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A B S T R A C T

Vibratory offshore pile driving offers a potential solution for reducing the underwater noise
generated during the installation of foundation piles compared to using impact hammers.
Existing noise prediction models are specifically tailored to impact pile driving scenarios.
This paper introduces a novel methodology for underwater noise predictions during vibratory
pile driving. A non-linear driveability model is utilised to derive realistic non-linear interface
friction forces, which are then incorporated into a noise prediction model. The study emphasises
the significance of integrating a driveability analysis, revealing substantial differences from
traditional models that assume perfect contact between the pile and soil. The authors argue
that the proposed model provides more realistic outcomes when considering smooth driving
without refusal, in contrast to traditional models designed for impact piling. The results
illustrate noticeable deviations in pressure levels and seabed vibrations between the linear and
presented methods at the driving frequency and its superharmonics. Furthermore, the research
demonstrates that the noise field is highly sensitive to variations in system dynamics and
excitation spectrum during driving, using both small- and large-diameter monopiles as examples.
This research contributes to developing more effective driving techniques to reduce underwater
noise pollution and facilitate sustainable offshore wind turbine installations.

. Introduction

Offshore wind has great potential to contribute to European energy. The European Green Deal communication aims to multiply
ffshore renewable energy almost thirty times while minimising environmental impacts [1]. Currently, most commercial offshore
ind projects are bottom-founded wind turbines. The most applied foundation concept is the monopile, a hollow cylindrical pile
riven in the soil whose length and diameter range up to 100 m and 10 m, respectively [2].

Impact pile driving is the standard installation technique for monopiles, which causes potential harm and behavioural disturbance
o aquatic life [3,4]. Southall et al. [5] confirm this potential harm and publish updated scientific recommendations, stating that even
ife is at stake for underwater fauna within a few hundred metres of the driving site. Benhemma-Le Gall et al. [6] observed significant
orpoise behavioural changes at distances up to 12 km from pile driving sites. These observations underline the importance of
ccurate noise prediction modelling in the design stage of new wind farms.

Early noise prediction models for offshore pile driving used an acoustic fluid representation of the sediment, emphasising the
ach wave radiation into the fluid domain [7–9]. However, to improve accuracy, subsequent semi-analytical models replaced the

luid representation with spring–damper systems, focusing on improving soil dynamic representation [10,11]. An elastic description
f the seabed was subsequently introduced, incorporating the Scholte waves, significantly improving noise prediction models and
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advancing the understanding of the physical mechanism contributing to the noise and the seabed vibrations [12,13]. Recent research
integrated a poroelastic description of the seabed aiming to capture seabed vibrations with better precision [14]. Modelling the
seabed is crucial in several ways. First, the elastic description of the seabed improves the sound source characterisation, i.e. pile
vibrations. Second, it enhances the description of the noise field at more considerable distances. Third, it provides a more realistic
prediction of the wave field along the seabed–water interface, which is richly inhabited by marine life.

Underwater noise levels can be reduced in two ways: either at the source or via a noise mitigation system placed on the path to the
eceiver, such as air bubble curtains [15,16]. Reducing noise emission at the source is achieved by adjusting the installation method,
hich vibratory methods have a high potential to accomplish. Vibratory hammers are developed for offshore applications [17] and

caled up to drive larger monopiles. Furthermore, a new vibratory technology called ’Gentle Driving of Piles’ is developed to increase
riving speed and further reduce noise emissions [18].

Limited research has been conducted on underwater noise caused by vibratory pile driving techniques. Tsouvalas and Metrikine
19] predict the wave field emitted by impact-driven and vibratory-driven monopiles with a traditional noise-prediction model
or impact piling. They observe that the highest noise levels are just above the seabed; this phenomenon is more substantial in
ibratory pile driving due to the energy carried by the Scholte waves. The Scholte waves are even more dominant under low-
requency excitation, consistent with the primary driving frequency in vibratory pile driving (10∼40 Hz). Furthermore, Tsouvalas

and Metrikine [19] note that the system is in a quasi-steady state during vibratory pile driving. Dahl et al. [20] show the dominant
presence of the superharmonics of the primary driving frequency (14 Hz) governing the underwater noise emission during vibratory
driving. The highest sound pressure levels at 207 m are measured at 112 and 144 Hz; these are multiples of the driving frequency
of 16 Hz. Frequencies between multiples of the driving frequency do not significantly contribute to noise emission, i.e. the emitted
noise spectrum consists of specific toned components, the frequency of which is dictated by the primary excitation frequency, i.e. the
driving frequency, and the non-linear pile–soil interaction. To what extent these superharmonics are induced by hammer excitation
or non-linear pile–soil interaction through friction is unknown.

Molenkamp et al. [21] show that noise emission predictions are sensitive to pile–soil interaction modelling. The study introduces
a model allowing motion between pile and soil to examine the effect of the pile slip relative to the soil in vibratory pile driving.
At low frequencies, such as the primary driving frequency of vibratory devices, the Scholte wave can be the dominant noise carrier
when the pile and soil are in perfect contact, i.e., there is no sliding. Contrarily, the first natural frequencies of the system are close
to the in-vacuo eigenfrequencies of the pile if pile–soil coupling in the vertical direction is almost absent and noise radiation around
those frequencies becomes dominant. For cases in between, no perfect contact with some pile slip is allowed; both mechanisms above
are triggered. The paper concludes that an improved description of the interface forces is necessary for accurate noise predictions.

Underwater noise generated by vibratory driving strongly depends on the vibrations of the pile, which act as the acoustic source
in the application of interest. Pile vibrations depend strongly on excitation force and soil resistance. Accordingly, noise predictions
are sensitive to the pile–soil interaction description. All available underwater noise prediction models use linear soil–pile interaction
models, among other reasons, to achieve an acceptable computational time and thereby fail to have a correct physical representation
of the interaction.

The novelty of the paper lies in predicting underwater noise due to vibratory pile-driving, with an improved, physically correct
representation of the pile–soil interaction. The paper shows the complex dynamics that affect noise emission and examines the
influence of the pile–soil interaction. Thus, the underwater noise predictions include non-linear pile–soil frictional interaction via
Coulomb friction. The authors believe the numerical model provides a better physical representation of the pile–soil–fluid coupled
system, improving our understanding of noise generation mechanisms during offshore vibratory pile driving. At low frequencies, it
is essential to accurately calculate the amplitude of the Scholte interface waves, and at higher frequencies, the pile–soil coupling
strongly affects the steady-state response of the system and the energy distribution into the various superharmonics. A non-linear
pile driveability analysis provides information on the progression of the pile into the soil and the non-linear interaction forces.

The effect of the non-linear pile–soil interaction is implemented in a vibroacoustic model by utilising the output from a vibratory
driving analysis, provided that the driveability model is three-dimensional. Tsetas et al. [22] developed a computationally efficient
3-D axisymmetric pile–soil model for vibratory driving and validated the numerical model predictions with field data. In particular,
a linear elastic thin cylindrical shell and a linear elastic layered half-space describe the pile and soil medium, respectively. Their
coupling is realised through a history-dependent frictional interface based on Coulomb friction. In that manner, a reliable estimation
of the pile–soil interaction forces can be obtained and utilised as input for the subsequent step, namely the underwater noise
predictions.

This paper introduces a novel approach by integrating a comprehensive non-linear representation of pile–soil friction into an
underwater noise prediction model. In doing so, the knowledge gaps in the field above are closed. The models and their interactions
are described in Section 2. The approach is demonstrated via two case studies involving piles of different sizes. The case of a
small-size pile refers to the practical application of a pin pile in a jacket structure and is examined in Section 3. The pile dimensions
are chosen according to limited available combined data from two experimental campaigns, one onshore and one offshore. Section 4
discusses the case of a large-diameter monopile, referring to a commercial pile foundation for modern applications. While vibratory
hammers have not been tested commercially, extrapolated data from small-scale tests is used to perform the underwater noise
modelling. The impacts of driving frequency and penetration depth on noise emissions are explored. The research displays that
accurate noise predictions during vibratory pile driving are sensitive to the resonances of the system, depending on the pile–
soil interaction model. Acoustic pressure underwater depends strongly on the varied driving frequency, force spectrum, and pile
penetration depth. The effect of non-linear pile–soil interaction is compared to conventional models, and a theoretical rationale is
2

presented for the noise generation phenomenon. The conclusions are provided in Section 5.
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Fig. 1. Model geometry with the acoustic fluid domain 𝛺f and the elastic soil domain 𝛺s. The pile is modelled by thin-shell theory at 𝑟 = 𝑟p.

2. Methodology

This section introduces a methodology integrating realistic non-linear frictional interface forces into noise prediction analysis. To
achieve this, a state-of-the-art driveability model for vibratory pile driving is utilised to simulate the process of pile penetration and
generate non-linear friction forces throughout the driving procedure [22]. The friction forces are obtained at discrete pile penetration
depths, transformed into the frequency domain, and used as input in the noise prediction model. The proposed noise prediction
model [21] employs a boundary integral formulation to describe the fluid–soil domain, enabling the direct incorporation of the
friction forces. This section presents the geometrical characteristics and fundamental equations of the proposed model. Subsequently,
it briefly overviews both analysis methods and explains how the analyses fit into the methodology.

2.1. Geometrical characteristics and fundamental equations

Fig. 1 visualises the configuration of a monopile installation offshore containing a hollow cylinder driven into the soil. The
monopile occupies the domain 𝑧2 − 𝐿p < 𝑧 < 𝑧2, with pile length 𝐿p, thickness ℎp and diameter 2𝑟p. The problem is cylindrically
symmetric, i.e., the cylindrical coordinate system (𝑟, 𝑧) is employed, assuming no variation around the circumference.

The pile is modelled as a thin shell, and its modulus of elasticity, Poisson’s ratio and pile density are 𝐸p, 𝜈p, and 𝜌p, respectively.
The equation of motion of the pile reads:

𝑳p𝒖p(𝑧, 𝑡) + 𝜌pℎp�̈�p(𝑧, 𝑡) = 𝒇 p(𝑧, 𝑡) + 𝑓ext (𝑡)𝛿(𝑧 − 𝑧top)�̂�z (1)

where 𝑳p represents the stiffness components of Flügge’s thin shell theory [23], �̂�z is the vertical normal vector. The vector of the
pile displacements reads 𝒖p(𝑧, 𝑡), 𝑓ext (𝑡) provides the external load on top of the pile, and 𝒇 p(𝑧, 𝑡) contains the distributed fluid and
soil interaction forces. The overhead double dots refer to the second derivative in time: 𝜕2∕𝜕𝑡2.

The seawater and soil are modelled as continua, occupying the domains 𝑧0 < 𝑧 < 𝑧1 and 𝑧 > 𝑧1, respectively. The first is described
as an acoustic fluid, while the latter is modelled as an elastic medium. The fluid wave speed and density are given by 𝑐f and 𝜌f ,
respectively. The soil is characterised by the Lamé constants 𝜆s and 𝜇s and density 𝜌s. The equations of motion of the domains read:

∇2𝜙f (𝑟, 𝑧, 𝑡) −
1
𝑐2f

�̈�f (𝑟, 𝑧, 𝑡) = 𝑠f (𝑧, 𝑡)𝛿(𝑟 − 𝑟p) (2)

(𝜆s + 𝜇s)∇(∇ ⋅ 𝒖s(𝑟, 𝑧, 𝑡)) + 𝜇s∇2𝒖s(𝑟, 𝑧, 𝑡) + 𝒇 s(𝑧, 𝑡)𝛿(𝑟 − 𝑟p) = 𝜌s�̈�s(𝑟, 𝑧, 𝑡) (3)

The motion of the acoustic fluid is described by the displacement potential 𝜙f (𝑟, 𝑧, 𝑡), which relates to the displacement field via
𝒖f (𝑟, 𝑧, 𝑡) = ∇𝜙f (𝑟, 𝑧, 𝑡) and the fluid pressure 𝑝f (𝑟, 𝑧, 𝑡) = 𝜌f𝜔2𝜙f (𝑟, 𝑧, 𝑡) [24]. The soil equation of motion contains displacements vector
𝒖 (𝑟, 𝑧, 𝑡) and body loads 𝒇 (𝑧, 𝑡) applied at 𝑟 = 𝑟 .
3
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The fluid and soil are coupled through a standard set of interface conditions along the vertical coordinate valid at 𝑟 < 𝑟p and
> 𝑟p:

𝑝f (𝑟, 𝑧1, 𝑡) = 0 (4)

𝑝f (𝑟, 𝑧2, 𝑡) + 𝜎s,zz(𝑟, 𝑧2, 𝑡) = 0 (5)

𝑢f ,z(𝑟, 𝑧2, 𝑡) − 𝑢s,z(𝑟, 𝑧2, 𝑡) = 0 (6)

𝜎s,zr (𝑟, 𝑧2, 𝑡) = 0 (7)

he coupling of the fluid and soil with the pile at 𝑟 = 𝑟p deviates from the standard linear underwater noise prediction models due
o the introduction of friction at the pile–soil interface:

𝑢p,r (𝑧, 𝑡) = 𝑢f ,r (𝑟p, 𝑧, 𝑡) 𝑧0 < 𝑧 < 𝑧1 (8)

𝑓p,r (𝑧, 𝑡) = −𝑝f (𝑟+p , 𝑧, 𝑡) + 𝑝f (𝑟−p , 𝑧, 𝑡) 𝑧0 < 𝑧 < 𝑧1 (9)

𝑢p,r (𝑧, 𝑡) = 𝑢s,r (𝑟p, 𝑧, 𝑡) 𝑧1 < 𝑧 < 𝑧2 (10)

𝑓p,r (𝑧, 𝑡) = 𝜎s,rr (𝑟+p , 𝑧, 𝑡) − 𝜎s,rr (𝑟−p , 𝑧, 𝑡) 𝑧1 < 𝑧 < 𝑧2 (11)

𝑓p,z(𝑧, 𝑡) = 𝐹Fr (𝑧, 𝑡) 𝑧1 < 𝑧 < 𝑧2 (12)

𝐹Fr (𝑧, 𝑡) = −𝜎s,rz(𝑟+p , 𝑧, 𝑡) + 𝜎s,rz(𝑟−p , 𝑧, 𝑡) 𝑧1 < 𝑧 < 𝑧2 (13)

in which the interior and exterior domains are indicated with superscripts ‘−’ and ‘+’, respectively. Eqs. (8) and (9) describe the
pile–fluid interaction along the radial direction. Eqs. (10) and (11) prescribe continuity of stresses and displacements between pile
and soil in the radial direction. Friction is introduced as 𝐹Fr (𝑧, 𝑡) in Eqs. (12) and (13) being a distributed vertical force acting on
he pile surface while balancing the difference between internal and external shear stresses in the soil. The driveability and noise
rediction analyses are run sequentially to resolve the described problem statement as schematised in Fig. 2.

.2. Driveability analysis

To perform a pile driving analysis, a non-linear pile–soil interaction model is necessary to describe the pile penetration into
he seabed. In particular, various modelling developments are ongoing both in impact piling [25,26] and vibratory driving [22,27],
ocusing on the challenges of offshore monopile installation. Tsetas et al. [22] developed an axisymmetric model for vibratory driving
hat is comprised of a linear elastic thin cylindrical shell and a linear elastic (layered) half-space. The fluid layer is excluded because
ts presence does not influence the driveability analysis, a commonly accepted assumption in driveability modelling. Specifically,
he pile vibrations are modelled using the Semi-analytical Finite Element (SAFE) method, where the cylindrical shell is discretised
nto a set of nodal rings. As regards the soil medium, the Thin-Layer Method (TLM) is employed to discretise the layered soil domain
nto homogeneous horizontal layers of small thickness (in finite element sense) [28]. It is noted that the half-space is accounted
or in this model by utilising Perfectly Matched Layers (PMLs) coupled with the TLM [29,30]. Therefore, pile and soil modelling
pproaches employ a typical vertical discretisation grid. Furthermore, the non-linear pile–soil interaction is realised through a
istory-dependent frictional interface based on Coulomb friction that captures the progressive friction reduction at the pile–soil
nterface. The previous is commonly termed friction fatigue in the context of pile driving [31]. Finally, the vibratory pile driving
odel uses a visco-elasto-plastic tip reaction.

The friction force at 𝑟 = 𝑟p is expressed as follows:

𝐹Fr (𝑧, 𝑡) = 𝑓s,ult (𝑧, 𝑡) tanh
(

1
𝑣tol

( 𝜕𝑢s,z(𝑟p, 𝑧, 𝑡)
𝜕𝑡

−
𝜕𝑢p,z(𝑧, 𝑡)

𝜕𝑡

))

(14)

where 𝑣tol is a velocity tolerance parameter and 𝑓s,ult (𝑧, 𝑡) defines the amplitude of the static (and kinetic) friction. It is noted
that Eq. (14) accounts for the friction forces from both the inner and outer pile surfaces. Furthermore, in the present friction force
formulation, the friction amplitude possesses history-dependence that is described as follows:

𝑓s,ult (𝑧, 𝑡) = 𝑓s,0(𝑧)
(

𝛽∞ + (1 − 𝛽∞)e−𝑐𝑁𝑁cycl(𝑧,𝑡)
)

(15)

where 𝛽∞ is the ratio of the ultimately degraded friction amplitude to the initial one 𝑓s,0(𝑧) = 0.012𝑞c(𝑧), 𝑞c(𝑧) is the cone tip
esistance of Cone Penetration Test (CPT), 𝑐𝑁 is a memory parameter that controls the rate of degradation and 𝑁cycl(𝑧, 𝑡) is the
umber of loading cycles accumulated at the soil position 𝑧 during driving. Accordingly, as the pile penetrates the ground, the
oading cycle accumulation at each soil material point reduces the friction force at the respective point.

The problem of non-linear dynamic pile–soil interaction is resolved by applying the Harmonic Balance Method (HBM) sequen-
ially [32–34]. The HBM is used to determine a solution at each compatible position, where the elevations of the pile nodal rings
lign with the interfaces of soil layers. This solution remains valid for a time interval, significantly surpassing the fundamental
eriod of the harmonic balance since the pile position and overall response change at a much slower pace compared to the driving
requency. This discrepancy in time scales allows for the sequential determination of harmonic balance coefficients for every pile
osition along the vertical mesh.

A more elaborate description of the model development, the friction parameters and the associated results can be found in Tsetas
t al. [22]; these will be omitted, as the focus herein lies in the underwater acoustics of vibratory pile installation. Further validation
f the driveability model with field data regarding penetration rates and pile vibrations can also be found in [35,36].
4
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Fig. 2. Flow chart of interaction between the driveability and the underwater noise prediction models.

2.3. Noise prediction analysis

The underwater noise and seabed vibrations induced by vibratory pile driving are obtained via a noise prediction model. The
model introduced in Molenkamp et al. [21] allows for relative motion between pile and soil, making it suitable to apply friction forces
directly at the pile–soil interface. The governing equations for pile, fluid and soil are introduced in Section 2.1. The method describes
the internal and external fluid and soil domains based on boundary integral formulation of ring source Green’s functions in the
frequency domain. A modal summation of the in-vacuo modes represents the pile vibrations. The frequency domain representation
of Eq. (1), including friction forces along the vertical direction and radial fluid and soil resistances, reads:

𝑳p�̃�p(𝑧, 𝜔) − 𝜌pℎp𝜔
2�̃�p(𝑧, 𝜔) = 𝐹fsr (𝑧, 𝜔)�̂�r − 𝐹Fr (𝑧, 𝜔)�̂�z + 𝑓ext (𝜔)𝛿(𝑧 − 𝑧top)�̂�z (16)

where the tilde refers to the complex amplitude in the frequency domain. 𝐹fsr contains the radial fluid and soil responses on the pile;
these are found by convolution in 𝑧 of the ring source Greens functions of the fluid and soil domain and the radial pile displacements
and friction forces:

𝐹fsr (𝑧, 𝜔) = −∫

𝑧2

𝑧1
�̃�

upr
fs (𝜔, 𝑧, �̄�)�̃�pr (𝜔, �̄�)d�̄� + ∫

𝑧2

𝑧1
�̃�FFr

fs (𝜔, 𝑧, �̄�)𝐹Fr (𝜔, �̄�)d�̄� (17)

in which �̃� fs(𝜔, 𝑧, �̄�) contains the required Green’s functions and Green’s tensors of fluid and soil domains. A modal summation
represents the pile displacements:

�̃�p(𝑧, 𝜔) =
∞
∑

𝑘=1
𝜉𝑘(𝜔)𝑼 p,𝑘(𝑧, 𝜔) (18)

The mode shapes 𝑼 p,𝑘(𝑧, 𝜔) are found by solving the eigenvalue problem of the in-vacuo pile with free-end boundary conditions.
The modal amplitudes 𝜉𝑘(𝜔) are obtained by applying the orthogonality of the structural modes in Eq. (16):

(𝜔2
𝑘(1 + i𝜂p) − 𝜔2)�̃�𝑘(𝜔)𝜉𝑘(𝜔) =

∑

𝑙
∫

𝑧2

0
𝑼𝑇

pr,𝑙(𝑧, 𝜔)𝐹fsr (𝑧, 𝜔)d𝑧 − ∫

𝑧2

𝑧1
𝑼𝑇

pz,𝑙(𝑧, 𝜔)𝐹Fr (𝑧, 𝜔)d𝑧 + 𝑈pz,𝑙(0, 𝜔)𝑓ext (𝜔) (19)

in which 𝜂p is the structural damping, only admissible for small values (𝜂p < 10−2) as no effect of damping on the structural modes
is considered, and 𝑁𝑘 is the orthogonality condition of the pile modes:

�̃�𝑘(𝜔) = 𝜌pℎp ∫

𝐿p

0
𝑼𝑇

p,𝑘(𝑧, 𝜔)𝑼 p,𝑘(𝑧, 𝜔)d𝑧 (20)

The integrals in Eq. (19) and in the convolutions in Eq. (17) are solved by numerical integration. After finding the pile vibrations
and having the friction forces, the waves are straightforwardly propagated at larger distances from the pile by employing Green’s
functions and Green’s tensors of ring sources. A more elaborated model description and detailed derivation of Green’s functions and
Green’s Tensors are found in [21].

2.4. Integrating driveability effects in noise prediction analysis

The driveability analysis subsequently provides the non-linear frictional interface forces at each driving depth, described
in Eq. (14). The friction forces are consecutively substituted in the noise prediction analysis. Since the driveability model employs
5
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Table 1
Parameters for the small diameter monopile case study [20,37].
Parameter Unit Parameter Unit

Sea surface depth [𝑧1] 0 m Fluid wave speed [𝑐f ] 1500 ms−1

Seabed depth [𝑧2] 7.5 m Fluid density [𝜌f ] 1000 kgm−3

Pile length [𝐿p] 17.4 m Compression wave speed soil [𝑐L] 1800 ms−1

Pile thickness [𝑡p] 2.54 cm Shear wave speed soil [𝑐T] 200 ms−1

Pile radius [𝑟p] 0.762 m Soil density [𝜌s] 1900 kgm−3

Pile Poisson’s ratio [𝜈p] 0.28 – Compressional wave attenuation [𝛼L] 0.80 dB/λ
Pile Young’s modulus [𝐸p] 210 GPa Shear wave attenuation [𝛼T] 0.20 dB/λ
Pile density [𝜌p] 7850 kgm−3 Cone tip resistance [𝑞c] 10 MPa
Structural damping [𝜂p] 0.001 –

Fig. 3. (a) Two cycles of the single harmonic and periodic force in the time domain and (b) the amplitude per frequency.

the HBM around each driving depth, all forces and displacements are expressed by a summation of harmonics. Thus, the friction
forces can straightforwardly be substituted in Eq. (19), the noise prediction analysis, to find the frequency domain pile vibrations,
fluid pressures and soil vibrations. The analysis is run in the state of constant driving, excluding refusal, defined as the state where
the pile does not progress into the soil.

A significant benefit of combining both methods is the computational efficiency of the independent components. A single analysis,
i.e. a single driving force, of the large monopile was executed on an Intel(R) Xeon(R) W-2155 CPU @ 3.30 GHz in 142 min. The
driveability analysis took 36 min, generating the soil and fluid BEM 34 min, calculating the fluid and soil propagation matrix
56 min and performing the acoustic frequency domain analysis 16 min. The computation time depends mainly on the number of
frequencies, pile and BEM discretisation and the number of receiver points in the soil and fluid. This study does not include further
considerations, such as parallel computation optimisation for increased computational speed.

3. Underwater noise field of a small-size monopile

The underwater noise field generated during the driving of a small-scale monopile with a vibratory hammer is examined based
on experimental data. The case study consists of a small monopile with a diameter of 0.762 m as used in the experimental campaign
of both Tsetas et al. [18] and Dahl et al. [20]. The geometry is taken from Dahl et al. [20], and common values are used for sandy
soil and fluid retrieved from Peng et al. [37]. The parameters are outlined in Table 1.

Two external forcing functions are applied to the pile. First, a single harmonic excitation is combined with a static load, referring
to a perfect vibratory hammer. Second, a driving force is deduced from measurements during the test campaign of Tsetas et al. [18];
the first is referred to as the single harmonic force and the latter as the periodic force.

A static load is assumed to be 120 kN, and the single harmonic force excites 25 Hz with an amplitude of 2.5 MN. These values
result in the same pile penetration rate as the force obtained from the test campaign with the same primary driving frequency. The
obtained force from measurements is periodic, with a primary driving frequency of 25 Hz plus excitation at several superharmonics.
Accordingly, the force is described by the following Fourier series:

𝑓ext (𝑡) =
20
∑

𝑛=0
𝑐𝑛𝑒

𝑖2𝜋𝑓0𝑛 (21)

with 𝑓0 being the primary driving frequency and 𝑐𝑛 the complex valued amplitude. The number of superharmonics is truncated to
20, corresponding to 500 Hz since the sampling rate was at one kHz. The Fourier component at 𝑛 = 0 corresponds to the static force
on top of the pile. Fig. 3 shows each force’s time series and amplitude–frequency spectra. The contributions of the superharmonics
in the periodic force obtained from the test campaign are magnitudes smaller than the primary driving frequency and decrease with
increasing frequency; the figure justifies that frequencies above 500 Hz are not expected to contribute significantly to the response
6
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Fig. 4. Snapshot of the underwater pressure and vertical seabed velocity at a driving depth of 𝑧2 = 14 m due to a single harmonic force. The blue–red scale
shows the fluid pressure in Pa, and the yellow–purple scale shows the vertical soil particle velocity in mms−1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

of the coupled system. The periodic force represents the hammer force on top of the pile based on measurements. However, the
real force and corresponding spectrum depend on driving depth, pile size, soil conditions, and hammer type; during this analysis,
the spectral distribution of the force is assumed to be constant.

3.1. Single harmonic force

Two wave paths are typically identified in noise generation during offshore pile driving. The primary noise path is considered the
direct noise path of the pile radiating noise into the fluid; the secondary noise path contains the noise that is generated indirectly by
soil vibrations, e.g. by the Scholte interface wave, i.e. the pile excites the soil, and via seabed vibrations the fluid is excited. Fig. 4
shows the underwater pressure field and seabed vibrations excited by a single harmonic force at a driving depth of 𝑧2 = 14 m; this is
halfway through the driving process. The primary noise path is visible in the fluid domain, where the fluid is directly excited by the
pile vibrations; the second noise path is clearly visible in the soil vibrations but is more difficult to detect in the fluid. Nonetheless,
pressure waves propagate just above the seabed with a quarter-period shift from the vertical soil velocity. The phase shifts originate
from pressure being proportional to accelerations, and the interface waves have an exponential decay from the seabed into the fluid
layer. Observing the primary noise path, there is an interference of multiple waves. However, the dominant wavelength of the body
waves is approximately ten m, corresponding to waves with a frequency of 150 Hz, which is not the primary driving frequency.
The frictional resistance at the pile–soil interface obtained by the non-linear driveability model is the only mechanism that can
redistribute energy in this model from the single harmonic excitation to superharmonics.

Sound pressure levels give insight into the contribution of each frequency to the noise field. The sound pressure levels 𝐿P are
calculated via [38]:

𝐿p = 20 log
(

𝑝rms
𝑝ref

)

(22)

in which the real mean square in the frequency domain equals 𝑝2rms =
1
2 |�̃�

2
| and the reference pressure in underwater acoustics is

𝑝ref = 1 μPa.
Fig. 5 clearly shows that energy shifted to super harmonics and that these higher harmonics govern the noise field. This confirms

the significance of combining driveability analysis with noise predictions since linear models cannot predict energy redistribution
into higher harmonics that govern the sound radiation.

The sound pressure levels amplify around the natural frequencies of the in-vacuo pile, which are indicated with red dotted
vertical lines in Fig. 5. The axisymmetric pile modes have significantly larger vertical than radial deformations at the first few
natural frequencies. Consequently, the first few resonant frequencies of the immersed structure shift only slightly from the in-vacuo
natural frequencies of the pile since the pile and surrounding media are coupled only strongly in the radial direction when relative
vertical motion is allowed between pile and soil [21].

The superharmonics at 150, 300 and 450 Hz almost coincide with the natural frequencies of the in-vacuo pile with free-edge
boundary conditions at 149, 297 and 445 Hz, resulting in significant radial vibrations. Consequently, the fluid pressure is governed by
the body waves radiated from the pile at these frequencies, even though the hammer force does not directly excite these frequencies.
Thus, the sound pressure levels are highest at frequencies excited by frictional resistance, underlining the importance of an accurate
pile–soil interface description.

Fig. 5 presents the sound pressure levels at three driving depths of the pile. The sound pressure levels significantly reduce with
driving depth at frequencies between 100 and 150 Hz. At other frequencies, the difference is more minor. The sound pressure levels
at the primary driving frequency remain largely unaffected by the driving depth. Driving depth significantly affects the dynamic
behaviour of the immersed structure, but the effect is not straightforwardly predictable.
7
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Fig. 5. Sound pressure levels above the seabed at 𝑟 = 50 m and 𝑧 = 4 m for three different driving depths. The red dotted vertical lines represent the pile’s first
three in-vacuo natural frequencies.

Fig. 6. Snapshot of the underwater pressure and vertical seabed velocity at a driving depth of 𝑧2 = 14 m. The blue–red scale shows the fluid pressure in Pa,
and the yellow–purple scale shows the vertical soil particle velocity in mms−1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

3.2. Periodic force

A periodic force on top of the pile provides a more realistic case. Fig. 6 shows the underwater pressure field and seabed
vibrations at a driving depth of 𝑧2 = 14 m. The Body waves with a ten m wavelength, corresponding to a frequency of 150 Hz,
dominate the pressure field in the fluid. This aligns with the observed pressure field in Fig. 4, but the wavelength frequency is even
more pronounced and of larger amplitude in Fig. 6. The soil vibrations show the presence of the Scholte wave. In the first 20 m,
interferences of multiple soil waves are visible, while from 30 m onwards, the Scholte wave at the main driving frequency is clearly
visible. Still, this secondary noise path does not affect the fluid pressures visually due to the presence of larger amplitude body
waves in the seawater.

The sound pressure levels at two locations shown in Fig. 7 confirm the dominant levels at 150 Hz. Both cases show strong
sensitivity to the resonant frequencies of the system. The sound pressure levels induced by the periodic force are significantly larger
at almost all frequencies at both locations. The presented case study confirms the hypothesis that the energy in superharmonics
is caused by hammer excitation while the non-linear pile–soil interaction plays a secondary role. However, research is required
to determine whether the same holds in other conditions, such as variations in hammer characteristics, soil profiles, and pile
dimensions.

At the primary driving frequency, the contribution of the Scholte wave to the noise field is observed just above the seabed.
Contrary to the periodic force, the case of a single harmonic excitation has the largest noise levels above the seabed at the primary
driving frequency. At 𝑧 = 4 m and 𝑟 = 100 m, the Scholte waves are not observed since the waves exponentially decay with depth
and minimally affect the upper part of the fluid column. Since body waves cannot travel in the present geometry below the cut-off
frequency of the fluid layer (≈ 50 Hz), sound pressure levels are minimal at the main driving frequency away from the pile.

3.3. Comparison with limit cases

The performance of the proposed model is evaluated by comparing it to two linear limit cases of the friction law to assess its
added benefits. The first case assumes perfect contact (PC) between the pile and soil, the traditional approach for modelling the
8
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Fig. 7. Sound pressure levels at 𝑟 = 25 m and 𝑧 = 7 m (dashed lines with circle markers) and at 𝑟 = 100 m and 𝑧 = 4 m (dotted lines with crosses) induced
by the periodic and single harmonic force, and at a driving depth of 𝑧2 = 14 m. The red dotted vertical lines represent the pile’s first three in-vacuo natural
frequencies.

Fig. 8. (a) and (b) show the underwater pressure and seabed vibrations in time at a driving depth of 𝑧2 = 14 m for the periodic force, and the case of perfect
contact (PC) and no friction (NF), respectively. The blue–red scale shows the fluid pressure in Pa and the yellow–purple scale the vertical soil velocity in mms−1.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

interaction between pile and soil in impact pile driving models. The PC case is obtained by replacing the interface conditions,
Eqs. (12) and (13) by:

𝑢p,z(𝑧) = 𝑢s,z(𝑟p, 𝑧) 𝑧1 < 𝑧 < 𝑧2 (23)

𝐹p,z(𝑧) = −𝜎s,rz(𝑟+p , 𝑧) + 𝜎s,rz(𝑟−p , 𝑧) 𝑧1 < 𝑧 < 𝑧2 (24)

Second, the assumption of no friction (NF) is made; this is obtained by modifying Eqs. (12) and (13) and setting 𝐹Fr (𝑧) = 0.
Therefore, the pile and surrounding media are coupled only in the radial direction. Both limit cases are compared to the case
with the driveability analysis (DA), i.e. the proposed method.

Due to the linear characteristics when the excitation is harmonic, i.e. at 𝑓 = 25 Hz, both PC and NF models respond to that
same frequency because no energy redistributes to higher harmonics. The PC case returns 160, 157 and 155 dB re 1 μPa and the
NF case 104, 109 and 114 dB re 1 μPa at 𝑟 = 50 m and 𝑧 = 4 m for the three driving depths of 12, 14 and 16 m, respectively, as
presented in Fig. 5. The PC model provides an upper bound for the noise levels at 25 Hz due to the strong presence of the Scholte
wave. Contrarily, little noise is produced in the NF case at this low frequency. The pile only interacts with the fluid and soil in the
radial direction, and at 25 Hz, no fluid body waves are generated because the driving frequency is below the cut-off frequency of
the fluid layer.

Fig. 8 shows fluid pressure and vertical soil velocity excited with the periodic force for the PC and NF cases. The pressure fields
significantly differ from those shown in Fig. 6. The body waves at 150 Hz are not observed as strongly in the PC case compared to the
proposed method. The NF case shows a wavefield with wavelengths similar to those of the proposed method, though the amplitude
of the pressure waves is reduced, and no seabed vibrations are observed. The NF case underestimates the pressure around the seabed
and the seabed vibrations. This is the consequence of neglecting all frictional soil forces.

On the contrary, the Scholte interface waves govern the pressure field in the PC case, carrying energy along the seabed–water
interface. This is easily observed since the wavelength in soil and fluid matches the wavelength of the Scholte wave at the driving
frequency. In the PC case, the vertical velocity of the soil is significantly larger than in other cases; thus, it can be concluded that
9



Journal of Sound and Vibration 576 (2024) 118298T. Molenkamp et al.
Fig. 9. Sound pressure levels for the three cases at 𝑟 = 50 m and 𝑧 = 7 m and for a driving depth 𝑧2 = 14 m.

the PC case overestimates the amplitude of the Scholte wave when the pile and soil are in the sliding mode, which is expected due
to the perfect contact of the soil with the pile [21]. This conclusion does not hold when the pile and soil are in sticking mode,
i.e., no slip.

Fig. 9 presents the sound pressure levels of the three cases half a metre above the seabed. Except at the low frequencies, the
DA case’s sound pressure levels show a similar trend to the NF case. However, sound pressure levels deviate by several decibels at
some frequencies. Depending on the phase between the superharmonics of the periodic force and the frictional response, friction
can dampen or amplify the pile and soil vibrations and, consequently, the fluid pressure levels.

At 150 Hz, the DA case predicts ∼ seven dB more than the NF case. Since decibels represent the pressure on a logarithmic scale,
fluid pressures and pile vibrations are of different magnitudes. This can only be explained by the friction, which acts as a source at
this frequency, exciting the pile vibrations instead of dampening them. This phenomenon is universal and was observed at varying
driving depths and excitation frequencies in more cases. The system is susceptible to the dynamic interaction of the components. This
observation is consistent with Coulomb friction responding to the sign of the relative pile–soil velocity; thus, the friction changes sign
based on the dominant frequency, i.e. the primary driving frequency. Additionally, due to its non-linear characteristics, Coulomb
friction distributes energy from the driving frequency to higher harmonics. Consequently, the primary damping mechanism of the
pile vibrations at all frequencies except the primary driving frequency is in the radial direction, as in the NF case. The damping
obtained is relatively low compared to the PC case, while the radial vibrations of the pile are much smaller in magnitude than the
vertical vibrations.

On the other hand, the DA case shows the frequency contribution of the Scholte wave at the 25 Hz that is missing in the NF
case, but the effect of the Scholte wave is reduced compared to the PC case. Combining a driveability model with a noise prediction
analysis provides results that reasonably close the gap between the two extreme models. Still, an indication of the system resonances
at higher harmonics might be possible based on the case of no friction, and an upper bound of the Scholte wave can be deduced from
the PC case. It should be considered that the presented case assumes only the state of continuous smooth driving, i.e. no refusal.

3.4. Sensitivity to the driving frequency

The previous analysis clearly shows that the emitted noise field amplifies around the system’s resonant frequencies, which, in the
case of loose pile–soil coupling along the vertical coordinate, are close to the natural frequencies of the in-vacuo pile. In the examined
case, the superharmonics of the periodic force trigger these resonant frequencies. In practice, the driving frequency is adjustable
and, thus, an important instrument in reducing noise emissions. This section reduces the primary driving frequency, 𝑓0, from 25 to
23 Hz. The Fourier coefficients 𝑐𝑛 do not alter; thus, the force amplitude remains unchanged. First, the effect on driveability must
be examined to justify that the change in frequency does not affect driveability. Fig. 10 shows comparable penetration rates for
driving at these frequencies which justifies further the detailed acoustic analysis.

The sound pressure levels in the frequency domain vary greatly in both cases, as shown in Fig. 11. The peak in the spectrum
of the pressure field at 150 Hz has reduced significantly with the slight reduction of the driving frequency at 23 Hz because the
superharmonics are further away from the resonant frequency. The neighbouring superharmonics at 138 and 161 Hz do not resonate
as in the case of driving at 25 Hz. The noise radiation around the second and third natural frequencies of the pile is of more
comparable amplitude for the two cases. Last, the amplitude of the Scholte wave seems unaffected since equivalent sound pressure
levels are predicted at the driving frequency.

Another widely used indicator of the emitted noise is the sound exposure level. The sound exposure levels are found by
time-integration of the squared sound pressure [38]:

𝐿E = 10 log(
𝐸p ), 𝐸p =

𝑡2
𝑝2d𝑡 (25)
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Fig. 10. Pile penetration versus time at 23 and 25 Hz. The red crosses indicate the driving depths at which the noise emission is evaluated.

Fig. 11. Comparison of sound pressure levels at 𝑟 = 50 m and 𝑧 = 7 m.

Fig. 12. (a) and (b) show the sound exposure levels, driving with a primary driving frequency of 23 and 25 Hz, respectively, at 14 m driving depth. SELs are
given in dB re 1 μPa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with the reference value for the underwater sound pressure 𝐸ref = 1 μPa2 s.
Fig. 12 shows significant differences in the sound exposure levels between the two cases of different driving frequencies. The

sound exposure levels differ as much as 20 dB at 𝑟 = 100 m due to the reduced noise emission around 150 Hz. Next to the amplitude,
the spatial distribution of the noise also differs. In Fig. 12a, it is observed that the acoustic field is excited by the second in-vacuo
mode of the pile. This pile mode has zero radial displacements at the centre of the pile. This corresponds to a driving depth of 14 m
with a depth of 5.3 m. Both at the pile’s surface and further away from it, the noise levels are significantly lower at this particular
depth. Figs. 11 and 12 confirm that the noise levels are sensitive to excitation around the resonant frequency of the immersed
structure. This noise reduction mechanism at the source shows high potential in vibratory installation but requires a combined
study to optimise pile driveability and noise emission. None of the existing linear models can predict this complex behaviour to
optimise the installation both from a driveability and noise emission perspective.
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Table 2
Parameters for the large diameter monopile case study [37].
Parameter Unit Parameter Unit

Sea surface depth [𝑧1] 0 m Fluid wave speed [𝑐f ] 1500 ms−1

Seabed depth [𝑧2] 40 m Fluid density [𝜌f ] 1000 kgm−3

Pile length [𝐿p] 76.9 m Compression wave speed soil [𝑐L] 1979 ms−1

Pile thickness [𝑡p] 9 cm Shear wave speed soil [𝑐T] 349 ms−1

Pile radius [𝑟p] 4 m Soil density [𝜌s] 1950 kgm−3

Pile Poisson’s ratio [𝜈p] 0.30 – Compressional wave attenuation [𝛼L] 0.27 dB/λ
Pile Young’s modulus [𝐸p] 210 GPa Shear wave attenuation [𝛼T] 1.09 dB/λ
Pile density [𝜌p] 7850 kgm−3 Cone tip resistance [𝑞c] 18 MPa
Structural damping [𝜂p] 0.001 –

Fig. 13. Penetration of large-diameter monopile versus time with driving frequencies 𝑓0 = 23 and 25 Hz. The red crosses indicate driving depths at which the
noise emission is evaluated.

4. Underwater noise field of a large-diameter monopile

The trend towards larger monopile foundations for offshore wind turbines is notable. This section delves into the case of an
8-metre diameter monopile installed through impact piling in the German North Sea, as detailed by [37]. The hypothetical scenario
is investigated in which a vibratory installation tool drives the same foundation pile into the soil. This section contains an analysis
that compares sound levels with limit case elastic models, evaluates the influence of driving depth on sound emission, and explores
the sensitivity of sound emission to a shift in primary driving frequency. The relevant geometric and material properties are outlined
in Table 2. Two cases considered run with a periodic force atop the large-diameter monopile with a primary driving frequency of
𝑓0 = 23 and 25 Hz. The spectral distribution of the force amplitude is the same as in the small diameter case. The amplitudes are
increased by 30 to ensure a continuous and sensible penetration rate of approximately three cm s−1, illustrated in Fig. 13.

4.1. Comparison with limit cases

Fig. 14 compares the sound pressure levels 5 m above the seabed at 50 m radius for the cases of DA, PC and NF. Besides the sound
pressure levels, vertical red dashed lines indicate the pile’s first five axisymmetric in-vacuo eigenfrequencies and the blue dotted line
indicates the ring frequency. The first few in-vacuo eigenfrequencies of the large-diameter monopile are notably lower than those of
smaller-diameter piles, approaching the primary driving frequency. Consequently, tuning the driving frequency to avoid interference
with the sensitive frequency response of the coupled system becomes quite challenging. The graphical representation underscores
the interference of the second superharmonic at 69 Hz with the second resonance frequency of the in-vacuo pile (67 Hz), resulting
in amplified sound levels. This resonance behaviour aligns with observations in the smaller-diameter pile scenario, where resonant
frequencies minimally deviate from the eigenfrequencies of the in-vacuo pile. A similar, though less pronounced, interference is
evident at 145 Hz. On the contrary, the monolithic connection makes all resonances less prominent in the PC case.

The modal density is highest around the ring frequency at 216 Hz. However, waves excited around this frequency do not typically
generate noise because the energy barely propagates through the pile due to the low vertical group velocity. An exception exists
when the top of the pile is submerged. This observation persists across all three cases presented in Fig. 14.

Similar to the small-diameter pile scenario, the NF approximation exhibits analogous trends to the proposed method across
frequencies, except at the driving frequency. Differences in sound pressure levels between NF and DA cases are minor, suggesting
diminished prominence of friction-induced vibrations relative to excitation by the energy introduced in the superharmonics by
the hammer. At the driving frequency, PC and NF approximations exhibit discrepancies in sound levels compared to the DA case,
attributed to monolithic coupling and strong excitation of surface waves along the seabed in the PC case and the lack of frictional
forces in the NF case.
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Fig. 14. Sound pressure levels compared to the cases of perfect contact and no friction at 𝑓0 = 23 Hz, 𝑟 = 50 m, 𝑧 = 35 m and 𝑧2 = 63 m. Vertical red dotted
lines indicate the first 5 in-vacuo eigenfrequencies of the pile, and the blue dotted line indicates the ring frequency.

Fig. 15. Sound exposure levels during driving with a driving force of 23 Hz at four observation points in the fluid.

4.2. Effect of driving depth

As the driving depth proceeds, several factors influence the dynamic response and sound levels. These include added mass,
damping, and stiffness due to soil and fluid in the radial direction, frictional pile–soil resistance, friction degradation, and the location
with modal nodes with no radial displacements. Consequently, predicting the influence of driving depth on dynamic response and
sound levels necessitates detailed analysis.

Fig. 15 illustrates substantial sound exposure level variations based on driving depth. Changes in SEL exhibit distinct patterns
depending on the observer’s location. Notably, an increase in SEL is observed after 60 metres of driving when the observer point
is halfway through the fluid column. At the same time, a gradual increase with a slight decrease upon reaching full penetration
is evident just above the seabed. These trends contrast the decreasing sound levels with driving depth observed in small-diameter
monopiles.

The snapshots in time presented in Fig. 16 offer insight into the fluid pressure and sound exposure level changing in the entire
fluid column. The dominance of the second flexural mode of the pile in noise generation is evident. The second in-vacuo pile mode
has a node in the middle of the pile, located at 𝑧 = 16.55, 24.55 and 32.55 m for the three considered driving depths, respectively.
At the node, the mode has no radial displacement. These depths are visually identified in the pressure field since pressures here
are significantly lower. Also, the sound exposure levels presented in Fig. 16b, clearly indicate the locations of the modal node. At
almost complete penetration, the place where radial deformations of the second mode are maximal, i.e. a quarter of a pile length,
is in the middle of the fluid column, leading to the highest noise levels in the field.

Additionally, waves with shorter wavelengths near the pile surface are observed, belonging to the evanescent field, which does
not propagate radially. It should be noted that sound levels do not depend solely on the generated pressure field but also on the
13
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Fig. 16. (a) Snapshots in time of the pressure levels and vertical seabed velocity at three driving depths, in kPa and mms−1, respectively and (b) the sound
exposure levels in dB re 1 μPa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

energy that can propagate away from the pile surface. Finally, Scholte waves are generated at the primary driving frequency but
have a negligible impact on the sound exposure levels, except for positions on the seabed surface or at a short distance from the
pile’s surface. The frequency of the Scholte wave is identified by its wavelength of about 14 m, examining the vertical soil velocity.
Based on the above observations, a singular noise prediction based on a single driving depth is deemed inadequate for determining
the highest expected sound levels during vibratory pile driving installations.

4.3. Sensitivity to driving frequency

Slight deviations in the excitation frequency of the hammer significantly influence the spectral noise levels for the large-diameter
monopile, shown in Fig. 17, akin to the scenario with the small-diameter pile. Interference between the superharmonics at 25 Hz
and higher harmonics of the pile occurs. However, amplification of sound levels is not observed, i.e. the sound levels show no
resonance around the second in-vacuo frequency of the pile when driving at 25 Hz. Multiple attributes contribute to the presence
of resonance, e.g., the location of the pile nodes, resonance frequencies being shifted or eliminated due to added mass, damping or
stiffness of fluid and soil, and sound not propagating because evanescent modes instead of propagating modes are excited. Kaynia
et al. [27] have reported similar observations in vibro-driving of monopiles, where strong frequency-dependence of dynamic stiffness
was associated with the dynamic behaviour of the inner soil column. The complex and non-linear nature of the system suggests that
a detailed analysis is imperative to incorporate sensitivity to driving frequencies in noise predictions.
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Fig. 17. Sound pressure levels driving at 23 and 25 Hz at 𝑟 = 50 m, 𝑧 = 35 m and 𝑧2 = 63 m. Vertical red dotted lines indicate the first five in-vacuo
eigenfrequencies of the pile, and the blue dotted line indicates the ring frequency.

5. Conclusions

The paper introduces a novel methodology for underwater noise predictions during vibratory pile driving. A non-linear
driveability model is used to obtain realistic interface friction forces as input for a noise prediction model. The paper demonstrates
the importance of incorporating a driveability analysis, finding significant differences from traditional models that assume perfect
contact between the pile and soil. The authors contend that the proposed model yields more realistic results under the assumption of
smooth driving without refusal compared to traditional linear models that assume perfect contact used in impact piling. The results
show a clear deviation in pressure levels and seabed vibrations between the linear and presented methods at the driving frequency
and superharmonics. A few significant findings are discussed below:

• The primary source of noise generation is the radial vibrations of the pile. These are amplified around the resonant frequencies
of the coupled system, which are close to the in-vacuo frequencies of the pile when loosely coupled. The coexistence of the
resonant frequencies and superharmonics of the force can amplify the sound pressure levels. Thus, even a small shift in driving
frequency can significantly decrease the noise generated, a promising finding from a practical perspective.

• The noise field is found to be highly sensitive to the change in the system dynamics during penetration of both small and
large monopiles. The driving depth of the pile significantly affects the dynamic response as various conditions alter during
driving. Based on the cases presented, it is unclear what the critical driving depth is. Therefore, noise predictions are advised
throughout the driving process in vibratory pile driving.

• The Coulomb friction responds mainly to the driving frequency and shifts energy to higher harmonics. Depending on the phase,
this can either excite or dampen the pile vibrations. A reasonable first approximation of the noise field is obtained by assuming
no friction between the pile and soil. However, seabed vibrations cannot be predicted through the no-friction assumption, and
pile vibrations may be inaccurate in certain soil configurations.

• Noise predictions during vibro-driving are heavily influenced by the superharmonics generated by the hammer. These
superharmonics, resulting from the periodic signal of the hammer, appear to have greater significance than vibrations induced
by friction. However, several factors influence the force exerted by the vibro hammer, including driving frequency, hammer
type, pile size, soil characteristics, pile-hammer connection, and line load. The amount of energy in the superharmonics will
significantly affect the predicted noise levels. Therefore, future research incorporating extensive experimental data is necessary
to establish generalised conclusions.

• Efforts to optimise the vibro hammer to minimise the generation of superharmonics can positively reduce noise levels.
However, even with single-harmonic excitation, the friction causes energy to shift towards higher harmonics. Acknowledging
that friction forces are highly non-linear is essential. Consequently, friction forces do not scale linearly with excitation or
frequency shifts, resulting in changing underwater noise levels that are difficult to predict without detailed analysis.

We conclude that the dynamic interaction between all components in the system plays a crucial role in predicting underwater
noise levels during vibratory pile driving. The system is primarily sensitive to the driving frequency and its superharmonics, which
may strongly interfere with the system’s resonant frequencies. Hence, a detailed analysis, including an accurate description of the
pile–soil interface, is essential to predict the underwater noise field and seabed vibrations accurately.
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