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Introduction

Offshore wind turbine installations require pile driving,
which generates high-intensity underwater noise that has
been shown to significantly impact marine ecosystems,
even at large distances. It was recognized that impact
loads create stress waves in steel piles that travel in the
pile, reflecting between the pile ends and radiating as
high-pressure waves into the water, as illustrated in Fig-
ure 1. Traditional FEM simulations offer detailed in-
sights into the problem but suffer from high computa-
tional costs. Previous research has found that to ac-
curately predict underwater noise from a vibrating pile,
there is a need to model the near and far fields separately
using different models to address the different kinds of
sound components and behaviours. The near-field model
needs to focus on the energy transfer from the pile into
the water, which contains mainly evanescent waves. In
contrast, the far-field model needs to focus on simple
physics that can be extended over a large range and con-
tain only specific wave numbers that are known as prop-
agating modes. Further, an effective method of coupling
the two systems is required. In this work, a finite el-
ement model is used as the near field model, a sound
propagation model is used as the far field model, and the
equivalent source method (ESM) is used for the coupling.
Dahl et al. [1] showed that although the ESM is an accu-
rate method to define underwater piling noise, multiple
sources are needed to accurately model the field. This
is due to the inherent physics where the elastic wave in
the pile travels down, and then up by reflecting from the
bottom and so on. Thus, a single source is not enough to
capture the local variations in the field and the compli-
cated decay spectrum involved at the lower frequencies.

Some previous research, such as the work done by Wilkes
et al. [2], demonstrated the use of ESM with a line ar-
ray of point sources for accurately predicting piling noise.
However, the importance of choosing the parameters for
the ESM was not studied in detail, possibly leading to
issues such as ill-conditioning and rank deficiency in the
coupling. Thus, to understand the importance of choos-
ing the correct parameters and reduce errors in the main
model from the coupling, several parametric studies were
conducted, and some parameters were optimised based
on the defined case and frequency of the sound field [3].

Methods
Finite Element Model: An axisymmetric FEM model

was developed using COMSOL Multiphysics 6.2. The
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Figure 1: Underwater noise radiated from impact pile driv-
ing (Reproduced from [1])

pile was modelled as a straight, vertical steel cylinder,
embedded in fluid soil and surrounded by water. The
hammer impact force was defined as a harmonic func-
tion with the frequency spectrum taken from the time-
dependent measured force provided in [2]. The water sur-
face is assumed to be a pressure release boundary, and the
soil is assumed to be infinite. Perfectly Matched Layers
(PML), two cylindrical for the water and soil domain and
one spherical for the soil half space, were used to prevent
domain-end boundary reflections (Figure 2). The model
was solved in the frequency domain at central frequencies
of one-third octave bands from 1 Hz to 1600 Hz. Some
important dimensional properties are given in Table 1.
The pile is given a complex Young’s modulus and a com-
plex Poisson’s ratio to incorporate internal damping. The
damping in the soil is defined as 0.7 dB/A, and the damp-
ing in the water is assumed to be negligible. The general
mesh size for all the domains was kept to be smaller than
one-sixth of the smallest wavelength < & f‘SM in that do-
main. The PML was meshed with a mapped mesh, with
the distribution ensuring that the width of each element
was below the smallest wavelength.

Table 1: Dimension and material properties [2]

Pile Diameter 1.2 m
Pile wall thickness 25 mm
Pile length 50 m
Water depth 14.36 m
Pile length submerged in soil 14.14 m
Water speed of sound 1500 m/s
Water density 1025 kg/m>
Steel Density 7850 kg/m?
Steel Modulus 210+0.2101 GPa
Steel Poisson’s ratio 0.3014-0.015i -
Soil speed of sound 1800 m/s
Soil density 1850 kg/m3




Wavenumber Integration Model: The openly avail-
able Acoustic Toolbox User interface and Post processor
(AcTUP v2.2L) for MATLAB [4] was used to model an
alternative near-field model, by defining the environment,
boundary conditions and acoustic parameters. The code
solves for the transmission loss from a single point source
placed at range zero and a certain depth, to several points
placed at different depths and ranges, also known as
receivers. The model solves the depth-separated wave
equation in the wavenumber domain, considering the
boundary conditions of the environment before perform-
ing a transform back to the range domain and producing
the transmission ratio, i.e. the normalised pressure ratio
p/po that gives the transmission loss by 20log(p/po) [5]-

Equivalent Source Method: If the pressure field is
available in any range, it is possible to calculate the flow
strength of the point source or an array of point sources
required to produce a similar field, given its position.
This is the basis of the equivalent source method. Espe-
cially for this application, it is ideal to use multiple point
sources stacked on top of each other along the depth of
the water column. The sound field results from their
combined influence. We use the pressure field calculated
from the FEM model (P) at a distance 7.y from the
central axis and the transmission loss calculated from
the WNI model giving the Green’s function (G) matrix
between each source n and receiver m. These results are
coupled to calculate the flow strengths (q) using Equa-
tion 1 in MATLAB with the backslash operator. Using
the flow strengths of the sources, the sound field can be
regenerated at any distance from the line array as long
as the solution of the sound propagation model is avail-
able. In this project, the error in the near-field and far-
field model was ensured to be minimal, thus the effect of
coupling parameters on the accuracy of the alternative
solution could be explored properly.

Study 1:
Solving for:
a(n,1) = G~ (m,n)|
Regenerating:
PTeg(mmaxv Dy = G(mmaz,n)|r 4(n, 1)
Study 2:

P(m,1)]y,.,P(m,1)

Tref

Solving for:
q(n,1) = G_l(mmarv n)‘rm_fp(mmarv 1)|rm_f
Regenerating:

PT'eg (mTVL(L(L' I 1)

r =

G(m'rnaa:v n) ‘7 61(’”’7 1)

Due to the formulation style of the WNI model, the
sources can only be distributed vertically. The sources
are assumed to be at r = 0, i.e. d/2 behind the pile
surface, the axis of the 2D axisymmetric model and the
distance between the sources is maintained as uniform
while varying the number of sources from 1 to 180. The
topmost source in the line array is assumed to be 100 mm
below the surface of the sea, and the bottommost is at
the lower end of the pile. The receiver positions, however,
are distributed horizontally in a zig-zag pattern as shown
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Figure 2: Near-field model set up. Dimensions in meter.
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Figure 3: Definition of ESM parameters

in Figure 2. The vertical distribution is maintained uni-
form, varying the number of receivers from 1 to 360, the
topmost being at the sea surface and the bottommost at
depth corresponding to the end of the pile.

Several parametric studies were conducted to study im-
portant ESM parameters such as the number of equiva-
lent sources (N), reference plane distance (7.cf), number
of receivers and placement (M or z,) and horizontal off-
set in receiver positions (offset), as shown in Figure 3.
The accuracy of the alternative model was assessed by
comparing the regenerated sound field with the FEM re-
sults. It is assumed that the FEM solution is the ”true”
solution of the radiated sound field from pile driving and
the error relative to it is calculated. The total error cost
is calculated as the combination of the relative error in
complex pressure along with the error in the relative er-
ror gradient of pressure, as given in Equation 2. The
error cost is calculated for the sound field after the ref-
erence plane, since the regeneration before the plane is
expected to be faulty due to the absence of near-field
components in the sampled data. Further, some parame-
ters were optimized for the equivalent source parameters
to minimize error and improve stability. The parametric
study with the number of sources was conducted twice,
once where the receivers were taken as double the number
of sources, varying with the sources and once where the
receivers were taken as the maximum possible, 360, un-
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Figure 4: Acoustic pressure amplitude in dB re 1 Pa cal-
culated from the alternative approach (left) and FEM model
(right) at 100 Hz, 250 Hz and 1000 Hz

varying with the sources. The number of receivers being
more than the number of sources, making the system of
linear equations overdetermined, provided an advantage
mathematically, as the system was solved for the least
square solution and also physically by characterizing the
field enough to capture all the important aspects. The
reference plane distance was kept constant at 10 m. The
parametric study with the reference plane distance was
conducted for a plane at 2 m to 10 m away from the
axis, considering the optimal number of sources for that
octave band.

e — [Prem = Pregllsro
[P femll fro
o Morem =l
[0feml| 9 (rorz2)
e = 50% €p + 50% €,

(2)

The normal modes (NM) model was used for modelling
the far-field (= 1 km) since WNI is computationally
heavy and expensive. In terms of understanding, in the
far field, only the propagating modes in the water column
exist, thus making NM a much more efficient option.

Results and Discussions

The sound field regenerated by this alternative method
using maximum number of sources and receivers with
the reference plane 2 m away, was compared to the FEM
solution for the one-third octave band central frequen-
cies. The sound field amplitude from the two methods
at three frequencies is presented in Figure 4. The sound
fields show a very good match with relative error below
10%, which corresponds to absolute errors below <1 dB.
It was promising to see that the alternative method was
able to reproduce small variations near the boundaries
and capture tiny details in the soil domain. The inver-
sion matrix at lower frequencies with a large number of
sources and receivers showed high ill-conditioning in the
system, although for the chosen scenario, the loss of accu-
racy digits was not very high. However, there were issues
of rank deficiency at low frequencies with a large number
of sources and receivers. Ill-conditioning was also found
to increase as the reference plane distance, whereas there
was no effect of the horizontal spread in the receivers
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Figure 5: The total error cost (%) for Parametric Study 1
and Study 2 on N and M. The red and blue dots show the
found optimal value for Study 1 and Study 2, respectively.

on the condition of the system. Thus, the two impor-
tant parametric studies that showed certain advantages
in terms of reducing overall error, ill-conditioning, and
avoiding rank deficiency at low frequency were the stud-
ies for a number of sources, in relation to the number of
receivers and the reference plane distance.

Parametric study on number of sources and re-
ceivers: The error cost calculated for the final model for
Study 1 and Study 2, varying with the number of sources
at three major frequencies, is presented in Figure 5.

It can be seen that the error cost from Study 1 drops to
a minimum at a low number of sources, then rises, and
then drops again at a maximum number of sources. This
sudden drop was explored in detail and eventually found
to be an issue with the number of receivers selected. The
required number of receivers to properly sample the field
and regenerate does not increase linearly with frequency,
unlike as observed for the number of receivers. This is
due to the presence of decaying evanescent components
in the sound field, making it more complicated and fast-
changing, requiring a larger number of receivers to sam-
ple the field. Thus, the dip disappears in error plots from
Study 2, whose curve is seen to drop in error and converge
at a certain number of sources. This convergence point
can be seen to increase with frequency, as expected, since
a smaller wavelength requires a larger number of sources
to accurately reconstruct the field. However, for lower
frequencies, the error was found to be lowest at a low
number of sources, where the error from Study 1 was
smaller than Study 2. This indicates that at lower fre-
quencies, the system prefers a smaller number of receivers
than the maximum number, since this huge variation also
brings some ill-conditioning into the system. Thus, for
frequencies below 125 Hz, where the number of propa-
gating modes were 1 or less than 1, the optimal number
of sources was picked from error plots of Study 1 and for
frequencies above 125 Hz, with propagating modes more
than 1, the optimal number of sources was picked from
Study 2. Figure 6 shows the optimization of equivalent
source parameters, with error cost analysis indicating an
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Figure 6: Optimal values of number of sources with central
frequencies of one-third octave bands in the range 1 Hz to
1600 Hz, the error costs are indicated with the size of the red
circles. The dotted curve is the number of propagating modes
vs frequency.
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Figure 7: Error cost (%) of the final model with reference
plane distance for the three chosen frequencies

optimal number of sources for different frequency bands.
The optimal number was chosen from the convergence
points in the error cost plots. It was interesting to see
that the trend for optimal number of sources with fre-
quency was similar to that of the number of propagating
modes, demonstrating a clear requirement of frequency-
dependent coupling parameter choices.

Parametric study on reference plane distance:
Figure 7 presents error variations with reference plane
distance, revealing an optimal placement to minimize in-
accuracies. The error cost can be seen to drop and con-
verge after a certain distance. The convergence point
can be seen to be lower for higher frequencies, whereas
low frequencies prefer a larger distance between the
sources and receivers. This is because the less data
of the evanescent spectrum is introduced into the sys-
tem, the better. The lower frequencies contain a longer
wavelength evanescent spectrum, which decays further
away from the pile, thus, a reference plane kept farther
away is preferred. However, the higher frequencies pre-
fer smaller distances since the increasing distance be-
tween the sources and the receivers also introduces ill-
conditioning into the system, thus some error which can
be avoided by choosing a reference plane closer to the
pile.

Comparison in the far-field: This alternative method
showed a successful regeneration of the far-field sound
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field with reasonable accuracy while reducing computa-
tional costs to five times lower than a conventional FEM
model. Additional benefits of smaller memory require-
ments with the alternative approach were also observed.

Conclusions

The proposed alternative model was validated against
the FEM solution in the near field. The far-field solu-
tion from the equivalent sources was compared to WNI
and NM models and validated. It was found that select-
ing parameters of the equivalent source method based on
the frequency of the sound field allows the model to pro-
duce more accurate and efficient results while avoiding
the incorporation of errors from ill-conditioning and rank
deficiency. The study establishes guidelines for selecting
model parameters to enhance accuracy and efficiency in
future implementations:

1. The initial number of sources in the line array can be
assumed to correspond to a spacing of A,i, /2 along

the submerged pile.

. Further, taking the maximum number of sources into
account for the highest frequency, the number of
sources for the rest of the frequency span can be
decided based on the number of propagating modes
in that frequency.

It is very important to ensure that there are enough
receivers to sample the field, especially at frequencies
with several propagating modes. A rough estimate
of the number of receivers can be taken correspond-
ing to a spacing of A, /2/6.

The distance of the reference plane should be se-
lected as bigger for lower frequencies and smaller for
higher frequencies.

. A horizontal spread of any value in the receivers is
recommended to reduce errors from ill-conditioning
and to add robustness to the system.
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