0))e−FC(t−t0), t0 < t < t1

0, t < t0 or t > t1
(6.2)

Where the coefficients are taken as reported in tab(6.3). In fig(6.1) eq(6.2)
is plotted in the frequency and time domain.

t0 t1 FA FB FC

0.001s 0.05s 503 149 150

Table 6.3: Coefficient values for the definition of the force blow input

6.1.3 Frequency and time steps

Two important settings that need to be defined carefully are the fre-
quency and time steps. A step too large could lead to unrealistic results
or to not describe accurately the response of the system. On the other
hand, a step too small would affect the computation time making it un-
feasible for running many simulations.
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Figure 6.1: Frequency and time component of the input blow force

In the model used, it is first defined the time step, their number, and
the total time that has to be considered.

dt = 0.0006 s; nt = 1600; Ttot = nt · dt = 0.96 s

The sampling and Nyquist frequencies are defined as:

fs =
1
dt

= 1666.67 Hz; fN =
fs

2
= 833.33 Hz

Being the frequency range considering an interval between f ∈ [− fN, fN],
the number of frequency steps is taken as half the one of the time steps,
therefore n f = 800.
It is important to point out that the frequency spectrum needs to be suf-
ficiently broad to consider sufficient modes of the pile and consider the
frequency content of the input blow, other than a sufficient number of
propagation modes. As stated in [19] there is a high frequency response
for frequencies in the range 0.5 fR ≤ f ≤ 0.8 fR, where fR is the ring
frequency of the pile, defined as:

fR =
1

2πR

√
E

ρ(1− ν2)
(6.3)

Where R, E, ρ, ν correspond respectively to the radius, Young’s modulus,
density and Poisson’s ratio of the pile structure.
Inserting the pile properties from table(6.1) in eq(6.3), we obtain fR =
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214.37 Hz. Since fN � fR, and from the input blow in fig(6.2) there is
no significant frequency content for f > 200 Hz, it is believed that the
frequency window is sufficiently broad.

6.1.4 Mesh receivers
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Figure 6.2: Mesh definition for the near and far field

Similarly to what happens in a FEM model, a space discretization is re-
quired to select the places where the results are needed to be evaluated.
In fig(6.2) the near and far-field receivers are shown.
In the near field, due to the necessary accurate representation of the
coupling between pile-water-soil, more ’station points’ are needed. In
the far field, instead, since the main interest is of the sound propaga-
tion, less receivers can be defined. Two depths for the receivers have
been defined, one close to seabed (2 m above it) and one almost at the
sea surface.
All analyses share the same receivers definition, summarized in table(6.4).

Notice that the far-field domain is defined r ∈ [100− 1000] m, and
the total time of the analysis considered, Ttot = 0.96 s, allows a compres-
sional wave in the water to travel ∆ = Ttot · cp = 1440 m. Therefore the
results obtained describe the effects of the waves travelling in the water.
Regarding the shear speed in the soil instead, only the near field ac-
counts for it in the estimation of the sound levels (being in the first soil
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Near field Far field

Radial mesh size 9 m Radial mesh size 50 m
Number of receivers 6 Number of receivers 19

Vertical mesh size 0.2 m Radial distance of first receiver 100 m
Water depth of top receivers 2 m

Water depth of bottom receivers 38 m

Table 6.4: Mesh definition for near and far field. The water depth of the re-
ceivers in the far field is relative to sea surface

layer on average Vs = 60 m/s, ∆ = Ttot ·Vs = 57 m).
A more complete analysis should consider a time window sufficiently
broad to consider also the arrive (and therefore effects) of the Scholte
waves.

6.2 near field approximations

The software used for the simulation (SILENCE) is divided in two parts:
one related to the sound generation and one to the sound propagation.
Moreover, the two parts respectively relate to the near field and the far
field, i. e. close and far from the pile.
In order to reduce the computation time, the focus has been put exclu-
sively on the sound propagation, i. e. the far field results. The near field
results have been instead considered constant, obtained from a single
analysis.
In this section the main sound generation results and reasons for ap-
proximations are presented.

6.2.1 Energy in the pile

When the hammer hits the top of the pile, there is an intense transfer
of energy that travels through the shell structure and ultimately gets
transferred in the soil. The compressional waves travelling from top to
bottom then reflects and starts travelling back towards the top. While
the wave travels the energy is radiated from the pile to the surrounding
media in contact with it, where it dissipates.
It has been demonstrated [19] that the majority of the energy inserted in
the pile transfers in the soil. Only a limited amount (∼ 10− 14%, [37])
directly radiates in the water, being the primary noise propagation path.
The majority of the energy inserted in the system is therefore radiated
in the soil and in the proximity of the pile. Therefore the main effects
of the energy with the sound levels in the far field are related to the
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energy directly radiated in the water.
Although the hammer strike always has the same force input, the en-
ergy that get inserted in the system depends on the soil configuration.
This may have significant effects in the sound pressure levels.
It has been found that in general stiffer soils tend to quickly radiate
more energy in the media, consequently producing higher sound lev-
els.
Although this conclusion has been already verified, what has not yet
been completely addressed is that different soil configurations intro-
duce a different energy level.
A few sound generation analyses have been performed drastically vary-
ing the soil properties combinations. Combinations of high and low
percentiles have been used, spanning from extremely soft to stiff soil
conformations, with high or low wave speeds and different densities.
The aim was to highlight if the soil configuration highly affects the en-
ergy entry, which later affect the sound propagation.
The results of n = 11 analyses are shown in fig(6.3), presenting the en-
ergy profile from the top to the pile tip. Highlighted are the lowest and
highest results, and the mean value. These results span from a mini-
mum of En = 1750 kJ to a maximum of En = 3000 kJ.
Each profile, as expected, is different, meaning that the same input force
(eq 6.2) introduces in the system different energy levels, which also ra-
diates differently in the water and soil.
From the profiles is not yet clear how the energy is affected by the soil
configuration and by which feature. A correlation study has been car-
ried out analyzing whether relations exist between soil parameters and
energy introduced in the system.
The energy level considered refers to the result at z = 1.4 m from the
pile head, which correspond to the sea surface and therefore is assumed
the energy introduced in the water column.
In fig(6.4) the correlation matrix is presented, while in appendix(A.5)
the numerical values are reported.
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Figure 6.3: Different energy profiles in the pile based on different soil configu-
rations. The energies refer to the final blows when the pile is almost
completely embedded in the soil.
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It is now interesting to analyze the last column of the matrix, presenting
the energy correlation with the soil features.
A clear result is the high negative correlation between Young’s mod-
ulus and energy inserted in the system (r ∼ −0.8). This means that
soft soils introduce more energy compared to stiffer ones. This however
can’t provide conclusions on the expected sound levels. If on one hand
softer soils show that a greater energy is introduced compared to stiffer
ones, the latter radiate more energy in the media. Both these aspects
could then affect the sound levels.
Although for each case a sound generation analysis should be required,
to reduce the computational time a single sound generation analysis
has been taken as reference. This particular case is obtained setting all
the soil properties in the layers to the average values, summarized in
table(5.4). In fig(6.5) the energy introduced in the system and the mean
value of the different analyses previously performed are plotted. The
high similarities allow to consider the average configuration as a good
approximation to perform all the sound propagation.
The reference energy that results from a blow defined with eq(6.1) and
the average conformation is estimated having a value of EAmp=1 =
2500kJ.

0 500 1000 1500 2000 2500
Energy [kJ]

0

10

20

30

40

50

60

70

80

De
pt

h 
[m

]

Energy in the Pile
Average configuration
Mean

Figure 6.5: Energy in the pile for average soil conformation (black line) com-
pared with the mean value of several simulations (green line).
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It is clear that the most of the energy disperse in the soil region, as can
be noticed from the abrupt change in the profile (z = 1.4 + 40 m).
During the construction, the impact of the hammer can be reduced if
critical sound levels are reached. A lower force introduces less energy in
the system. It is now presented how the scaling of the energy could be
carried out, although in all the results the amplification factor is always
considered equal to Amp = 1.
For a particular soil configuration, to obtain the new energy input E∗,
the amplification coefficient Amp∗ can be determined using:

Amp∗ =

√
E∗

EAmp=1
(6.4)

Where EAmp=1 is the initial energy obtained from the sound generation
analysis.
Then, the sound levels obtained in the case of Amp = 1 can be reduced
by a quantity δ, without the need of performing another analysis. The
decibel quantity related to a change of amplitude is:

δ[dB] = 20 log10(Amp∗) (6.5)

So that the sound level results can be modified accounting for the
change in energy input by:

SEL∗ = SELAmp=1 + δ[dB] L∗p = Lp,Amp=1 + δ[dB] (6.6)

6.2.2 Near-field sound levels

Another approximation deriving from the use of a single case for the
near-field regards the sound levels. The results obtained from the sev-
eral sound generation analyses are presented in fig(6.6,6.7). Highlighted
are the results from the extreme energy (lowest and highest) entries pre-
sented in the previous section. It has to be noticed that the sound levels
do not follow the energy trends: the highest energy introduced in the
system doesn’t produce the highest sound level as well as the opposite.
The sound levels at the furthest extreme of the near field do differ for a
maximum of ∼ 8 dB, which correspond to a relative difference of ∼ 4%.
The average configuration results present profiles that are similar to the
others, which have soil conformations extremely different.
Although a complete analysis, therefore sound generation and propaga-
tion with the appropriate soil properties should be carried out, the use
of a single reference case can be considered a valid approximation.
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Figure 6.6: Sound exposure levels in the near-field. Highlighted are the profiles
obtained with the lowest (red), highest (blue) and average (green)
energy input.
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Figure 6.7: Sound peak levels in the near-field. Highlighted are the profiles
obtained with the lowest (red), highest (blue) and average (green)
energy input.
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In fig(6.8) are shown the sound levels for the near field, derived with
the average configuration and that is assumed constant for all the sound
propagation analyses.
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Figure 6.8: SEL and Lpeak in the near field obtained with the average soil prop-
erties. These levels remain constant for the far-field analyses.

6.2.3 Sampling and combinations

As mentioned in the previous chapters the soil definition is far from
certain, and through statistical approaches it was possible to define dis-
tributions to describe it (ch. 5). The main soil properties believed to
influence on the sound propagation are wave compressional, shear ve-
locity and density. These features are also the ones easier to obtain from
empirical relations (ch. 4) [29].
The approach followed for the generation of the samples made use of
copulas [36].
A copula is a multivariate cumulative function, where the marginal
probability distribution of each variable is uniform in the domain ∈
[0− 1].
A Gaussian copula between two variables X1, X2, having cumulative dis-
tribution F such that F(X1) = u, F(X2) = v, (u, v) ∈ (0, 1) and correla-
tion parameter r, is defined as:

Cr(F(X1), F(X2)) = Cr(u, v) = Φr(Φ−1(u), Φ−1(v)) (6.7)

Where Φr is the multivariate Gaussian cumulative, Φ−1 is the normal
inverse cumulative distribution (for the single variable).
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Copulas are preferred to multivariate distributions since they only rep-
resent the dependence between the variables, and do not need the
marginals to be known. The choice of the best distribution for each
variable is an independent step, but while the marginals can change,
the copula, therefore the dependence, does not.
The realization of a copula is common practice in many softwares. In
this thesis the copula have been defined using Matlab, and once given
the correlation matrix of the soil characteristics, random cumulative
samples have been obtained.
In the particular case of this work, all distributions have been taken as
normal. Therefore, once having generated from a copula u1, u2..un, ui ∈
[0− 1], where n is the number of variables, the inverse normal returns
the ’real’ value sample X1..Xn.

Xi = Φ−1(ui)

In fig(6.9,6.10) the pdf and cumulative copula are shown, for the case of
independent and dependent variables.
In fig(6.11-6.16) are instead presented the random samples of Vp, Vs, ρ

and the corresponding combinations of E, ν, ρ as input for the software
Silence, obtained through the relations described in ch(4).
It is clear the independent pattern in the first soil layer, while for the
deeper strata the correlation coefficients are the ones defined in eq(5.23).

Figure 6.9: Copula probability density function between two variables, inde-
pendent (r=0) and dependent (r=0.749) examples
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Figure 6.10: Copula cumulative function between two variables, independent
(r=0) and dependent (r=0.749) examples

Figure 6.11: Compressional, shear velocity and density random samples 1st
layer
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Figure 6.12: Young’s modulus, Poisson’s ratio and density input for the simu-
lations, 1st layer

Figure 6.13: Compressional, shear velocity and density random samples 2nd
layer
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Figure 6.14: Young’s modulus, Poisson’s ratio and density input for the simu-
lations, 2nd layer

Figure 6.15: Compressional, shear velocity and density random samples 3rd
layer



6.2 near field approximations 69

Figure 6.16: Young’s modulus, Poisson’s ratio and density input for the simu-
lations, 3rd layer
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6.3 final remarks

Before presenting the results of the simulations, a few remarks need to
be pointed out, considering also possible future improvements.
The first limitation encountered is the definition of a maximum of three
soil layers. Although this is already assumed to provide sufficient accor-
dance to the measurements, a higher number of soil strata could result
in more accurate results.
Moreover, as mentioned, the three layers have been assumed indepen-
dent between each other for simplicity. Although physical considera-
tions do provide solid ground for the assumptions, future studies with
sufficient data could finally verify them.
Another topic not completely investigated is the sensitivity of the re-
sults to the number of frequency/time steps used. A few trials have
been made by using N f = 500, 600, 700, 800, and no significant dif-
ferences have been found. However, in order to have the most com-
plete and accurate response, it has been preferred to use, as mentioned,
N f = 800, Nt = 1600. Increasing the number of frequency steps could
help in improving the accuracy once reading the frequency response
spectrum, avoiding to mismatch modes or critical frequencies. On the
other hand, the time required for the analyses is affected.
Only one input blow force has been considered, defined analytically in
eq(6.2). It is known that the frequency domain of the blow force can
impact the overall response of the system. However, the main interest
in this work is to highlight the influence of the soil parameters.
A single energy input has been defined as a constant for all the analyses.
It is discussed later that this assumption may under/overestimate the
sound levels, since the soil properties for the sound generation do not
match the ones in the sound propagation. Moreover the energy intro-
duced in the system is different. However, it has been shown how even
extremely different soil configuration do produce similar sound levels.
The mesh definition adopted is believed to not be a variable affecting
the sound levels. However, since a reference sound generation result
has been used for all the sound propagation analyses, the near and far
field should be defined the closest possible.
Having defined all the necessary input for the analysis, in the next chap-
ter the results and their interpretation are discussed.



Part III

S I M U L AT I O N R E S U LT S



7
N O I S E P R E D I C T I O N O U T C O M E S

In this chapter, the main results of the simulations regarding the sound
levels are discussed.
As done for the soil properties, the best fitting distribution is searched.
From these results, the correlation between the input and output of the
analyses is investigated.
The main results presented refer to sound levels at a radial distance of
r = 750 m and at +2 m above seabed, therefore close to the ground.

7.1 statistical interpretation of sound levels

In this section the sound exposure and peak levels obtained from the
sound propagation part of the simulations is presented. Of great impor-
tance are the sound levels at a distance r = 750 m from the pile and 2 m
above the ground (recall the German sound threshold).
Particular attention is given to the use of the sound level results, since it
is not possible to directly investigate on them: it is necessary to analyze
the pressure results (A.4).
As done for the soil, a few distributions are compared to estimate the
one best fitting the results obtained. This process is done for all the
defined radial distances of the far-field. Once found the optimal dis-
tribution it is possible to estimate a probability of exceeding a certain
sound level. After that one can determine the correlation between the
input soil properties and the sound level outcomes.

7.1.1 Average and standard deviation of sound levels

It has been demonstrated [38, 39] that defining distribution coefficients
directly using the sound levels (in dB) may often underestimate their
average and variation.
In order to statistically analyze the sound measurements, it is necessary
to obtain back the real pressure quantities. The following steps, pre-
sented in the mentioned works, easily allow to fulfill the purpose.
We recall eq(1.1), that is the analytical expression for the SEL and Lpeak
(abbreviated now as Lp).
We define now the logarithm arguments of SEL, Lp as:

1
T

ˆ T

0

P2

P2
0

dt = α; max
[

20 log10

(
|P|
P0

)]
= β (7.1)
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So that eq(1.1) becomes:

SEL(α) = 10 · log10(α) Lp(β) = 20 · log10(β) (7.2)

From the simulations performed, several sound levels SELi, Lp,i have
been obtained. Taking the inverse function, we obtain the integral (or
max) of the Pressure quantities αi, βi as:

αi = 10SELi/10; βi = 10Lp,i/20 (7.3)

It is now possible to apply the maximum likelihood to determine the
coefficients for the distributions of α, β (in appendix A.4 the other dis-
tributions are treated).
In the case of a Gaussian distribution the coefficients are:

α̂ =
∑n

i αi

n
;

σ(α) =

√
1
n

n

∑
i
(αi − α̂)2


β̂ =

∑n
i βi

n
;

σ(β) =

√
1
n

n

∑
i
(βi − β̂)2

(7.4)

Let’s consider now a continuous function and its Taylor expansion in a
specific point x0:

g(x) ∼ g(x0) + g′(x)(x− x0) (7.5)

Assuming now x0 being the mean, it can be proven that the standard
deviation of a normal distribution is equal to:

σ(g(x)) = |g′(x0)|σ(x) (7.6)

This is useful because indeed we need to determine the standard devia-
tion of a composed function: σ(SEL(α)), σ(Lp(β)).
Being the first derivatives

d
dα

(
10 log10(α)

)
=

10
ln(10)α

d
dβ

(
20 log10(β)

)
=

20
ln(10)β

(7.7)

So that finally the expected value (mean) and standard deviation of the
required sound levels become:

E[SEL(α)] = 10 log10(α̂)

σ(SEL(α)) =
10

ln(10)
· σ(α)

α̂


E[Lp(β)] = 20 log10(β̂)

σ(Lp(β)) =
20

ln(10)
· σ(β)

β̂

(7.8)

This procedure has been followed for all the radial distances defined in
the far-field (fig 6.2, table6.4). As an example in table(7.1) are summa-
rized the coefficients of the distribution at a radial distance r = 750 m,
2 m above seabed.
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SEL Lp

Normal µ = 188.4 σ = 6.9 µ = 196.7 σ = 3.03
Gumbel µ = 185.8 β = 4.39 µ = 195.3 β = 2.54

LogN µLN = 5.23 σLN = 0.024 µLN = 5.28 σLN = 0.014
µ = 187.8 σ = 4.54 µ = 196.6 σ = 2.78

Table 7.1: Coefficients of the considered distributions for SEL and Lp, r =

750 m

Fig(7.1,7.2) show the near field results (from 6.8), all the n = 309 far
field estimations (grey lines) and the mean value for a Normal, a Gum-
bel and a Lognormal distribution. All the analysis refer to an energy
input of E = 2500kJ (Amp = 1).
A main consideration has to be made on the far field results: at r =
100 m there is a broad range (even 20 dB) of sound levels. In sec(6.2.2)
has been presented the assumption of relying on sound levels in the
near field obtained from a single analysis. This has allowed to perform
only the sound propagation part of the problem, reducing significantly
the necessary computation time. However, considering also that each
soil configuration would have a different energy entry in the system
and a different sound profile in the near field, performing the complete
sound generation and propagation may reduce the spread of results.
As shown in fig(6.3), if only the average configuration is considered, it
is possible that in many cases the energy in the pile has been under-
estimated, while in other overestimated. For example let’s consider the
lowest energy entry of the graph, Emin = 1750 kJ. Other than match the
near and far-field sound levels corresponding to different soil proper-
ties, the energy entry has been exaggerated to E = 2500 kJ.
Using eq(6.4,6.5), this would mean that the sound levels obtained from
the simulations have been overestimated by:

Amp∗ =

√
2500
1750

= 1.195→ δ[dB] = 20 log10(Amp∗) = 1.55 dB

The results from the case in which the energy entry was 3000 kJ have
been instead underestimated by a quantity:

Amp∗ =

√
2500
3000

= 0.91→ |δ[dB]| = 20 log10(Amp∗) = 0.8 dB

Other than this needed remark, the sound profiles show that indeed the
soil configuration plays a fundamental role in their levels. The samples
generated then allowed to consider several possible scenarios, and by
statistically treating the sound levels, their probability distributions are
found.
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Figure 7.1: Sound exposure level outcomes and mean values for different dis-
tribution types. Energy input E = 2500kJ
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Figure 7.2: Sound peak level outcomes and mean values for different distribu-
tion types. Energy input E = 2500kJ
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7.1.2 Choice of the distribution

Fig(7.1,7.2) show the near field results (from 6.8), the far field estima-
tions and the mean values for each radial distance for three different
distributions.
As done in ch(5), once the different distributions are obtained, the AIC
helps in determining the optimal one.
In table(7.2) the results for the sound exposure and peak levels are pre-
sented. The quantity P refers to the probability of the related distribu-
tion to still agree with the measurements, compared with the optimal
distribution.

SEL Lp

AIC P AIC P

Normal 1265 ∼ 0 1012 0.14
Gumbel 1173 0.25 1143 ∼ 0

LogN 1170 - 1009 -

Table 7.2: AIC evaluation and comparison of the available distributions

From the analysis it can be determined that the Lognormal best de-
scribes both SEL, Lp.
In sect(7.2.1) a more detailed overview on the quality of fitting will be
described.

7.2 sound level probability density functions

One of the most important results that can now be defined is the proba-
bility density function. From the coefficients determined in the previous
section (table 7.1) the continuous distributions can be drawn.
In fig(7.3-7.4) all three probability density functions considered are pre-
sented.
Moreover, the empirical results from the simulations are presented as
a discrete probability function: each column represents the probabil-
ity of a certain sound level interval over all the samples considered,
P(x1 ≤ X ≤ x2).
The use of continuous distribution over discrete, empirical ones, can
bring several advantages.

• First, they allow to represent information also on results that have
not been recorded. In the figures it can be clearly seen how the
distributions give a probability density also to values below and
above the measurements.
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• Once the deterministic coefficients have been obtained from the
measured samples the continuous distributions can be defined.
The coefficients are less sensitive to the variation of the samples
compared to the discrete distributions.

• Continuous distributions easily allow to define the cumulative
functions, which then enables to estimate cumulative or exceedance
probabilities. This calculation is performed using analytical ex-
pressions, and generally only requires a few coefficients of the
distribution. In the discrete case it is often necessary to sum each
interval probability, and as mentioned there is no real information
on values outside the domain of measurements.
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Figure 7.3: Simulation probability and pdfs of SEL
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Figure 7.4: Simulation probability and pdfs of Lp

In fig(7.5,7.6) the cumulative distributions, and the empirical one, are
presented. The results from the AIC evaluations are now clearer, since
the Lognormal distributions show their matching with the empirical
data.
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Figure 7.5: Simulation and estimated cumulative distributions of SEL
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Figure 7.6: Simulation and estimated cumulative distributions of Lp

Recalling the remark previously made on the use of a single energy
entry for all the analysis, and that by performing the complete analysis
the sound levels are expected to produce different profiles.
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7.2.1 Goodness of fit

From the AIC analysis it resulted that the Lognormal distribution is the
one best fiting the simulation sound levels. However from fig(7.3-7.6) it
is difficult to clearly see whether the choice indeed well represents the
data. Especially for the SEL it seems a different distribution could be
used although in this work the main concepts are presented.
A QQ-plot, however, can help in judging if the choice of the distribu-
tion really represents the obtained data. In fig( 7.7-7.12) the QQ plots
are presented for the SEL and Lp, for the three distributions considered.
The Lognormal QQ-plots are indeed the ones that show how the choice
made was the most appropriate.
While the Lp estimations show a good agreement with the Lognormal
distribution, in the case of the SEL ones there are still some inconsisten-
cies regarding the middle values. A different distribution type could, as
said, improve the representation of the results.
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Figure 7.7: QQ-plots for SEL. The horizontal axis is the theoretical standard
normal distribution µ = 0, σ = 1.



7.2 sound level probability density functions 81

2 1 0 1 2 3 4 5
Standard Gumbel quantile

175

180

185

190

195

200

205

210

SE
L 

[d
B]

QQ Plot SEL r=750 m
Empirical
Theoretical

Figure 7.8: QQ-plots for SEL. The horizontal axis is the theoretical standard
Gumbel distribution µ = 0, β = 1.
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Figure 7.9: QQ-plots for SEL. The horizontal axis is the theoretical standard
lognormal distribution µLN = 0, σLN = 1.
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Figure 7.10: QQ-plots for Lp. The horizontal axis is the theoretical standard
normal distribution µ = 0, σ = 1.
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Figure 7.11: QQ-plots for Lp. The horizontal axis is the theoretical standard
Gumbel distribution µ = 0, β = 1.
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Figure 7.12: QQ-plots for Lp. The horizontal axis is the theoretical standard
lognormal distribution µLN = 0, σLN = 1.

7.2.2 Use of the distribution for determining probabilities

From the results obtained, it is now possible to estimate either the cu-
mulative or the exceedance probability of a certain value.
In a realistic case a sound level could be set as threshold, and the proba-
bility of exceeding it could be a good indicator of which and how many
measures should be taken. For example, the introduction of noise barri-
ers or the reduction in the energy force.
To demonstrate the application that could be made of the sound distri-
butions, an example will now be presented.
Four cases will be considered, namely:

• No sound barriers applied, energy input E = 2500 kJ.

• Introduction of sound barrier (−20 dB), energy input E = 2500 kJ.

• Sound barrier, reduction of energy input E∗ = 2000 kJ.

• Sound barrier, energy input E∗∗ = 1600 kJ.

The sound reduction due to the noise insulation system has been taken
considering a well performing barrier. At the moment there exist differ-
ent sound barrier types and in general the average decibel reduction,
verified by experiments, is about δ = −15 dB [19]. New techniques are
in development, therefore it has been assumed that in the nearest future
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an average reduction of about δ = −20 dB will be easy to achieve.
In table(7.3,7.4) are summarized some relevant probabilities that could
be estimated with the defined distribution (Lognormal). The estima-
tions obtained at r = 750 m and 2 m above seabed are considered. Other
than the sound barrier reduction, the decibel decrease due to different
energy input is considered (eq 6.5).
For the sound exposure and peak levels it has been evaluated the prob-
ability of exceeding the German regulations that need to be met during
pile driving, however different threshold can be used.
The results presented are valid for the specific environment related to
the CPT results. From those, it was possible to define the layer’s depth,
property distributions and combinations, and obtain the simulation re-
sults which have their own distribution as well.
Even though, the framework proposed is intended to adjust to different
environments, it can be modified in terms of distribution types consid-
ered and improved with the use of more empirical recordings.

SEL, r = 750 m µLN, µ σLN, σ P(X > 160 dB)
Raw measurements 5.235 0.024 ∼ 1
E = 2500 kJ 187.8 4.54

Sound barrier (−20dB) 5.122 0.027 0.960
E = 2500 kJ 167.8 4.54

Sound barrier (−20dB) 5.116 0.027 0.936
E = 2000 kJ, δ = −0.969dB 166.9 4.54

Sound barrier (−20dB) 5.113 0.027 0.918
E = 1750 kJ, δ = −1.549dB 166.3 4.54

Table 7.3: SEL distr. coefficients and exceedance probability for different cases

Lp, r = 750 m µLN, µ σLN, σ P(X > 190 dB)
Raw measurements 5.281 0.014 0.992
E = 2500 kJ 196.6 2.78

Sound barrier (−20dB) 5.174 0.016 1.6 · 10−6

E = 2500 kJ 176.6 2.78

Sound barrier (−20dB) 5.168 0.016 3.3 · 10−7

E = 2000 kJ, δ = −0.969dB 175.6 2.77

Sound barrier (−20dB) 5.165 0.016 1.1 · 10−7

E = 1750 kJ, δ = −1.549dB 175.0 2.78

Table 7.4: Lp distr. coefficients and exceedance probability for different cases
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The results presented show the importance of sound barriers and re-
duction in impact force (which then releases in the pile less energy).
Especially for the sound peak level, from an almost certain exceedance
of the sound limit, the introduction of a sound barrier would signifi-
cantly prevent this from happening.
Regarding the SEL, it appears that in this particular case it is the gov-
erning sound level that requires more attention. Even applying a sound
barrier and significantly reducing the hammer strike, the probability of
not meeting the requirements is still high.
A few considerations must be brought to attention.
First of all, as mentioned before, the simplification relying on a sin-
gle energy in the pile may have under/over-estimated the sound levels.
Also, the coupling of the near and far-field may have affected the re-
sults, since in the two steps different soil configurations has been used.
Consequently, also the probability distributions have been influenced,
and if the whole analyses would have been carried out different means
and std values could have been obtained.
The second aspect to consider regards the large amount of scenarios
considered and the possibility to overcome instrumental and reading
errors from CPT, as well as to account for spatial variability of the soil.
It has been shown in sec(4.2) and appendix(A.1) how even considerable
measurement errors/differences would not significantly affect the soil
properties definition.
This means that unless abrupt or extremely different environments are
encountered, the definition of feature distributions sufficiently accounts
for the spatial changes of the soil. This is a great benefit, since although
the soil is not entirely known, even with a limited amount of data it is
possible to replicate a certain extent of variability.
Focusing now on the results obtained, still stressing out that some sim-
plifications have been made, it appears that meeting the German regu-
lations on SEL would hardly be possible. It looks that the North Sea
environment may be a difficult one where to install monopiles and
more sound reduction measures should be applied. For example if a
sound barrier allowing a reduction of δ = −30 dB was available, then
the probability of exceeding the threshold of SELLIM = 160 dB would
be P(X > 160) ∼ 30%.
This project has shown how, starting from a limited amount of empir-
ical measurements is possible to reproduce the variability of the soil
and obtain how likely the environment under consideration may pro-
duce certain sound levels. These results can definitely be of use during
project stage. Improvements and more accuracy can of course be ob-
tained, but the overall framework can be adapted to many different
environments and conditions.
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7.3 correlation soil properties - sound levels

Another objective of this thesis was to obtain insight upon which soil
characteristics affect affects the most the sound levels.
Confronting all the generated samples input with the estimated noise
outputs should help in highlighting possible trends. As done previously
only for the soil features and for the energy, the Spearman’s rank cor-
relation (eq 5.20) is evaluated, looking for dependence between certain
soil characteristic and sound levels.
All the generated soil properties and sound exposure/peak levels are
given a rank value. Given a sample of n elements, the values belonging
are given a rank ∈ (1, ..n) defining their position in the ensemble.
The correlation matrix is shown in fig(7.13), the details are instead in
appendix(A.14).
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Figure 7.13: Correlation matrix relating input soil properties and sound levels
output

The results obtained do not show strong correlations between the soil
characteristics and the resulted sound levels. A significant correlation
corresponds to values above r = ±0.3− 0.4 [33].
Analyzing them more in detail, however, it appears that especially the
compressional wave velocity in the first two layers has a positive cor-
relation with the sound levels. This can be explained considering that
surface waves tend to quickly fade with depth, while they still have an
intense energy at the seabed. Fast wave speed in the top soil region may
allow positive interference between the waves in the soil and the ones
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in the water, resulting in higher sound levels.
Two main reasons may explain that.
The first is that, given the simplification of relying on a single sound
generation analysis (a single energy in the pile) which as said may have
affected the sound levels, their dependence with the soil properties may
have been affected too. It has also to be considered that the coupling be-
tween near and far field matches different soil configurations, which
may introduce errors in the sound propagation module. If the sound
levels had been under or overestimated, then the calculated correlation
may produce results not entirely correct or may not discover the real
relation.
The second is the type of correlation that is being evaluated. The Spear-
man correlation investigates on monotonic relations: if a variable in-
creases it returns how the others either increase or decrease. In such
a complex multi-dimensional problem like sound propagation, looking
only for monotonic trends may not be sufficient enough. Different and
more advanced types of correlations (pair-copulas or vine copulas [40, 41,
42]) may detect relations between the input and output.
Another reason to use more advanced techniques is that one has to re-
member that null correlation does not equal independence between the
variables.

7.4 comparison with experimental sound measurements

A comparison of the obtained sound levels is now performed against
experimental measurements obtained by an OWT company in the same
location as the CPT recordings.
The settings used for the simulations (table 6.1) are close to the configu-
ration of the monopile considered in the experiment [23]. Only the final
embedment of the pile was not matched, and in the model the third
layer expands until a depth z = 110− 41.4 = 68.6 m although the CPT
measurements provide information up to a depth z = 55 m.
The exact force excitation is approximated by eq(6.1) [23]. As is dis-
cussed further, these uncertainties and other main differences are ex-
pected to create some differences in the sound level comparisons.
The empirical readings have been obtained at a radial distance r =
750 m from the piles, 2 m above seabed, like the simulation estimations.
The measurements have been obtained during the whole installation
process, which means that the hammer blows have been modified dur-
ing the process. However, confidence intervals have been obtained con-
sidering the latest stage of the installation, in which the energy derived
by the strike remained almost constant around E ∼ 1600 kJ (fig 7.14).
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Figure 7.14: Sketch of the experimental measurements for SEL and energy in-
put during construction phase. The sketch is made only for clarity
purposes.

The available information regard the lower bound, such that 5% of the
measurements stand below it, a mean value and an upper bound, such
that only 5% of the measurements are above it. Four stations with same
radial distance (r = 750 m) were used each providing the mentioned
quantities.
To account for measurement error, a standard uncertainty of ±2 dB is
generally applied. This uncertainty is applied on the upper bound: re-
lying on the value that accounts for 95% of all the measurements, it is
believed to correctly define the measurement ranges.
In table(7.5) are summarized the percentiles and the standard error.

5th µ 95th Error

SEL ±2 dB
Location 1 175 dB 176 dB 177 dB
Location 2 175 dB 177 dB 178 dB
Location 3 175 dB 177 dB 178 dB
Location 4 175 dB 177 dB 178 dB

Lp ±2 dB
Location 1 - 200 dB -
Location 2 - 201 dB -
Location 3 - 201 dB -
Location 4 - 202 dB -

Table 7.5: Mean, upper and lower bounds from empirical measurements
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In order to compare the experimental results with the SILENCE ones,
the latter need to be scaled to a proper energy entry. Since the raw
estimations refer to a case where Amp = 1, E = 2500 kJ, by mean of
eq(6.4,6.5) the values can be adjusted.
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Figure 7.15: Experimental ranges and SILENCE results, SEL, r = 750 m, 2m
above seabed. No sound barriers considered, energy input E∗ =

1600 kJ, Amp∗ = 0.8.
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Figure 7.16: Experimental ranges and SILENCE results, Lp, r = 750 m, 2m
above seabed. No sound barriers considered, energy input E∗ =

1600 kJ, Amp∗ = 0.8.

The new amplitude is therefore Amp∗ = 0.8 and a decibel reduction
δ[dB] = −1.938 dB is applied. The new coefficients of the distribution
can be obtained applying this correction to all the simulation results,
and re-evaluating table(7.1).
In fig(7.15,7.16) the empirical sound ranges (175− 180 dB for SEL, 198−
204 dB for Lp) and the simulation distributions are presented.
The comparisons show some noticeable differences.
The majority of the simulation SEL estimations stand above the exper-
imental sound range. Considering that the range has been defined re-
lying on the 95th percentile, it seems the simulations produced values
overestimating the ’real’ ones.
On the other hand, the peak levels stand below the experimental inter-
val showing a great accordance: 95% of the simulation results are below
the experimental upper bound.
There are several reasons why the empirical 95% of recording are ex-
ceeded. As mentioned the not complete match of experimental con-
ditions and the simulation settings, for example the input force, may
have affected the comparison. Another explanation is the simplification
made on relying on a single sound generation analysis, which may have
affected the sound levels. By under or overestimating the energy intro-
duced in the system, and with an approximated coupling between near
and far field, the simulation distribution has been affected.
Finally, the experimental results are performed in a single and real envi-
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ronment. All the simulations performed can not model exactly the soil
properties or the geometry of the seabed. The cases considered are all
simplifications, and sometimes investigate on completely different con-
figurations, far from reality.
To summarize, the methodology presented in this thesis focuses on
quantifying and deal with the uncertainties involved in the soil charac-
teristics. The comparison between the measured data and the simulated
sound levels show that complete accordance has not been reached.
A larger set of samples, the introduction of the correct correlation be-
tween the soil layers and the complete simulation steps are suggested
for future studies to achieve more accurate prediction of the sound lev-
els.



Part IV

C O N C L U S I O N S , R E C O M M E N D AT I O N S A N D
F U T U R E W O R K S



8
D I S C U S S I O N A N D C O N C L U S I O N S

In this chapter a summary of the complete process followed in this the-
sis is discussed.
The methodology steps for describing the soil and the treatment of the
results obtained from the simulations is analyzed.
The suitability and some of the main advantages are pointed out, to-
gether with some limitations or improvements that could be adopted.

8.1 soil modelling

In ch(4,5) the main methodology for dealing with experimental mea-
surements of the soil had been treated.
The approach resulted to be highly flexible referring to its adaptability
to the necessary needs and showed the capacity to overcome to a certain
extent the lack of data or uncertainty.
Now the steps followed are discussed more in detail.

8.1.1 CPT measurements

The first action described was the acquisition of the CPT measurements.
A simple technique of reading the area underneath the graphs of the
measurements has been used, averaging over the length of the step size
defined.
All the steps which followed took into account the possible reading er-
rors, other than the instrumental errors which could not be avoided.
It has been shown that even a significant difference in measurements
would not drastically change the soil properties and the distributions.
This is a major achievement, since it means that possible unavoidable
errors would not affect the modelling. Moreover even the real changes
in the environment, given that are not significant (±10%), may still be
considered by the definition of the probability distributions.
Once the soil features have been obtained, the values have been com-
pared with different experimental works which verified the reliability
of the process.
A higher number of CPT measurements would improve the accuracy
of the distribution definition, as well as give insights on the variation
of the environment. As mentioned, however, unless the changes would
be abrupt (which shouldn’t happen in the region involved in the sound
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propagation problem) the definition of the distributions and division in
layers showed its value in considering minor changes due to the natural
variation of the environment.

8.1.2 Layer’s depth

A procedure to obtain the optimal layer’s depth has been investigated.
In the particular case of this work, only two extra layers (below the sat-
urated one) have been found, considering also the limitation given by
the software. However, in the case it was possible to define more lay-
ers the same analysis of variance could be performed, comparing more
groups. In this sense, the method results flexible and can adapt to dif-
ferent needs.
A larger number of measurements would improve the definition of a
greater set of layers, however in general no more than three/four are
necessary for a sufficiently accurate description of the soil.
It has also to be considered that to overcome the approximation using
homogeneous layers, a different solution method would be required. In
the case of a FEM model, techniques such as spatial correlation could
be introduced.
Considering however the high computational time required by these nu-
merical methods, the ANOVA can be considered an efficient technique.

8.1.3 Soil properties and distributions

With the available CPT measurements, three fundamental soil proper-
ties have been estimated. To do so, many manuals and previous works
have been referenced [27, 29, 31, 32], and the empirical relations leading
to the most reliable results have been used [30, 43].
These estimations could only improve given more accurate measure-
ments, or once better empirical relations could be found, therefore the
steps presented can be considered sufficiently reliable. An investigation
upon the sensitivity of these empirical relations has been performed,
showing that even significant measurements errors would not produce
the same effects on the estimations.
A limited amount of distributions have been considered, however these
proved to highly represent the available data. More types could be in-
vestigated to increase the fitting, but that was not the scope of this work.
Some assumptions have been made on the correlation between proper-
ties and between soil layers. Although it was not possible to verify them,
some physical considerations has been used, which agree with the as-
sumed model. Future works may investigate on the correct definition
of the correlation between the layers, to improve also the copula distri-
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butions.
Since the scope was the definition of a workflow applicable to a model
defining horizontal homogeneous layers, and investigating on ways to
generate samples for the analyses, the work presented resulted in an
efficient approach.

8.2 sound level results and statistical interpretation

In ch(7), the simulation results have been presented and statistically
analyzed. The main steps followed will now be commented, and some
advantages of the model highlighted.

8.2.1 Sampling of input soil properties

Once the correlation between soil properties had been defined, it was
then possible to generate samples from a copula. The advantages of us-
ing this technique reside in the versatility of this distribution, which can
easily be modified depending on the available data. Moreover, the use
of correlation is a major improvement compared with the simply inde-
pendent random generation. On one hand, as shown, different layers
may be considered independent, most probably representing different
materials; moreover the dependence that could be found can only ap-
ply in a specific location. On the other hand instead, within the layer,
the properties are in general correlated: higher density results in higher
compressional velocity and shear speed as well.
During the sampling, many different scenarios has been considered,
however the single properties do account for relations that would be
present even in the real environment.

8.2.2 Model assumptions

Given the results from the soil definition, three layers have been used
throughout the whole process. The use of only two layers has not been
investigated since, as said, three layers showed a better representation
of the available data.
A single time and frequency signature has been used to represent the
input force of the hammer strike. Although representing a realistic
blow, an investigation of the effects of the frequency content on the
sound level outputs could help in highlighting critical excitations. On
the other hand could also provide blow configurations helping to re-
duce the noise emission.
Due to the computational time necessary to perform the complete anal-
ysis, a main simplification has been made on the sound generation part.
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A single simulation, using the average soil properties for all layers, has
been used to estimate the energy entry. This energy has then been as-
sumed constant for all the sound propagation problem.
Although still providing reliable results, it is believed this main simpli-
fication increased the variation in the sound levels for the far field. That
is because each soil configuration radiates differently the energy intro-
duced by the hammer blow, varying the intensity of the pile oscillation
and the direct radiation both in the water and in the soil. By using only
one energy level, in many cases this may have under or overestimated
the proper energy for the particular soil combination, which then may
have resulted in lower or higher sound levels.
This approximation can be improved given a sufficient computational
time is available. This way more accurate sound levels may be obtained
and possibly more insight on the correlation as well.

8.2.3 Sound level results and distributions

The sound level estimations from the simulations have then been pre-
sented and investigated. Particular attention has been given to the sound
results at a radial distance r = 750 m, 2 m above seabed.
The correct procedure to treat the sound levels has been discussed, since
treating directly the decibel quantities would produce errors in the esti-
mation of the distribution coefficients.
As done for the soil, a few common distributions have been compared
to find the one that best describes the sound estimations. An investiga-
tion on the fitting accuracy has been discussed. It is stressed out again
that the simplification of using a single sound generation analysis may
have affected the results.
A larger number of simulations could improve the determination of a
proper sound distribution and improve the information on the most af-
fecting soil parameters. However the number of cases performed (n =
309) is sufficiently high to obtain enough insight and verify the validity
of the methodology proposed.

8.2.4 Probability estimations

The obtained probability/cumulative distribution functions allowed then
to evaluate cumulative/exceedance probabilities. An example of the ap-
plicability of this method has been presented. Although the exact defini-
tion of the soil was not possible, it is believed that by simulating several
scenarios this variability could still be investigated. By reproducing dif-
ferent environments it is possible to obtain information on the most
probable outcomes.
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This result is believed to be highly important to determine whether ac-
tions to reduce the sound levels must be taken, such as sound barriers
and/or reduction in the blow force.

8.2.5 Correlation input-output

The correlation matrix between soil properties input and sound levels
output have been evaluated. No significant dependencies have been
highlighted, and a reason could be due to the simplification made in
the sound generation analysis. Performing the complete analysis may
produce better results.
The highest correlation had been found in the top and second layer,
and this could be related to the fact that surface waves tend to fade
with depth. Soil configuration that allow pressure waves to positively
interfere with the waves in the water column may be the most critical.
Given the complexity of the task, however, more advanced techniques
such as pair or vine copulas may highlight more insights. Future works
may also introduce more parameters to investigate into to obtain more
information.

8.2.6 Experimental measurements comparison

A final comparison with experimental sound recordings, performed by
an OWT company in the North Sea, has been carried out.
These measurements refer to the sound propagating in the case no
sound barriers are applied during the construction phase. The cam-
paign has collected the data at a distance r = 750 m from the pile, 2 m
above seabed, therefore they can be confronted with the simulation pre-
dictions.
The SILENCE estimations have been scaled in such a way to have the
same energy input as the one obtained from measurements. Although
scaled, the energy simplification in the simulation still persists.
Differences are expected since the information on the pile dimensions,
water depths and penetration are not available.
The software results show indeed some differences with the experimen-
tal ones, especially for the sound exposure levels (SEL). By performing
the complete analysis, it is believed that the results from the software
would better agree with the empirical data. Moreover if the exact set-
tings of the pile were known, the results would better agree.
Another, even greater reason, is that the experimental results refer to
a single soil configuration, which can not be completely represented
by the available model. The simulations reproduce several cases which
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may significantly differ from the actual situation, but still provide in-
sights on the most probable outcomes.
To correctly compare the two quantities, a more complete model for the
soil, together with improved measurements and estimation of the soil
properties, should be used.
The framework presented, however, showed how to obtain important
information and is still a valuable tool to take into account during the
project phase.



9
C O N C L U S I O N S A N D R E C O M M E N D AT I O N S F O R
F U T U R E W O R K S

In this chapter the conclusions of this project are discussed, verifying
whether the initial questions have been addressed and answered and
if the objectives have been reached. Finally possible approaches and fu-
ture works which could improve the presented framework are outlined.

9.1 conclusions

The main focus of this thesis is the investigation on the uncertainties in
the soil modelling and the probabilistic quantification of their effects in
the sound propagation. The ultimate goal is to find correlation between
the soil parameters and the resulted noise levels, in order to provide
more reliable noise predictions to prevent an harmful impact on ma-
rine mammals.
This work has been divided in two main parts: the uncertainties in the
soil and its correlation in the sound emissions.
The overall framework presented is composed by several statistical and
probabilistic intermediate steps. The methodology here presented aims
to overcome the limitation of previous works [6] on the soil properties
uncertainty and their strong effects on the sound propagation.
To answer the main research question of this project, the following con-
clusions and discussions are presented below.

1. With empirical measurements (CPT) how is it possible to account for the
variability of the marine environment?
In ch.(4) have been presented the steps to treat available experi-
mental records. It would be possible to implement these data in a
numerical model, such as FEM, but at the moment is not feasible
to measure the complete domain of interest to reproduce it in all
the details. Approximations are therefore needed starting from lo-
cal information.
The existing relations to obtain the soil features have been de-
scribed. Moreover, a sensitivity to measurement or reading errors
has been investigated. It has been demonstrated that even signifi-
cant errors (±10% on both the stress data) would not produce the
same effects on the properties estimation. This is a major achieve-
ment: not only it has been proven that in general minor errors are
easily overcame, but the natural fluctuation of the environment is
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also took into account. It is normal that measurements in different
locations will present different results but in the domain consid-
ered it is believed the changes would not be abrupt. Comparing
different CPT measurements and statistically interpreting them
would improve the definition of the distributions. These would
still account for the real variability of the environment, and more-
over when sampling different scenarios are investigated. Even if
an approximation it is believed it would produce reliable results.
The aim to define a method that can easily adapt to different cases
is then achieved.

2. Since the input for the solver must be set, how is it possible to generate
samples that account for correlation between the different properties?
In ch.(5-6), the main statistical modelling of the soil has been ana-
lyzed.
Two main assumption have been used, regarding the correlation
between the properties in the same and in different layers. Al-
though the hypothesis have not been verified, some physical con-
siderations have been adopted to still consider the model valid.
The first soil layer, being in direct contact with the water column
and therefore partially or fully saturated, has been assumed hav-
ing particular property ranges, each independent from the oth-
ers. The choice has been made relying on previous experimental
works [27, 29, 31, 32] and, as said, physical considerations. Due to
the high water content in the first meters of the soil, the compres-
sional velocity is expected to have values very similar to the sound
speed in the sea. For the same reason, since there are no shear
waves travelling in the water, it is expected that the shear speed
in the top soil is generally low. A direct dependence between the
two features is however not possible to define in advance. Usually
the recordings in this specific region are the most affected by mea-
surement errors and oscillations given the sudden change from
the fluid environment. Moreover the Poisson’s ratio, which is a
property not yet possible to directly estimate, given its variability
would allow different combination of the shear and compressional
velocity, so that considering them independent results in a valid
assumption. Regarding the density, although in general the seabed
is less dense than the materials below, different values may be ex-
perienced. Again due to the variability of the Poisson’s ratio, no
direct correlation between the characteristics can be defined in ad-
vance, for this limited and particular region.
Considering the lower layers, when the water content is expected
to be smaller, it is then possible to obtain the correlation between
the different properties. It has been shown that high correlation
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exists.
The second assumption regards the independence of the features
belonging to different layers. The whole model is intended to sepa-
rate the measurements in layers, which have significantly different
values and distributions. Finding correlation between different lay-
ers, other than difficult due to the limited amount of data, is also
extremely specific. The results one would obtain would hardly
apply to the whole domain in consideration. The hypothesis of
independence results again an effective choice.
With the results obtained, the definition of the copula has been
presented, which is a distribution that can easily adapt to differ-
ent marginal choices. The generation of samples from it then ac-
count for the correlation between the properties, producing com-
binations that are more likely to appear.
It is believed that the question has been sufficiently answered, al-
though a verification of the assumptions could give more value to
the framework.

3. Once obtained the raw sound level measurements, how can they be treated?
In ch.(7) the sound propagation results have been presented and
discussed.
A main issue has been highlighted, due to a simplification per-
formed during the model set-up (ch 6). A single sound generation
analysis has been performed, which resulted in a single energy
entry in the pile. An analysis on a few different sound generation
results has been carried out. It resulted that the average energy
of even extremely different environments would correspond to
the one obtained by setting all the features to their average value.
That is the main reason why all the performed simulations rely on
this estimation.
Since, however, each simulation would result in a different energy
introduced in the system, the simplification has affected the sound
level results. It is believed that the complete analysis would pro-
duce more accurate results. Considering this simplification and
the minor differences in settings from the empirical measurements
case, as shown in the last section of ch.(7), the results provide valu-
able results.
Nevertheless, the framework presented shows how to correctly
statistically interpret the sound levels. Even for this case, the steps
allow the method to quickly adapt to different data.
One of the main achievements of this project is the definition of
sound probability density functions. Although previous works ob-
tained similar outcomes, they have not intensively investigated
on the definition of appropriate input for the simulations, rely-
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ing on simple standard cases. The main value of the distributions
defined in this work is that they are derived from combinations
which account for relations between the parameters. Investigating
in several configurations, even if not exactly describing the real en-
vironment, provides insight on the most likely outcomes in terms
of sound levels. Therefore it answers to how troublesome the envi-
ronment under consideration might be in terms of expected sound
levels.

4. Analyzing the soil characteristics and the sound level output, is there
any significant correlation?
One of the last objectives aimed to obtain insights on the rela-
tions between particular soil features and the obtained sound lev-
els. The Spearman’s correlation matrix presented however did not
provide significant (> 0.3− 0.4 [33]) information. The major de-
pendence found regards the compressional velocity in the two top
layers (r ∼ 0.16). It is believed that fast compressional speed in the
soil, which is still comparable with the one in the water, may allow
positive interference in the pressure levels during the propagation,
resulting in higher sound levels. The negative correlation between
Young’s modulus and sound levels (r = −0.14) may be referred
to the experienced higher energy introduced in the system when
soft soils are considered.
Some considerations are now made on why no great correlations
have been found.
Firstly, as mentioned before, the simplification made on the en-
ergy entry has then affected the sound level outcomes. Since the
level used may have under or overestimated the correct energy
that the specific combination would have introduced, the sound
levels may have been under or overestimated as well. Then the
correct correlation between the soil features and resulting sound
levels may have been compromised.
A second reason for not finding sufficient insights is due to the
type of correlation that has been estimated. The Spearman’s one
estimates the monotonic relation between the variables. The sound
generation and propagation is a multi-dimensional problem with
a significant amount of variables. Finding direct relations is there-
fore difficult with the mentioned test, and more advanced ones
should be used for future works.

Given these conclusions, the main research question is now addressed.
Is it possible to predict the probability of exceeding a dangerous
sound level, in order to take precautions and prevent animal harm?
Yes. The uncertainty in the marine environment and the consequent
variability in the sound outcomes has been addressed. With the frame-
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work presented it is possible to account for the inevitable variation of
the soil properties. Although some approximations are necessary, per-
forming several simulations reproducing different environments, still
conforming to the real one, provides the most likely outcomes. These
results can provide insights on how troublesome an environment can
be based on the most likely sound levels obtained. The comparison with
experimental measurements, given the approximations made, still show
a good agreement and the efficacy of the the method.
With the probability functions then defined, it is possible to estimate,
in the environment under consideration, how critical the sound levels
may be.
Although some assumptions still need to be verified and some simpli-
fications may be corrected, the framework presented in this thesis is
believed to provide a simple, flexible, and yet accurate tool that can
help evaluating the risks of excessive sound levels in the required envi-
ronment.

9.2 recommendation and future works

The work presented in this thesis achieved most of the aimed objectives
and answered most of the required questions.
There are, as already mentioned throughout the document, some im-
provements or new techniques which can improve the method.
In this section the main ones are brought to attention.

9.2.1 Stochastic profile composition

A considerable improvement of the presented framework would be ob-
tained introducing the stochastic profile composition [44]. In general
the soil properties increase with depth, that is due to the higher com-
pression force the soil undergoes from the above sediments. Therefore
in the measurements it is possible to highlight an increasing trend in
the values. By removing this trend and analyzing the filtered recording
better estimations for the feature distributions may be obtained, as well
as a more accurate correlation estimation.

9.2.2 Inter-layer correlation

In this project it has been assumed that only the properties within the
stratum are correlated, while each layer is independent from the others.
Physical considerations have been used to sill consider reliable the hy-
pothesis.
Given the limited amount of available data, it was not possible to ver-
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ify the assumptions. In the future more and more accurate could allow
to overcome this limitation. With a more complete correlation of the
properties, also the sampling generation would benefit from it.

9.2.3 Spatial correlation

As mentioned in ch.(2), recent studies on the definition of multi dimen-
sional random fields are developing relations to describe spatially vary-
ing domains.
A random field of particular interest given the many applications that
can have is the Gaussian random field. By defining the spatial correla-
tion of the properties it would be possible to define the whole domain
starting from measurements obtained at different locations. Given the
large extension of the marine environment that needs to be considered
in the sound propagation problem, this techniques is believed to help
in describing the soil. Other than improving the definition of homoge-
neous layers, could also be applied in FEM to account for varying soil
characteristics.

9.2.4 Complete simulation results

The simplification applied on the energy entry in the sound generation
module may have affected the estimation of the sound levels. Although
it is believed that the ones obtained are still reliable, for future works is
recommended to perform the complete analysis each time. This would
improve the estimation of the probability density functions and the cor-
relation between the features.

9.2.5 Advanced correlation estimation

One of the last objectives of this thesis was to identify the critical soil
features that mostly affect the sound levels. The adopted test may be
inadequate to find relations in a such complex problem as the sound
propagation one.
It is believed that more advanced correlation estimators would help in
detecting critical dependencies. The use of pair-copulas or vine copulas
may help to approach high-dimensional problems (i. e. many variables)
and investigate on their correlation.

9.2.6 More features considered

In this project, the main focus had been posed on the soil characteristics,
while other model input have been maintained constant or assumptions
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have been made on their values. In future investigations more parame-
ters may be analyzed to calculate their effects on the sound levels, as for
example different time and frequency signatures for the hammer blow.
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A P P E N D I X

a.1 soil properties sensitivity to cpt measurements

In this section the sensitivity of the soil properties to changes in the CPT
measurements is performed.
Due to possible instrumental error, as well as reading errors, it has been
assumed that an error of ±10% could occur, although it is unlikely such
a magnitude.
The recordings obtained directly, without applying any error, are la-
belled as raw measurements. Then the error is applied on the CPT stresses,
and the properties derived with the new values are obtained.
Finally two extreme cases are considered, where the lower bound of one
CPT measurement is paired with the upper bound of the other. The soil
features such obtained are the ones the most different from the original
values. However, even in these extreme cases, the changes in values on
the characteristics is not that significant.
This is a valuable result. Not only it verifies that even a significant error
in the measurement would slightly affect the soil properties but that
then natural variation of the properties in the environment could still
accurately be described by a limited amount of CPT measurements.
In table(A.1) the results are performed from the measurements obtained
at a depth z = 15 m below seabed.

S f [MPa] qt[MPa] Vs[m/s] ρ[kg/m3] Vp[m/s]

Raw 0.3341 39.44 360.90 1978 (z = 15) 1801
−10% 0.3007 35.50 352.98 1970 1780
+10% 0.3676 43.39 368.12 1985 1820

−10%S f ,+10%qt 346.61 96.0% 1963 99.2% 1763 97.9%

+10%S f ,−10%qt 374.88 103.9% 1992 100.7% 1838 102.1%

Table A.1: Sensitivity study on the effects of errors in CPT measurements on
soil features.

In fig(A.1-A.3) the complete profiles are presented to demonstrate the
effects of possible measurement errors.
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Figure A.1: Shear speed profile, showing the variation due to possible CPT
measurement errors
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Figure A.2: Density profile, showing the variation due to possible CPT mea-
surement errors
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Figure A.3: Compressional speed profile, showing the variation due to possi-
ble CPT measurement errors

a.1.1 Partial derivatives analysis

Another approach to investigate how the variability of the CPT measure-
ments reflects on the property estimation is to evaluate the variance of
the equation.
If we assume a distribution for the CPT, with a certain mean and std,
we can evaluate the corresponding mean and std of the soil property.
This way we have an estimation of the variability of the equation to the
input variables.
Let’s assume that the CPT measurements have a coefficient of variation
(c.o.v) of 10%:

c.o.v =
σ

µ

Where µ, σ respectively represent the mean and standard deviation of
the CPT.
If we want to estimate the mean and std of eq(4.1), for the mean we
simply evaluate inserting the average values of S f and qt, while for the
std we need to evaluate the partial derivatives.

µVs = (10.1 · log(µqt [kPa])− 11.4)1.67 ·
(

µS f

µqt

· 100
)0.3

σVs =

√√√√ n

∑
i=1

(
∂Vs

∂Xi
· σXi

)2

=

√√√√(∂Vs

∂qt
· σqt

)2

+

(
∂Vs

∂S f
· σS f

)2 (A.1)
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Where Xi are the variables contained in the equation, in this case S f and
qt.
If, as said, we consider a c.o.v = 10% for the CPT data, the resulting
coefficient of variation for the shear speed is instead c.o.v = 3%, which
is three times smaller. For the density, it is even smaller: c.o.v = 0.05%.
This result confirm again that even a considerable difference in CPT
measurements would not highly vary the soil property estimation.

a.2 lognormal distribution

A clarification is here presented in order to avoid committing mistakes
when using the Lognormal distribution.
As mentioned, the logarithm of the same distribution follows a normal
one. Therefore it is possible to define four coefficients: the mean and
standard deviation of the equivalent normal distribution, and the effec-
tive mean and standard deviation of the lognormal.
The probability density function and cumulative are defined as men-
tioned in the work like:

f (x) =
1

xσLN
√

2π
· e
− (ln(x)−µLN )2

2σ2
LN ;

F(x) =
1

σLN
√

2π

ˆ x

−∞

1
s

e
− (ln(s)−µLN )2

2σ2
LN ds

(A.2)

Where µLN, σLN are the equivalent mean and std of the normal distri-
bution, which however in many softwares are the necessary coefficients
used to define the lognormal. Once the lognormal is defined, it has its
own mean and standard deviation, denoted as µ, σ.
Here will be presented the relation that exists between the coefficients
of the equivalent normal and the ones of the lognormal.
If the available coefficients are the equivalent normal distribution ones,
then the lognormal mean and std can be obtained through:µ = e(µLN+0.5σ2

LN)

σ = µ

√
eσ2

LN − 1
(A.3)

If instead given are the mean and std of the lognormal, µ, σ, the equiv-
alent normal distribution parameters become:

µLN = ln(µ)− 0.5σ2
LN

σLN =

√√√√ln

(
1 +

(
σ

µ

)2
)

(A.4)
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Figure A.4: Equivalent normal distribution and Lognormal distribution, with
respective coefficients

In fig(A.4) the equivalent normal distribution, obtained from the loga-
rithm of the data, and the lognormal distribution with the actual values
is presented.

a.3 energy correlation matrix

In eq(A.5) is presented the correlation matrix obtained analyzing the
soil properties and the related energy inserted in the system.

CSp,En =



1 −0.20 −0.56 −0.17 0.35 0.99 −0.05 0.28 −0.03 0.34 0.99 0.05 −0.56 0.08 0.32 −0.04
−0.20 1 0.56 0.98 −0.98 −0.25 0.90 −0.56 0.84 −0.89 −0.25 0.80 0 0.79 −0.79 −0.52
−0.56 0.56 1 0.58 −0.58 −0.57 0.28 −0.88 0.19 −0.33 −0.57 0 0.25 0.03 −0.14 0.28
−0.17 0.98 0.58 1 −0.96 −0.22 0.89 −0.52 0.87 −0.87 −0.22 0.79 0.11 0.81 −0.77 −0.48
0.35 −0.98 −0.58 −0.96 1 0.41 −0.89 0.52 −0.83 0.93 0.41 −0.79 −0.11 −0.77 0.84 0.54
0.99 −0.25 −0.57 −0.22 0.41 1 −0.13 0.28 −0.09 0.41 1 0 −0.57 0.03 0.38 0.03
−0.05 0.90 0.28 0.89 −0.89 −0.13 1 −0.28 0.94 −0.94 −0.13 0.90 0 0.89 −0.86 −0.64
0.28 −0.56 −0.88 −0.52 0.52 0.28 −0.28 1 −0.08 0.22 0.28 0 0.25 0.03 0 −0.28
−0.03 0.84 0.19 0.87 −0.83 −0.09 0.94 −0.08 1 −0.92 −0.09 0.94 0.22 0.96 −0.89 −0.64
0.34 −0.89 −0.33 −0.87 0.93 0.41 −0.94 0.22 −0.92 1 0.41 −0.89 −0.22 −0.87 0.96 0.67
0.99 −0.25 −0.57 −0.22 0.41 1 −0.13 0.28 −0.09 0.41 1 0 −0.57 0.03 0.38 0.03
0.05 0.80 0 0.79 −0.79 0 0.90 0 0.94 −0.89 0 1 0 0.98 −0.91 −0.74
−0.56 0 0.25 0.11 −0.11 −0.57 0 0.25 0.22 −0.22 −0.57 0 1 0.11 −0.28 0
0.08 0.79 0.03 0.81 −0.77 0.03 0.89 0.03 0.96 −0.87 0.03 0.98 0.11 1 −0.89 −0.70
0.32 −0.79 −0.14 −0.77 0.84 0.38 −0.86 0 −0.89 0.96 0.38 −0.91 −0.28 −0.89 1 0.78
−0.04 −0.52 0.28 −0.48 0.54 0.03 −0.64 −0.28 −0.64 0.67 0.03 −0.74 0 −0.70 0.78 1


(A.5)
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a.4 sound level mean and standard deviation

In this section an example of the correct statistical interpretation of the
sound levels and the errors that would arise treating directly the decibel
quantities is addressed.
Let’s assume we obtained four sound exposure level quantities:

SEL =


181.5
179.8
184.2
182.7


Estimating directly directly the mean and standard deviation we would
obtain:

ˆSEL = 182.05 dB σSEL = 1.61 dB

Using instead the approach presented in section(7.1.1) we first need to
evaluate the following quantities α:

αi = 10SELi/10 → α =


141.25
95.50

263.03
186.21

 · 1016 (A.6)

Since the high values involved, it is more practical to divide the quanti-
ties in this case by a factor 1016. Obtaining now the average value and
std for α:

α̂ = 171.5 σα = 61.815 (A.7)

Applying now eq(7.8), multiplying back the quantity to its original di-
mension, we obtain the correct estimation of the mean and standard
deviation, which are:

E[SEL(α)] = 10 log10(α̂ · 1016) = 10 log10(171.5 · 1016) = 182.34 dB

σ[SEL(α)] =
10

ln(10)
· σα

α̂
=

10
ln(10)

61.815
171.5

= 1.57 dB

(A.8)

As we can see, the coefficients obtained are different from the ones
calculated directly with the decibel quantities. Therefore, to avoid un-
der/overestimation fo the sound levels, the real quantities need to be
obtained before the use of the maximum likelihood estimator.
For seek of completeness, the coefficients for the Gumbel and Lognor-
mal will now be obtained.
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a.4.1 Gumbel distribution

By using the approach described in ch(5) on the α quantities the Gumbel
distribution parameters can be estimated. An initial β0 is required to
start the Newton iteration scheme and a value quite far from the final
is taken, to show the efficiency of it.

β0 = 100
g(β0) = 67.6
g′(β0) = 1.25


β1 = β0 −

g(β0)

g′(β0)
= 46.15

g(β1) = −7.65
g′(β1) = 1.58

{
β2 = 50.97
µ = 141.8

(A.9)

If we continue with the iterations, the β value would stabilize at 51.04,
µ = 141.8. Then the Gumbel coefficients for the SEL quantity are:

µSEL = 10 log10(µ · 1016) = 10 log10(141.8 · 1016) = 181.52 dB

βSEL =
10

ln(10)
· β

µ
=

10
ln(10)

· β

µ
==

10
ln(10)

51.04
141.8

= 1.56 dB
(A.10)

a.4.2 Lognormal distribution

The same procedure can be applied to the Lognormal distribution.
A few more steps are required, first the logarithm of the initial α quan-
tities are required:

α

1016 =


141.25
95.50

263.03
186.21

→ ln(α) =


4.95
4.56
5.57
5.23

 (A.11)

The equivalent normal coefficients, and then the average and standard
deviation of the lognormal distribution of α are:α̂LN = 5.077→ µα = exp(α̂LN + 0.5σ2

LN,α) = 171.78

σLN,α = 0.371→ σα = µα

√
exp(σ2

LN,α)− 1 = 1.67
(A.12)

Now to transform back to sound levels, first the lognormal parameters
are obtained, and then the equivalent normal ones.

µSEL = 10 log10(µα · 1016) = 182.35 dB, σSEL =
10

ln(10)
σα

µα
= 1.67 dB

µLN,SEL = ln(µSEL)− 0.5σ2
LN,SEL = 5.206, σLN,SEL =

√√√√ln

(
1 +

(
σα

µα

)2
)

= 0.009

(A.13)
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a.5 correlation matrix soil properties - sound level

In eq(A.14) is shown the evaluated correlation matrix between soil prop-
erties input and sound levels from the SILENCE simulations.

CSp,Sl =



1 0.02 −0.01 0.02 −0.13 −0.14 −0.12 −0.14 −0.07 −0.06 −0.08 −0.06 0.12 0.13
0.02 1 0.03 0.99 0.02 −0.06 0.02 −0.06 −0.05 −0.04 −0.05 −0.04 −0.06 0.01
−0.01 0.03 1 0.12 −0.02 −0.04 −0.02 −0.04 0.10 0.11 0.10 0.10 −0.11 −0.05
0.02 0.99 0.12 1 0.01 −0.07 0.01 −0.07 −0.04 −0.03 −0.04 −0.03 −0.07 0
−0.13 0.02 −0.02 0.01 1 0.74 0.95 0.79 −0.11 −0.11 −0.11 −0.12 0.06 0.16
−0.14 −0.06 −0.04 −0.07 0.74 1 0.55 1.00 −0.08 −0.07 −0.09 −0.07 0.05 0.10
−0.12 0.02 −0.02 0.01 0.95 0.55 1 0.62 −0.11 −0.12 −0.10 −0.12 0.04 0.14
−0.14 −0.06 −0.04 −0.07 0.79 1.00 0.62 1 −0.09 −0.08 −0.10 −0.08 0.05 0.10
−0.07 −0.05 0.10 −0.04 −0.11 −0.08 −0.11 −0.09 1 0.96 0.99 0.97 −0.13 −0.09
−0.06 −0.04 0.11 −0.03 −0.11 −0.07 −0.12 −0.08 0.96 1 0.92 1 −0.14 −0.09
−0.08 −0.05 0.10 −0.04 −0.11 −0.09 −0.10 −0.10 0.99 0.92 1 0.94 −0.10 −0.06
−0.06 −0.04 0.10 −0.03 −0.12 −0.07 −0.12 −0.08 0.97 1 0.94 1 −0.14 −0.09
0.12 −0.06 −0.11 −0.07 0.06 0.05 0.04 0.05 −0.13 −0.14 −0.10 −0.14 1 0.68
0.13 0.01 −0.05 0 0.16 0.10 0.14 0.10 −0.09 −0.09 −0.06 −0.09 0.68 1


(A.14)
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a.6 relations between input features and sound results

Below are presented the various properties samples paired with the
respective sound levels. The linear correlation is highlighted.
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Figure A.5: Distribution of the compressional velocity samples and the ob-
tained SEL/Lp - 1st layer
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Figure A.6: Distribution of the shear velocity samples and the obtained
SEL/Lp - 1st layer
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Figure A.7: Distribution of the density samples and the obtained SEL/Lp - 1st
layer
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Figure A.8: Distribution of the compressional velocity samples and the ob-
tained SEL/Lp - 2nd layer
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Figure A.9: Distribution of the shear velocity samples and the obtained
SEL/Lp - 2nd layer
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Figure A.10: Distribution of the density samples and the obtained SEL/Lp -
2nd layer
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Figure A.11: Distribution of the compressional velocity samples and the ob-
tained SEL/Lp - 3rd layer
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Figure A.12: Distribution of the shear velocity samples and the obtained
SEL/Lp - 3rd layer
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Figure A.13: Distribution of the density samples and the obtained SEL/Lp -
3rd layer
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