Environmental vibrations and noise due to offshore installation of foundation piles
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ABSTRACT

Foundation piles are often used to support offshore structures such as oil and gas platforms or offshore wind power
generators. The pile installation process, which is a key step in the construction of many structures offshore, is hindered
by a serious by-product; seabed vibrations and underwater noise pollution. Seabed vibrations and noise have drawn
the attention of many environmental organisations and regulatory bodies worldwide. In particular, the noise emission
is strictly regulated nowadays, especially when it comes to impact piling noise. When noise levels exceed the
thresholds set by the (inter)national authorities, noise mitigation is often required. This paper reviews the state-of-the-
art computational methods to predict the underwater noise emission and the associated seabed vibrations by the
installation of foundation piles offshore. Various noise mitigation strategies are discussed and the modelling framework
applied to predict noise mitigation in the case of air-bubble curtains is presented in more detail. A brief overview of
the available noise regulations in Europe and abroad is also given. The paper identifies the future challenges in the
field under the prism of the ever-increasing size of piles and the new pile driving technologies.
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1 INTRODUCTION

Driven by the ambitious climate goals to reduce
greenhouse gas emissions, the demand for energy
generated by wind turbines increased in the past decades
(Perveen et al. , 2014; Fried et al., 2017). To support the

hydraulic impact hammers or large vibratory devices
(Thomsen, 2012). In impact piling, the hammer delivers
a series of short duration pulses at the pile head which
drive the pile into the sediment. In contrast, when
vibratory techniques are used, the pile is forced gradually

wind turbines, several foundation concepts exist such as
monopiles, tripods, steel jackets, suction caissons and
gravity-based foundations (Oh et al.. 2018; Wu et al.,
2019). The choice of the most appropriate concept is
governed by several factors like the water depth, the
seabed conditions, the expected sea wave heights and the
presence of currents (Lozano-Minguez et al., 2011).
Despite the plethora of available foundation types, the
monopile is the most common foundation type for wind
turbines installed at shallow waters (EWEA, 2019).
Monopiles are driven into the seabed with either

into the soil by introducing a periodic excitations at the
pile head (Warrington, 1989). Regardless of the
installation method chosen, noise is generated in the
seawater and elastic waves radiate into the seabed. The
characteristics of the radiated wave field relate strongly
to the method of installation, the pile size and the local
site conditions (Tsouvalas, 2015). These elements are
key to understand the noise pollution and the uncertainty
in the propagation of the sound field at large distances
(Farcas et al., 2016).

Next to the modelling efforts to quantify the noise



levels in the seawater, many studies focus on the impact
of anthropogenic noise emissions on the aquatic species
(Popper and Hastings, 2009; Finneran, 2015]. In impact
piling, each strike of the hydraulic hammer generates
strong impulsive sound waves in the seawater which
propagate at large distance from the pile (Bailey et al.,
2010). The responses of marine mammals and fish to the
noise ranges from light disturbance to strong avoidance
of the construction site; in extreme cases yielding even
permanent hearing impairment (Herbert-Read et al.,
2017; Hastie et al., 2019). The extent of auditory damage
depends on the frequency content of the radiated sound,
the duration of exposure to high noise levels and the
auditory characteristics of the species (Kastelein et al.,
2013). The underwater sound emission when piles are
installed with vibratory devices is less thoroughly
explored. However, a few studies do exist which try to
quantify the noise levels (Tsouvalas and Metrikine,
2016) and assess the environmental impact (Graham et
al., 2017). Even scarcer are studies which investigate
systematically the behavioural response of marine
mammals when noise mitigation systems are employed
(Déhne et al., 2017).

The high noise levels generated by offshore
construction activities have drawn the attention of
regulatory authorities in several nations (Erbe, 2013).
The German Federal government sets specific
requirements on the maximum sound levels allowed:
160 dB for the sound exposure level and 190 dB for the
sound peak pressure level. Both values are being
measured at 750 m from the pile and referenced to 1 puPa
(Lucke et al., 2009). In The Netherlands, regulations
adopt specific sound level criteria (Ainslie, 2011; De
Jong et al., 2011). The latter are similar to those imposed
in Germany, but consider additionally cumulative noise
exposure levels. In the United Kingdom, an
environmental impact assessment (EIA) is followed per
project in which acoustic deterrent devices (seal scarers)
are used (Brandt et al., 2013) together with trained
marine mammal observers who monitor the activity on
site (Dolman and Simmonds, 2010). The majority of the
regulations do not consider in detail the frequency
content of the radiated noise; an item worth investigating
in the near future (Stéber and Thomsen, 2019).

This paper presents the state-of-the-art computational
methods to prognosticate the underwater sound during
offshore pile installation including the available methods
to mitigate the noise. Section 2 covers the state-of-the-
art in modelling noise due to impact piling. Section 3
presents results of numerical computations for some
realistic cases in order to illustrate the importance of
some key features for the control of the noise and
vibration paths. In Section 4, noise mitigation techniques
and modelling are discussed. Section 5 describes a few
key challenges under the prism of future developments
in the field. Section 6, gives an overview of the
regulations in Europe and abroad distinguishing between

impulsive and non-impulsive noise fields. Finally,
Section 7 concludes with an overview of the content of
the paper.

2 THESTATE-OF-THE-ART IN MODELLING
SOUND EMISSION AND SEABED VIBRATIONS

Acoustic models can be categorised into several
groups based on the degree of detail in modelling the
sound source and/or the domain in which the energy is
released. Given this categorisation, models can span a
whole range from empirical ones to very detailed
numerical ones. Section 2.1 discusses the state-of-the-art
empirical models to estimate sound levels in the case of
impact piling. Section 2.2 presents the mathematical
statement of the coupled pile-water-soil system while
sections 2.3 discusses the semi-analytical and the
numerical approaches which are employed to solve the
mathematical statement of the problem. Section 2.4
concludes with a concise overview of all models
available to date.

2.1 Empirical models

In empirical models, the acoustic source is described
as a sound level at a reference location. Subsequently,
this reference sound level is propagated at larger
distances by means of a transmission loss formula which
is based on the source-receiver distance and the
characteristics of the acoustic domain under
consideration (Mercer, 1962). Attempts to apply similar
methods in impact piling and vibratory installation have
also been reported (Lippert et al., 2018; Martin and
Barclay, 2019). The most recent formula proposed to
estimate the (averaged over the depth of the water
column) sound exposure level Lg from impact piling
reads:

r
Lg(r) = Lg(ry) — 101logy, (r_) —a(r—r) €]
1

In Equation (1), r is the radial distance from the pile, r;
defines the reference range in which the sound level is k
nown and « is a frequency-independent decay factor in
dBm™:
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The loss at bottom interaction is described in terms
of the squared magnitude of the reflection factor R
between water and assumed seabed half-space, the angle
g represents the angle of Mach cone (about 17°) and H
is the water depth in meters. The depth-averaged sound
exposure level Lg at the reference range r1 can be derived
on the basis of measurements:

t=t,

Lp = 10logyo (=[5 p2 () ) 3)
inwhich T, = 1s,p, = 10° Pa, and the impulsive si
gnal being fully enclosed between the time moments t;
and t,. The physical quantity p?(t) corresponds to depth
-averaged squared sound pressure from the signal alone,



excluding all other sources of acoustic noise. The DCS
model proposed by Lippert et al. (2018) has been adjust
ed recently for environments of varying bathymetry and
seabed properties by Martin and Barclay (2019).

For the estimation of the peak pressure level SPLycaik
a similar formula is proposed that requires as input the
Lg and the properties of the hammer strike (Lippert et al
., 2015):

Zp Zp
SPLpeak =ALg+B+C ([E]O - [E 1) (4)

The subscript indices in the squared brackets stand
for the site from which the regression coefficients A and
B are derived (0) and the unknown site for which the
SPLpeak IS to be estimated (1), with the empirical factor
C having the unit [dB s]. Additionally, m,. is the mass of
the hammer and Z,, = E,A,/c, is the pile impedance,
with E, being the Young’s modulus of the pile, A4, its
cross-sectional area and cp the axial wave velocity in the
pile.

Equations (1)-(4) are useful for a quick prognosis of
the noise levels at a given location, especially when the
values of the decay factor « in Equation (1) can be
estimated with reasonable accuracy. However, their use
should be exercised with caution and only when one
fully understands their inherent limitations. First, one
should be able to obtain the sound level in the pile
proximity which can then be inserted into an empirical
model for sound transmission. Second, one should feel
confident that the estimation of the decay factor « at the
location of interest is reasonable. Third, the formulae can
only be used to estimate the sound exposure level Lg, and
possibly the SPL,.,i with some degree of confidence; a
complete picture of the sound field cannot be retrieved
in this case.

2.2 The mathematical statement of the linear pile-
soil-water interaction problem

Most advanced models treat the problem in two steps
as illustrated in Figure 1. A close-range module is used
to generate the wave field at pile proximity (r < r,,) and
this field is subsequently coupled at r = 1, to a far-
range module for the propagation of sound at larger
distances (r =1y). The basic model is cylindrically
symmetric and consists of the pile and the surrounding
media, i.e., the seawater domain overlying a stack of
horizontally stratified elastic layers. Let us assume that
the pile is of finite length and occupies the domain 0 <
z < L. The constants R,t,v and p define the radius,
thickness, Poisson’s ratio and density of the shell,
respectively. The fluid is modelled as a three-
dimensional inviscid compressible medium having a
pressure release boundary at z = z, and occupying the
domain zy <z<2z,, r=R +t/2. The seabed is
modelled as a three-dimensional elastic continuum

which occupies the domain z; <z < «, r =R +§.
The constants /15]., Hs; and Ps; define the Lamé

coefficients and the density of each solid layer,
respectively.

Fig. 1. Schematic of the coupled model: r is the radial distance of
the coupled cylindrical surface marking the boundary between the
near- and far-field models; z, is the level of the sea surface; z; is
the level of the seabed; z; is the bottom level of the j-th soil layer
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(j = 2,3.. N). The impact hammer or vibratory device is
substituted by an external force at the pile head.

The dynamics of the total system are described by the
following set of partial differential equations:

L, + T, = (H(z—2) - H(z - L)), -

(H(z = 20) = H(z — 2,))P, + f, (5)

,usvzﬁs + (A5 + 2u-)VV - U = wzpsﬁs (6)
- w? .

V2s(r,z,w) + ¥¢f(r, Zw) =0 )

In Equations (5)-(7), @, = [fi,,(z w), @y, (z w)]" is the
displacement vector of the mid-surface of the shell, &, =
15, (2, w), 1L, (2, w)]T is the displacement vector of each
solid layer. The function ¢,(r,z ) is a displacement
potential introduced for the description of the fluid with
¢ being the speed of the compressional wave speed. The
operators L and T are the stiffness and modified inertia
matrices of the shell, respectively (Tsouvalas, 2015).
The term P, represents the fluid pressure exerted at the
outer surface of the shell at z, < z < z. The functions
H(z - z;) are Heaviside step functions, which are used
here to account for the fact that the soil and the fluid are
in contact with different segments of the shell. The
vector f, = [f.(z ), fi (2, w)]T represents the externally
applied force on the surface of the shell. The term £,
represents the boundary stress vector that takes into
account the reaction of the soil surrounding the shell at
z; < z < L. At the soil-water interface, the vertical
stress equilibrium and the wvertical displacement
continuity are imposed, whereas the shear stress at the
surface of the upper solid layer vanishes. A set of
boundary conditions and interface conditions are
formulated as follows and are satisfied at r > R:
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In addition to Equations (8)-(11), the radiation
condition needs to be satisfied at r — oo. In the far-from-
source module, the lower boundary conditions at z = H
are substituted by the radiation condition at z — oo.

It is important to realize that the mathematical
statement of the problem given by the system of coupled
partial differential equations (PDESs) (5)—(11) is similar
in all available models with only some minor
modifications in the boundary/interface conditions or in
approximations made for the far-range model. This is
despite the fact that the solution approach may differ
significantly between the various methods. Numerical
methods employ either finite elements or finite
differences to reduce the system of coupled PDEs to a
system of Ordinary Differential Equations (ODES) by
means of direct spatial discretization. Semi-analytical
methods usually transform the set of Equations (5)—(11)
into the frequency domain first and proceed further with
the solution as discussed in the sequel.

2.3 Solution methods

The solution to the system of mathematical equations
(5)-(11) can be obtained by applying either semi-
analytical or numerical techniques. Semi-analytical
models can vary significantly in complexity based on
different underlying assumptions. Hereafter, the model
introduced in (Peng et al., 2021a) is discussed further.
The dynamic responses of the shell structure and the
acousto-elastic waveguide (in the frequency domain) are
expressed in terms of free vibration modes. The modal
expansion of the shell structure reads:

(%) = ) AnUin (@) (12)
m=1

The index k = zr indicates the displacement
component, m = 1,2,...,00 is the axial order and the
vertical eigenfunctions Uy,,(z) satisfy the boundary
conditions at z = 0, L. The closed form expressions for
the acousto-elastic field, which satisfy the boundary
conditions including the radiation condition at r — oo,
read:

pr(r,2,0) = Z C,HP (kﬁ”)r) Brp(2) (13)

p=1
The expressions for the displacement and stress field
are presented in similar form in (Tsouvalas, 2015) and
are omitted here for the sake of brevity. In Equations
(12)—(13), the only unknowns are the modal coefficients
Am and C, which can be determined by solving the

forced response of the complete system:
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A detailed derivation of the terms Ly, V4 » Qmp: Rmq
and I,,, introduced in Eqgs. 3 is given in (Tsouvalas and
Metrikine, 2014). By following the approach above, the
original system of PDEs is reduced to an infinite system
of algebraic equations, i.e., Equation (14), provided that
the modal expansions over the shell and acousto-elastic
modes are properly truncated.

Once the near-source wave field is computed up to a
distance ro, it can be coupled to a propagation algorithm
to compute the response at r>ro. There are several ways
to achieve this as described in detail in (Tsouvalas,
2020). By utilizing Betti’s reciprocal theorem in
elastodynamics and Green’s theorem for acoustic
problem, the complete solution for the acousto-elastic
domain can be obtained by evaluating the following
boundary integral:

fig(r,w) = z (Ugp(rro, @) - T (ro, )
SS

L=rz

_ngggs (r,1o, ) - tig(1rg, w))dS*(1ry) +
| @00 5000 - To Gro0)
S

i, (rg, w)) dST (ry), r €V (16)

in which n is the outward normal to the cylindrical boun
dary. The superscripts of the Green’s tensors, “f” and
“s” indicate fluid and soil domains, respectively. By kn
owing & (1, w), i (1o, w), p (g, w), and i, (ry, w) at a
given cylindrical boundary r,, Equation (16) can be app
lied to propagate the field at any position r>r.

Finite element packages or finite difference schemes
can also be employed to solve the mathematical stateme
nt given by Equations (5) - (11). These spatial discretiza
tion methods (FEM or FDM) are primarily used to gene
rate the acoustic field in the pile proximity while a soun
d propagation model is used to compute the field at larg
er distances from the pile. A comprehensive overview o
f the numerical models is given in (Lippert et al., 2016).

2.4 Overview of noise prediction models

Table 1 provides a list of all available models which
have been validated either against experimental data or
numerical benchmark studies.



Table 1. List of existing models to predict noise by impact piling.

Model Modelling Remarks
Approach

CMST Close-range: — Axisymmetric model.
PACSYS (2020)  — Seabed modelled as fluid.
Long-range: — Extension to full 3D possible
ORCA (Westwood et i the long-range module.
al., 1996)

TUHH Close-range: — Axisymmetric model.
ABAQUS — Close-range module includes
(Heitmann et al, elasticity of the seabed.
2015) — Range- and angular-dependent
Long-range: environments can be included
Wi algorithm (Von  within the all-fluid model
Pein et al., 2019) approximation in the long-

range module.

JASCO Close-range: — Axisymmetric model.
FDTD — Seabed modelled as fluid.
(MacGillivray, — Simplification of the shell
2015) theory with no bending energy
Long-range: stored in the shell surface.
WI algorithm

SNU Close-range: — Axisymmetric model.
FE model (Park et — Seabed modelled as fluid.
al., 2013) — Range- and angular-dependent
Long-range: environments can be included
PE model (Collins,  within the all-fluid model
1993) approximation in the long-

range module.

UoS/NPL  Close-range: — Axisymmetric model.
FE model — Seabed modelled as fluid.
Long-range:
BE model (Wood,
2016)

AQUARIUS Close-range:

— Axisymmetric model.

(TNO) FE model (Zampolli — 3D effects in terms of range-
etal., 2013) dependent environments
Long-range: through the adoption of
NM model adiabatic theory for the normal
(Zampolli et al., modes within the all-fluid
2013)
SILENCE Close-range: — Axisymmetric model including
(TUD) Semi-analytical a layered elastic seabed
model (Tsouvalas, description at both close- and
2015) long-range modules.
Long-range: — Range-dependency with the
Boundary element all-fluid approximation in the
(BE) model (Peng et long-range module (Sertlek et
al. 2021a) al., 2019; Sertlek and Ainslie,
2014).
— Modelling of the air bubble
curtain (Peng et al., 2021b).
F&R (LUH) Close-range: — Axisymmetric model.

1D drivability model — Close-range module includes
to generate hammer  elasticity of the seabed.

force (Deeks and  _ 3p effects in terms of varying
Randolph, 1993), FE  hathymetry can be included
model for the sound  within the all-fluid model
field (Fricke and approximation in the long-
Rolfes, 2015) range module.

Long-range:

PE model (Collins,

1993)

3 PHYSICS OF THE GENERATED WAVE
FIELDS IN IMPACT AND VIBRATORY PILING

This section presents some key features of the
emitted wave field during impact piling. The physics of
the emitted wave fields is first discussed for each
installation method followed by an energy flux analysis
in the case of impact piling alone.

In Figure 2, the radiated waves at the exterior to the
pile region generated during a single impact of the
hammer are shown for radial distances up to 160m for a
typical case of the installation of a large size pile
(Tsouvalas, 2020). The velocity norm in the soil and
fluid media is shown, i.e., v(r,z,t) =
JVvE(r,z,t) + vZ(r,z,t). In  the soil, both
compressional and shear wave fronts are radiated in the
form of Mach cones. The angles of the cones depend on
the ratio of the velocities between the waves in the pile
and the correspondent waves in the soil region. In
addition, solid-fluid interface waves (Scholte waves) are
visible at later moments in time, which propagate along
the fluid-solid interface.

Depth

Horizontal distance from pile

Fig. 2. Pressures in the fluid (z<25) and velocity norm in the soil
(z>25) for several moments in time after the hammer impact.
From left to right, the time moments are given in 10—3s: t=6; 12;
16; 24; 30; 45; 72; 96; 120. Simulation results borrowed from [31].

The field in the seawater region consists of pressure
waves that span the entire depth of the seawater column
(primary noise path). These waves are generated by the
oscillation of the surface of the shell as the wave train
propagates downwards of the pile. Moreover, the excited
Scholte waves, which propagate along the seabed
surface, induce low-frequency pressure fluctuations in
the water column close to the seabed level (secondary
noise path). These low-frequency waves are clearly
distinguished from the initial pressure cones, since they
penetrate only slightly into the water zone and propagate
at very low speeds. Due to their localized nature, they
disturb a finite part of the water column at the vicinity of
the seabed-water interface, and hence, their presence is
noticeable only within a distance of a few wavelengths



from the seabed level. In (Ruhnau et al., 2016), their
presence is verified by measurements of geophones
positioned on the seabed. Although the horizontal range
of influence of the interface waves is generally unknown,
since it strongly depends on the contrast of the material
properties between the seawater and the upper soil layer,
their presence needs to be accounted for when the focus
is placed on the design of noise mitigation equipment or
when the marine ecosystem is considered particularly
rich close to the seabed, i.e., demersal and benthic zones
of the water-seabed column. To the best of the authors’
knowledge, the effect of the Scholte waves generated by
marine piling is very often overlooked in practice.

The radiated wave field in the soil and in the seawater
as a result of vibratory pile installation is shown in
Figure 3. Results correspond to the case study presented
in (Tsouvalas and Metrikine, 2016). Clearly, the wave
pattern is different from the one presented previously in
the installation with an impact hammer. The coherent
Mach cones which could be easily noticed in impact pile
driving are not any more visible in this case because the
energy enters the water columns from all vertical angles
due to the different temporal structure of the excitation.
Moreover, the amplitude of the frequency spectrum of
the radiated noise varies considerably between impact
and vibratory pile driving.
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Fig. 3. Pressures in the fluid (z<25; top part of the figure) and
velocity norm in the soil (z>25; bottom part of the figure) for
several moments in time after the hammer impact. From left to
right, the time moments are given in seconds: t=0.01; 0.07; 0.10;
0.15; 0.20; 0.25; 0.30; 0.50; 0.60.

Figure 4 shows predictions of the SEL and the L, ,«
as a function of the horizontal distance from the pile
using the model in (Tsouvalas et al., 2019). We first note
that the model predictions are within the uncertainty of
the measuring equipment given the hydrophones’
sensitivity at both locations in which noise
measurements were available. Most models described
earlier are nowadays capable of reproducing
measurements with similar accuracy as illustrated in
(Lippert et al., 2018). The L, ,, shows larger variation
with distance which can be explained by the fact that it
is more sensitive to constructive and destructive
interference of the acoustic waves in the seawater. In
contrast, the SEL, being an integral quantity representing

an energy level, shows a much smoother evolution with
range, especially at distances larger than 500 m.
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Fig. 4. Evolution of SEL and L, ,; with distance from the pile for
the case study analysed in (Tsouvalas, 2020). The dashed line
shows the model predictions for the L, ,; and the solid line the
predictions for the SEL. Measurement data are also depicted at
r=10 m and r=1500 m together with the measurement error bar +2
dB. AseL denotes the difference between predictions and
measurements at the given locations.

Next to the sound levels, it is instructive to examine
the radiated wave field under the prism of the energy
flux. An energy flux analysis can be of importance for a
number of reasons. First, it contributes to the
understanding of the energy transfer through seabed and
seawater together its evolution with increasing distance
from the pile. Second, it allows one to explain possible
inefficiencies of the noise mitigation strategies. Third, it
gives the possibility to make solid choices on the optimal
noise mitigation strategy tailored to the needs of each
specific case in terms of the type of mitigation system,
the distance from the pile and the deployment strategy.
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Fig. 5. Energy flux at various distances from the pile as
predicted for the BARD Offshore | wind farm case study
(Tsouvalas, 2020). Thin black line: r=20 m; thick grey line:
r=60 m; thick dashed line: r=140m. The light grey shaded
area marks the thickness of the loose marine sediment layer.

Figure 5 shows the normalized (to the maximum per
location value) energy fluxes calculated by means of the
formulae given in (Tsouvalas and Metrikine, 2014) at
various distances for the BARD Offshore | wind farm



case (Tsouvalas, 2020). We note that at close distances
to the pile the energy is largely concentrated close to the
seabed—-water interface due to the presence of high-
amplitude Scholte waves. The amplitude of the latter
diminishes with distance; at 140 m the largest part of the
energy is carried by the bulk waves in the seawater. In
the same lines, one could examine the flux of energy
from the seabed to the water to establish the optimum
position for the deployment of a noise mitigation system.

The acoustic energy of the waves can be calculated
as a sum of potential energy (related to the pressure) and
the kinetic energy related to particle motion. The motion
of these particles (represents the mean density of
medium) can be quantified as the particle displacement
(equivalently particle velocity or particle acceleration),
and is an essential metric for assessing the impact of the
sound specifically for the fish and invertebrates since
their hearing mechanism uses particle motion (Popper
and Hawkins,2018; Nedelec et al.,2016). Thus, the
calculation and measurement of the particle motion
components are significant to provide insight into the
impact of offshore pile driving on marine life during the
installation. Most advanced models nowadays (Peng et
al., 2021) do compute the particle motion in the water
column and seabed surface and therefore can be used for
such impact assessment studies.

4 NOISE MITIGATION STRATEGIES

Next to the developments in noise prediction
modelling, studies on noise mitigation have also been
conducted (Koschinski and Lidemann, 2013). There are
in principle two ways to reduce the noise levels caused
by pile installation (VerfuB, 2014). The first one is the
alteration of the noise source mechanism, i.e., the
adoption of a different pile driving procedure such that
noise emission is reduced at the source. In this respect,
one can either modify the force exerted by the impact
hammer or switch to alternative pile driving methods
that avoid the generation of high-amplitude shock waves
in the pile, e.g., traditional vibratory piling, BLUE Piling
or Gentle Driving of Piles (Metrikine et al., 2020). The
second way to reduce the noise is to create a so-called
anti-noise barrier around the pile. The noise barriers can
be categorized into three primary groups on the basis of
the underlying noise reduction principle: (i) air bubble
curtains in various configurations (Wursig et al., 2000);
(i) casings that enclose the pile in the form of either a
depressurized double-walled cylindrical shell (Jansen et
al., 2012) or lightweight inflatable fabrics which build an
air-column around the pile and resonator-based noise
mitigation systems which can take the form of either a
fishing net of encapsulated bubbles and foam elements
(Bruns et al., 2014) or Helmholtz-type resonators
(Elzinga et al., 2019).

4.1 Air Bubble Curtains
The most widely adopted method to mitigate

underwater noise is the development of a noise barrier in
the seawater column that consists of rising air bubbles.
The air bubble cloud is placed around the pile at a given
distance in the form of a bubble curtain (Wdrsig et al.,
2000), which is formed by freely rising bubbles created
by compressed air injected through series of perforated
pipes positioned on the seabed surface (Figure 7). The
compressed air is supplied by an air compressor usually
positioned on the installation vessel. The impedance
contrast between the seawater and the air bubble curtain
is significant due to the large differences in density and
compressibility of the two media.

Over the last decade, several models have been
developed for the predicting the performance of an air-
bubble curtain system. A semi-analytical model was
developed by Tsouvalas and Metrikine (Tsouvalas and
Metrikine, 2016), in which the dynamic interaction
between the pile, water, soil and air bubble curtain is
captured through a mode-matching technique. The
acoustic properties of the bubble curtain are determined
by an effective wavenumber theory (Commander and
Prosperetti, 1989) assuming the bubbly layer is a
homogeneous medium with mono-sized bubble
distribution. A model incorporating the hydrodynamic
behaviour of bubble breakup and coalescence is
developed by Bohne et al. (2019). The various bubble
generation and development phases are captured and the
acoustic characteristics are deter-mined with a depth-
and frequency-dependent transfer function. The FE
module including the pile, water, soil and bubble layer
described by the bubble dynamic model is used for the
noise source generation and propagation. Subsequently,
the bubble size distribution is optimized by the two
fractions of bubbles, namely large and small bubbles in
(Bohne et al., 2020). A semi-analytical model is
developed by Peng et al. (2021b), in which the
hydrodynamic model by Bohne et al. (2019, 2020) is
coupled to the vibroacoustic model for noise prediction
from pile driving through a boundary integral
formulation. The results indicate that the accurate
description of the acoustic characteristics of the bubbly
layer is critical for modelling noise mitigation using the
DBBC system.

Fig. 7. (Left) Air-bubble cloud released by a perforated pile
positioned on the seabed. (Right) Double Big Bubble Curtain
(DBBC) deployed around the Giant7 floating piling vessel in the
Wikinger OWF, Germany. Source: © Hydrotechnik Liibeck
GmbH (https://www.hydrotechnik-luebeck.de/blog/portfolio-
item/0003-borkumwest2-00/).
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However, solely given the total air injection rate for
the bubble curtain, the flow velocity at the nozzle cannot
be determined accurately without the examination of the
air transportation within the main hose. In a more recent
model, a complete modelling approach is proposed
including modelling the transport of compressed air
from the air-supplied vessel to the hose. The model
consists of four modules: (i) a hydraulic model for
modelling the transport of com-pressed air from the
offshore vessel to the perforated hose located into the sea
bed; (ii) a hydrodynamic model for capturing the
characteristics of bubble clouds in varying development
phases through depth and range; (iii) an acoustic model
for predicting the sound insertion loss of the air-bubble
curtain; and (iv) a vibroacoustic model for the prediction
of underwater noise from pile driving which is coupled
to the acoustic model in (iii) through a boundary integral
formulation. The flow of the modelling activity is shown
in Figure 9. The complete model can be used for the
optimization of the DBBC system including the
pneumatic system and the deployment of DBBC.

5 AT A Usmitigated field from
Z " conke y SILENCEBASIC

—— - — ————————————\
E { G B Gxisun  AGzimum sirflow  Nozle -
G| (s mele eprimen cosfinion et & 1
= e
el .

\ MODEL ©

—— —

-—— -
g
g AN
g i '

H Fegios 111
£ i
el s | I
5] e
Sl wemoroene e Aweon Commine Gl . | 1
E cwein dzes atio wlocity Lo Ite
tufe
=2\ R 7
é————.ﬂ————————"m———
= ission cosfici,
P

& 1 ——
z A
£ =
g
<

Fig. 9. The activity plot of the multi-physics model for
modelling noise mitigation with the use of the air-bubble.

4.2 Pile Casings

Besides the noise mitigation techniques in the receiver
locations, the noise can be mitigated at the sound source.
Various technologies have been developed and applied
at the pile location as pile casing to reduce the generated
noise levels at the close distances to the pile. Some of
these techniques described below.

4.2.1  Noise mitigation screens (NMS)

The Noise Mitigation Screen (NMS) consists of a
double-walled cylindrical shell made of steel placed
around the pile at a distance of a few meters from the pile
surface. The gap between the inner and the outer wall of
the NMS is filled with air (Tsouvalas, 2020). The system
can be combined with an air bubble curtain that fills the
inter-space between the pile and the inner wall of the
NMS, yielding a combined LBC-NMS system (Jansen et
al.,2012). Subsequent phases of the installation of a

monopile with the NMS at the German offshore wind
farm Riffgat are shown in Figure 10.

)
4
\

Fig. 10. The installation of a 6.5 m pile with the use of a Noise
Mitigation Screen (IHC Offshore Systems) at the German offshore
wind farm Riffgat in the North Sea. In the left and middle pictures,
the NMS is positioned by the crane around the monopile. In the
right picture, the hydraulic hammer is positioned at the head of the
pile and the NMS is invisible Source: Author’s personal archive
from the Riffgat Offshore Wind Farm (2012).

4.2.2  Lightweight inflatable fabrics

HydroNAS uses a lightweight inflatable fabric,
which is restrained internally, to build a continuous
column of air surrounding the pile from the seabed to the
surface. Upon the inflation of the fabric, a fixed volume
panel of air is created which maintains a specified
geometry underwater. The cells are modular, stackable
and can be configured to fit any water depth and pile size.
The system is at its early stage of development and has
not yet been tested in full-scale offshore environments.

4.3 Resonator-type Systems

Resonators consist of an array of resonating units that
are deployed around the pile to absorb the emitted sound.
Resonator-type systems work as acoustic energy sinks,
causing internal mechanical vibrations of the latter (Peng
et al.,2018). There are several options to design such a
device, two of which are described below.

4.3.1 Hydro-Sound-Dampers (HSD)

HSD use nets of air-filled balloons and special PE-
foam elements with high dissipative characteristics to
reduce noise levels caused by impact piling. HSD rely
on multiple mechanisms to reduce the underwater noise:
(i) resonant effects of the air-filled balloons and the PE-
foam elements fixed in the fishing net. The HSD-
elements are adjustable both in terms of diameter and
positioning on the net; (ii) dissipation and material
damping effects according to the chosen materials and
the injected pressure in the air balloons; and (iii)
reflection of the sound waves at the interface between
the water and the fishing net caused by the impedance
mismatch (although this mechanism is less efficient in
this case compared to the case of a dense air bubble
curtain). The efficacy of the HSD in reducing the noise
levels depends on the frequency and volume ratio of the
HSD-elements in the net, with ratios of about 1-2% to
be sufficient to obtain acceptable noise reduction (Elmer
and Savery, 2014). A typical installation set-up with the
use of HSD is shown in Figure 11.



Fig. 11. (Left) The HSD system with a length of 40 m hanging
from the crane. Source: https://www.offnoise-solutions.com/the-
hydro-sound-dampersystem-hsd-system/. (Right) The newly
developed AdBm-NAS system showing the resonators in the array
(https://adbmtech.com/wp/) (Tsouvalas, 2020).

4.3.2 Helmholtz Resonators (AdBm-NAS)

The AdBmM-NAS consists of standard size panels
with submersible air-filled Helmholtz resonators that
encircle the pile during construction. The steel
framework holding the system needs to be designed and
fabricated by another contractor. The AdBm system
completed successfully a full-scale tests in 2018
(Elzinga et al.,2019).

4.4 Overview of Mitigation Techniques and
Spectral Insertion Loss

Table 2 summarizes the most widely used noise
mitigation systems, indicating their broadband noise
reduction in SEL. It should be noted that the detailed
comparison between different noise mitigation systems
can be only done under the same installation settings and
environmental conditions (Tsouvalas, 2020).

Table 2. Overview of the most widely used noise mitigation
systems, and their broadband noise reduction levels. Installed
pile data reflect experience gathered until mid-2018 (adapted
from (Tsouvalas, 2020)).

Mitigation Number | ASEL

system of piles

Big Bubble | >1000 ~13 for the single BBC and
Curtain ~17 for the double BBC
Noise >400 ~12 without the BBC and
Mitigation ~17 with the BBC

Screen

Hydro-Sound | >250 ~15

Dampers

5 FUTURE CHALLENGES

The state-of-the-art in predictive modelling of sound
due to impact piling includes a detailed description of the
pile interacting (linearly) with soil and water. Other
elements, such as the anvil positioned at the pile head
and the hydraulic hammer, are usually disregarded in the

acoustic models and are substituted by a force applied at
the top of the pile. Such a force can be estimated on the
basis of a so-called drivability model (Tsetas et al.,
2021). Despite the simplifications above, these models
have been proven capable of reproducing measurements
with satisfactory accuracy in the case of impact piling
(Peng et al., 20214, Lippert et al., 2018). Future research
is focused on the following points: (i) Advanced
modelling of the seabed, either by introducing a
modified elastic continuum description with frequency-
dependent wave speed and attenuation (Buckingham,
2005) or by adopting the theory of poro-elasticity by Biot
(Biot, 1962); (ii) Probabilistic modelling in which the
uncertainties in the characterisation of the geometry or
the properties of the acousto-elastic region are
propagated at larger distances from the pile (Lippert and
von Estorff, 2014; Caumo et al., 2022); (iii) Pile driving
noise predictions in range- and/or angular-dependent
environments; (iv) Non-symmetric hammer force
(Tsouvalas and Metrikine, 2013; Deng et al., 2016) or
inclined piles (Wilkes and Gavrilov, 2017) yielding an
azimuthally dependent acoustic field; (v) Simultaneous
pile progression into the soil with noise prediction in the
near-field. (vi) Challenges associated with the modelling
of the wvarious noise mitigation systems and
demonstration of the efficacy of those systems for piles
of larger diameters and deeper waters (>45 m); (vii)
modelling wave emission in the case of vibratory pile
driving with the new techniques; and (viii) Modelling
and measuring the particle motion during the pile driving
operations could help with noise impact assessments
specifically for the fish and invertebrates in the test site.
A discussion as to most points above is given in
(Tsouvalas, 2020). Hereafter, we discuss briefly topics
(ii) and (v).

5.1 Propagation of Uncertainties

Most studies on pile driving acoustics are based on
deterministic analyses. Such a modelling approach is by
far not systematic in spotting the key parameters
contributing to uncertainty nor can it be used in a generic
framework of uncertainty quantification. Given the large
uncertainty in many modelling parameters, especially
when it comes to the pile-soil interaction and the
characterisation of the seabed, a probabilistic approach
that would accommodate a large number of (fast)
simulations is largely missing.

A first attempt to follow a probabilistic framework in
noise prediction by impact piling is reported by Lippert
and von Estorff (2014). However, in that study, the
seabed was described by an acoustic model and a
(computationally heavy) Monte Carlo approach was
chosen for capturing the uncertainty in the seabed
properties.

A follow up study, in which uncertainties in seabed
characterisation are quantified and propagated to the
target distance was recently reported by Caumo, et al.,
(2022). Due to the high spatial variation in the marine
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environments, there are many uncertainties in the
characterization of the soil parameters both in terms of
wave speeds and attenuation of the various waveforms.
Such parameters, however, are essential input for an
accurate prognosis of the emitted sound field and the
seabed vibrations. To deal with uncertainties in the input
parameters, probabilistic and statistical approaches have
recently been employed as means of quantifying the
uncertainty in noise predictions. By employing fast
computational models in offshore pile driving (Peng et
al., 2021a), the noise distributions can be obtained to
define the probability of exceeding a certain sound level.
Another objective is to identify correlations between
specific soil features and resulted sound levels.

Based on the number of soil strata, it is possible to
group the recordings in regions which show similar
trends. An analysis of a case study presented by Caumo
et al. (2022) is discussed hereafter. The analysis of the
soil stratification is done by grouping data that show
similar mean and minimum standard deviation. The
analysis of variance (ANOVA) is used in this analysis to
evaluate sets of data groups for soil layers. Once the
layers have been defined, a practical framework is used
to determine the optimal parameters for the different
distributions (Maximum Likelihood Estimator). The
Copula model, based on the rank methods, is then used
to investigate the dependence between several random
variables. The main advantage provided by this approach
is the selection of an appropriate model for the
dependence between data sets. The sound level
probability density functions can be derived based on
various distributions. An example of the results of such
a simulation is given in Figure 12 in which the
probability of exceedance of a certain sound level can
easily be read for a specific case (Caumo et al., 2022).
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Fig. 12. Probability density distributions (PFDs) of SEL and Ly, ,
from the uncertainty analysis (in the seabed properties).

5.2 Pile Progression and Noise Prediction

The nonlinear frictional dynamics that take place at
the pile-soil interface are complex and not well
understood. Some work in this respect trying to identify
the frictional losses at the pile—soil interface during
piling has been carried out by Fritsch (2008). To date, all
existing vibroacoustic models overlook the pile-soil slip
and assume that full contact between the pile and the soil
is preserved at all times. A few models do consider
frictional losses locally at the pile-soil interface
(Tsouvalas and Metrikine, 2013; Heitmann et al., 2015]
but not the true nonlinear pile-slip dynamics. Thus, all
existing models silently hypothesise that by excluding
the pile slip in the prediction of noise the error is
marginal. Likely, in the case of impact piling, noise
measurements seem to confirm the validity of this
hypothesis.

In contrast, one should be cautious in generalising
this observation to other forms of pile installation in
which the progression of the pile into the soil is more
smooth. A possible case in which pile progression may
be key to accurately capture noise prediction is when
vibratory devices are used to install the foundations
piles. In contrast to impact piling, which generates a
shock wave travelling down the pile inducing local slip
at the position of the wave front, in vibropiling standing
waves are generated and the pile is gradually pushed into
the soil. Thus, the mechanism of pile driving is
considerably different as well as the sound field
generated.

The effect of pile-slip on noise emission is until now
neglected. However, it is important to realised that a
perfect pile-soil contact does not only overestimate the
energy radiated into shear waves in the soil, but also
affects the pile dynamics when a force is exerted at the
pile head. To investigate the importance of the pile-soil
slip, a realistic case is generated for a pile of 60m length
and 5m diameter which is driven 30m into the soil ata
region with a bathymetry of 22m. A vibratory force is
applied at the pile head, the frequency spectrum of which
is given in Figure 13.
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Fig. 13. Frequency spectrum of the vibratory force exerted at

the pile head. The force consists of the main driving frequency of
25Hz and several super-harmonics.



Table 3. Status of national and regional noise regulations.

Existing national Existing Regulations in

regulations regional development or
regulations considered

Australia ACCOMBAMS | Chile

Belgium ASCOBANS China

Brazil CBD Saudi Arabia

Canada CCAMLR Qatar

Denmark European

Germany Union

Ireland HELCOM

Mexico IMO

New Zealand IwC

Taiwan NATO

The Netherlands OSPAR

United Kingdom

USA

Vietham

To evaluate the effect of the boundary condition, the
case of perfect contact (no pile-soil slip) is compared
with the other (extreme) limit case of zero friction
resistance, i.e. a fully sliding surface. Figure 14
compares the near field pressure levels in both cases. It
shows that the pile-soil interface condition assumed
strongly affects the sound pressure levels, especially at
the low end of the frequency spectrum. These
frequencies contain most energy in vibratory pile
driving. The results presented here imply that the usually
applied condition of full contact between pile and soil
can yield inaccurate predictions. When the excitation
spectrum is broadband, i.e. impact piling, the overall
error can be mitigated due to the fact that the
overestimation of the levels at certain frequency bands is
compensated by the underestimation in some others.
This yields overall a reasonable estimation of the noise
metrics. However, when the excitation is narrowband,
i.e. vibratory pile installation, the error in the prediction
of the noise levels can become larger since a systematic
under- or overestimation of the levels is possible.
Clearly, this is an item worth investigating in the future
in light of the new pile driving technologies.
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Fig. 14. One-third octave band SPL at r = 10m and 2 m above

the seabed for the case of a perfect pile-soil contact (blue line) and
idealised sliding pile-soil contact (black line).

6 NOISE REGULATIONS

To understand the adverse effects of the underwater
noise, the collaboration between various disciplines (i.e.
physicists, biologists, offshore engineers, governmental
organizations) are required. As an outcome of this
multidisciplinary effort, noise regulations have been
introduced for the national and regional noise
regulations and mitigation guidelines (Lucke, 2013).
The continuous and impulsive properties of sound
sources need to be considered when the implementation
of these noise criteria and guidelines. For instance, the
frequency weighting for the different hearing groups or
the duration of the exposure can lead to different species-
specific thresholds for TTS, PTS or behavioural
disturbance. Southall (2007) and Southall et al. (2019)
review existing scientific information and propose
criteria for the noise thresholds and auditory frequency
weighting functions. Lucke (2020) summarizes the
existing underwater noise regulations worldwide, as
shown in Table 3.

The authorities can also have different goals and
strategies, such as assessing or limiting the noise levels
to protect species, requirements of soft-start procedures
or deterrent devices to avoid potential impacts. A
summary of the various legislations is given in Table 4
below.

Table 4. Summary of sound thresholds in various countries.

Country Sound thresholds

Germany Max. unweighted SELsss% (Lg s0,) at 750 m =
160 dB re 1 pPa’s
Max. L, pi at 750 m =190 dBre 1 yPa

The Max. unweighted SELss (Lgmayx) at 750 m =

Netherlands | 159-172 dB re 1 pPa?s, depending on season
and number of piles.
After 2023: Max. unweighted SELss (Lg max)

at 750 m = 168 dB re 1 pPa%s

Belgium Max. L, px at 750 m =185dBre 1 yPa

USA Max. frequency weighted SELcum exposure per
species group (NMFS, 2018)

UK England, Wales, and Scotland have different
non-prescriptive regulations. The use of the
specific protocols is recommended (JNCC, NE
and DAERA guidelines, 2020).

Denmark Max. unweighted SELcum for fleeing animals =

190 dB re 1 pPa’s

In the United States, various laws and regulations
have been applied regarding impacts on individual
marine species rather than more general impacts to
habitat quality and thus, usually project-based guidelines
are applied for the noise impact on specific protected
species. The sound maps, including the mitigation
measures, provided insight into the noise characteristics



with various metrics and their impact on the specific
marine animals. Marine Mammal Protection Act
[MMPA] and Endangered Species Act [ESA] provide
the legislative background in US waters for various
activities, including seismic surveys, sonars, pile-driving
and explosions, etc. The National Marine Fisheries
Service (NMFS) follows the descriptions, categorizes
frequency weighing functions and thresholds from
Southall et al. (2007) and published revised PTS and
TTS criteria in 2018 to assess the noise impact from the
impulsive and non-impulsive sound sources (Southall et
al., 2019). The impulsive sound sources include seismic
surveys, explosions and impact pile driving. In some
studies, the non-impulsive or continuous sound sources
include ships and vibratory pile driving (Guan and
Brookens, 2021). Behavioural disturbances are expected
when sound levels exceed 160 dB re 1 pPa (SPL) and
continuous sounds exceed 120 dB re 1 pPa (SPL).

In the European Union, EU Marine Strategy
Framework Directive requires EU member states to
achieve or maintain Good Environmental Status (GES)
by 2020. Specifically, GES Descriptor 11 requires
underwater noise to be "at levels that do not adversely
affect the marine environment”. Technical subgroup on
underwater noise advice SEL threshold (140 dB re 1
uPaZs, at the animal) for the behavioural disturbance due
to the impulsive sounds (Dekeling et al., 2014).
However, the regulations and thresholds can vary among
the member nations. In Germany, Federal Maritime and
Hydrographic Agency (BSH) applied the first noise rule
based on TTS in 2008. One of the key species in German
waters is the harbour porpoise. The noise regulations are
mainly based on this marine mammal species. In 2013, a
standard for the investigation of offshore wind turbines
on the marine environment was published (BSH, 2013).
According to the German noise monitoring and
mitigation measures, the noise characteristics at 750 m
should be demonstrated per pulse and should be less than
160 dB re 1 mPa? s for SEL and 190 dB re 1 pPa for peak
sound pressure level. The noise prognosis and Acoustic
Deterrence Devices (ADDs) are required.

In the Netherlands, noise regulations are organized
by the Ministry of Infrastructure and Water Management
based on the Legislative background of the Nature
Conservation Act. The key species are harbour
porpoises. Framework for Assessing Ecological and
Cumulative Effects (Heinis et al., 2015 & 2019)
describes an approach including sound propagation,
disturbance area, number of disturbed harbour porpoises,
disturbance days, and population-level effects. This
framework helps to set the noise limits for offshore wind
farm development in the Dutch waters. The noise
threshold in this site decisions (Kavelbesluiten) depends
on the season and the number of piles. However, the
framework suggests a single SEL threshold to be used as
168 dB re 1 uPa? s at 750 m after 2023. Deterring the
marine animals (e.g., using ADDs) from the vicinity of

the pile prior to the start of the piling is required to avoid
the risk of PTS in harbour porpoises. The framework is
regularly updated, so this threshold value may change in
the future.

Each country in the United Kingdom has its own
legislation, which is non-prescriptive and activity-
centric. The UK regulations advise using the acoustic
deterrent devices before the pile-driving activities and
soft start procedure during the first 20 minutes of the pile
driving. Five harbour porpoise Special Areas of
Conservation (SACs) were introduced in 2019. In these
areas, no significant disturbance is allowed to maintain
the Favourable Conservation Status (FCS) for harbour
porpoises. New noise regulations, which are habitat- and
species-centric, is under revision.

7 OVERVIEW

In this paper, an overview is presented on the
developments in the field of pile driving noise and
vibrations. The review includes the modelling works in
noise and vibration prognosis when piles are installed
offshore, the available noise mitigation techniques, and
the developments in the noise regulatory framework.
Future challenges are highlighted and some of those are
discussed in more detail. This review could serve as a
basis for the further development of models and
regulations in the field of underwater noise from
offshore pile installation.
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